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ABSTRACT

During a loss of coolant accident in a pressurised
water reactor, emergency core cooling water is introduced
via the downcomer annulus. The water may have to
penetrate or overcome steam formed in the vessel due to
the depressurisation. A typical counter-current £flow
situation can be created and dependent on the relative
flow rates water may be prevented from reaching the

reactor core with serious consequences.

This: thesis conéiders the events leading up to
this occurrence in - a vertical, ©54.75 mm internal
diameter, 1 m 1long, stainless steel tube, to represent
and provide ‘a basic wunderstanding of the situation
occurring during a loss of coolant accident. Results
are presented for air-water and steam-water flows with
emphasis on the experimental and theoretical studies of
the steam-water flow situation where direct contact heat
transfer occurs. The air-water flooding data are shown
to be well represented by a Wallis type flooding
correlation. The steam-water flooding data are found to
lie above the corresponding air-water data with their

characteristic dependent on the water inlet subcooling.

The percentage of the air/steam flow extracted

with the water flow at the bottom porous sinter was found



ii

to exert a negative effect on the flooding phenomena. A
theoretical model was developed to predict the liquid
film thickness along the tube, and agreement with the

experimental results demonstrated.

A second theoretical model was developed to
evaluate the temperature across the liquid film and along
the test tube and from this model, the effective
turbulent diffusivity was evaluated, 1leading to an
estimate of the turbulent viscosity of the film under

conditions in which substantial condensation took place.

A semi-empirical model based on a linear stability
analysis of a uniform 1liquid film and a counter-current
flow of steam, was developed and modified for
accelerating film flows. This model is shown to be
capable of dealing with the steam-water flooding
situation since reasonable agreement with the air-water

flooding data is obtained.

A modifiéd wWallis typé flooding correlation based
on the experimental data, and accounting for the
non-equilibrium effect on flooding, is presented and
discussed. A visualisation technique was developed and
used to determine the flooding location in the test

section.
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CHAPTER 1

INTRODUCTION

Multi-phase flow 1is defined as the simultaneous
flow of several of the three states of matter; gas or
vapour, liquid or solid. Two-phase flow is the simplest
case of multi-phase flow, and gas-liquid flow is the most
common class of two-phase flow. A vertical
counter-current flow of gas and liquid in direct contact
with each other is formed as a result of the difference in
the' gravitational force per-unit volume on "the gas and
liquid. If gas and liquid are simultaneously introduced
into a vertical or inclined pipe, the gas will tend to

rise relative to the liquid which will flow downwards.

When a gas and a liquid flow together in a pipe,

the flow can assume a number of different patterns or
regimes, depending on the distribution of the two phases.
The regimes of: flow are governed by the flow rates and
physical properties of the fluids, by the length, diameter
and orientation of the pipe and by the manner in which the
fluids were introduced. °~ In counter-current flow, while
many regimes such as bubbly, bubbly-slug and slug flow are
possible, annular flow is the most common regime because
of its occurrence in‘practical applications of industrial
equipment and heat transfer systems. - -~ A particularly

acute problem in annular counter-current flow ‘lies in



determining the onset of liquid flow reversal i.e. the gas
flow necessary to change the direction of the liquid flow
from -downwards to wupwards, commonly referred- to as

"flooding".

The aim of the present research programme is to
study counter-current annular two-phase flow in a vertical
tube, the mechanism by which flow reversal occurs, and the

effect of condensation on this mechanism.

A description of counter-current annular  two-phase
flow is given 1in Section :1,1;  its application to
industrial equipment in Section 1.2 and a - focus on the

present study in Section 1.3.

N Y,:“ N N . X3

1.1 Counter—current Annular Flow Regime

A simple case of annular counter-current flow |is
that of gas and "liquid in circular vertical tubes, in
which the 1liquid is introduced ' around the ' inside
circumference of the tube and flows along the tube wall as
a continuous ' f£ilm, while the gas flows upwards in the
centre of the tube. The type of liquid flow observed
depends on “the  gas flowrate.: For ~zero or low gas
flowrates, the liquid film flows smoothly down the tube,
appearing slightly wavy towards the bottom, Figure *1.1.
As the gas flowrate is slightly increased, the - interface

between the gas and the liquid becomes unstable and wavy.



A gradual increase in the gas flowrate causes larger waves
to develop on the interface, Figure 1.2, The gas flow
gradually entrains some of the 1liquid droplets i.e.
particles of the 1liquid are torn from the «crest of the
waves and carried up by the gas phase. When the gas
flowrate reaches a 1limiting value, further increase
results in ~‘a’ sudden increase ‘in the amplitude of the
ripple waves on the - surface of the liquid £ilm, and part
of the 1liquid reverses its direction, and 1is " carried
upwards by the gas, usually accompanied by a sharp
increase in the pressure difference over the tube. This
condition ‘is - known as "Flooding" and it- is the
identification of this condition which is the main area of
interest in the present investigation.- At the -‘flooding
point, a further increase in the gas flow would eventually
bring a  complete - liquid flow reversal 1leading to
co-current upflow ‘and resulting in the  section of . tube
below the 1liquid inlet drying up. -~ This condition |is
known as the "point of  complete. by-pass". If the gas
velocity is now reduced, the annular counter-current flow
could be re-established. - First, a point-will be reached
at which part of the liquid film begins to creep down ‘the:
tube wall ‘below the injection point. This transition is
termed "deflooding". - ’ ' 'Further reduction of the -gas
flowrate results - in simultaneous climbing - and falling
liquid film flow, and finally downflow of all the 1liquid
film below  the injection point. Although the above
description describes a  fixed liquid flowrate, a 'similar

sequence of events could be obtained - for a: fixed- gas



flowrate and varied liquid flowrate. The former method

is called liquid first, and the latter, gas first tests.

1.2 Industrial Applications

Counter-current two-phase flow has 1long been a
subject of engineering - interest .and first received
attention from chemical engineers in the design of packed
columns. - For some years, interest has been - rapidly
growing in problems associated with counter-current flow
of a gas phase and a liquid phase in a common -~ channel.
This particular kind -of two-phase. flow occurs - in. many
items of. - industrial equipment, for example deareration
columns for multi-stage flash distillation plants. In
this situation, 1low 6xygen concentration steam flows
counter-current: with the relatively high oxygen
concentrated feed water through a packed column, in order
to transfer oxygen from the water to the steam. The
reflux condenser represents another industrial application
of the counter-current  two-phase flow where the incoming
vapour flows - counter-currently with the draining
condensate. Recently, the need for a more . precise
knowledge of the behaviour of two-phase systems has been
accentuated due to a concentration of research on ‘nuclear
reactor - safety. - -~ The condition of counter-current
two-phase flow and flooding can be expected to take place
during a loss of coolant accident (LOCA) in a “pressurised

water reactor (PWR). When the loss of coolant accident



occurs in the reactor due to the break of a pipe in the
primary coolant system, emergency core cooling (ECC) water
is injected into the annular space which surrounds the
reactor core in order to flood and cool the reactor. At
the same time the depressurised water within the system
flashes to steam and makes its way to the break 1location,
thus -the emergency  core coolant  has to flow
counter-current with the upflowing steam, Figure 1.3. If
the steam flowrate 1is sufficiently large, it could
seriously limit the water supply rate to the reactor.
Under such a flooding situation, core cooling can be
greatly hampered. - -The design of the PWR must prevent the
occurrence of such a  situation with the proper design 'of

an ECC system.

1.3 Current Project

The work presented in this thesis is connected
indirectly with the safety of the pressurised water
reactor system. When the incoming emergency coolant,
which is substantially subcooled, comes into direct
contact with the uprising steam in a counter-current flow
arrangement, heat and mass transfer can be significant and
of great importance. To examine these effects-a vertical
tube geometry was chosen because it provides a basic
understanding of the situation occurring in
counter-current two-phase flow. To aid in this

investigation, two systems were used in order to obtain



flooding data:

(i) systems where mass-transfer was not present, i.e.

using air and water

(ii) systems where mass-transfer was present, i.e. by

using steam and subcooled water.

A viewing 4 technique was | developed to allow
visualisation studies to be made of the counter-current
flow interface "and the '‘mechanism by which the flooding
process was developed. - The prime object of these studies
was to determine the point along the tube at which the
flooding situation was initiated in both systems and to

correlate this in terms of the variables involved.
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CHAPTER TWO

.LITERATURE REVIEW

In general, flooding is a term used to describe the
limiting conditions for two phase countercurrent £low,
mainly in vertical or steeply inclined tubes or ducts,
where the liquid flows downward and the gas (or vapour)
flows upwards. Flooding 1is basically a hydrodynamic
process where the momentum and frictional drag of the

ascending gas (or vapour) and the descending 1liquid

interact with each other.

:Flooding can -be characterised by slugging, -or
bridging, of the liquid film when the film is thick enough
to -have - large -amplitude waves at the interface.
Physically, the onset of - flooding can appear in -different
guises, and is observed to be dependent on the phase flow
rates, tube end conditions, the method of introducing the
phases, the fluid. properties of the. phases and the
geometry and orientation of the test section. These
factors also appear 'to affect the 1location- of the
inception of flooding which can vary along the section
being considered. The flooding transition 1is a very

sudden process, normally accompanied by a sharp increase

in the pressure gradient. -

Most investigators have used visual observation in
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order- to determine the onset of flooding [WALLIS (1961),
HEWITT and WALLIS (1963), CHUNG (1978), and WHALLEY and
McQUILLAN (1983)]. Some investigators employed a sudden
change in gas pressure drop measurements as a second
criterion for the onset of flooding, e.g. CLIFT et al
(1966), GROMES et (1974) and HAWLEY and WALLIS (1982). A
few investigators even used film thickness measurements as

a sign of -onset of flooding e.g. D. McNEIL (1986).

The flooding condition inside a tube or duct can be
reached either by gradually increasing the gas flowrate
for a fixed liquid flowrate or by gradually increasing the
liquid flowrate for a fixed gas flowrate. CLIFT et al
(1966) reported that the flooding points determined by
both meéhods were identical, but WALLIS et al (1975),
(1980), found that not to -be the case.: However, most
investigators did not make any distinction in  the
evalution of flooding in their studies. Due to the
complex nature of the flooding phenomenon, studies to date
have not produced a clear picture of the events. A
general. systematic experimental procedure also seems to be
lacking which has resulted in conflicting reports
throughout the 1literature. The main areas of the
disagreement centre- on the dependence of the -flooding
velocities on tube geometry and on the physical properties
of the fluids. Thus discrepancies occur between
experimenters -using, -essentially the same conditions.
This leads to-speculation that the differences between the

results of various authors might be due, at least in'part,
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to the- lack of a universally accepted definition of
flooding and in part to differences in experimental

procedure.

Flooding conditions involve highly wunsteady flow
behaviour and it is difficult to determine precisely the
onset of flooding. As indicated, many investigators have
established different criteria for the start of flooding
and some of these can be listed as follows:

i) - -When the-whole flow is disturbed and the liquid -

carried up by the gas/vapour phase above the liquid
entrance (WALLIS (1961)).

ii) The beginning of liquid flow reversal (PUSHKINA and
SOROKIN (1969) and HEWITT and WHALLEY (1979)).

iii) when the liquid droplets started to be entrained in

-the ‘'gas core (DUKLER and SMITH (1979)).

iv) The criterion of zero liquid penetration (LOVELL
(1979)) .-

v) When the liquid bridges the:-flow area (CHAUDRY
(1965)).

- With these varying ‘definitions of flooding, it |is
not surprising that the experimental observations of

flooding yield differences in the measurement of the
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flooding point. * A further complication of the definition
of flooding arises from the converse situation ' of
transition from upward co-current flow to countercurrent
flow. This is called’ "deflooding”. It was noted that
the liquid injection rate at the deflooding point was less
than that at the flooding:point when the gas flow was kept
constant.”  HEWITT and WALLIS = (1963) and WALLIS et al
(1963) similarly found that the deflooding gas velocity
was less than the flooding gas velocity when the 1liquid
injection rate was constant. Their experimental data are
shown in Figure (2.1). °~ This finding 1is confirmed by
CLIFT et al (1966) and WALLIS et .al (1975). On the other
hand PUSHKINA and SOROKIN (1969), TIEN (1977), and LIU and
COLLIER (1980) reported that the flooding velocities were

nearly the same as the deflooding velocities.

“Despite the large’ number of methods which are
available to' calculate flooding conditions, predictive
success ‘is limited. - The empirical correlations -usually
‘fail to work for geometries or fluid properties other than
those which were used to develop them, ‘and ‘the theoretical
correlations provide a range of " predictions and further
suggest'a’ range of - trends. Perhaps one ~of the major
reasons’ for " this “'lack of success is the lack of
understanding or agreement concerning the mechanism . by
which 'flooding occurs. ~ Several different mechanisms and
models have been postulated, but none - can accurately

predict flooding conditions.

B
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Research efforts to date have mainly concentrated
on flooding phenomena in the absence of phase change and
little can be found where both heat and mass transfer
occur. This literature review will first consider
adiabatic flooding in vertical tubes with flows of gas and
liquid i.e. no heat or mass transfer between the phases

occurs, and then go on to consider such literature as |is

available which accounts for mass and/or heat transfer.

2.1 Mechanism of Flooding

The .exact mechanism which underlies the flow
reversal - ‘process has . still to be uncovered fully.
‘§Consider a falling liquid film with countercurrent upward
gas flow in. a vertical tube, the available 1literature
proposes several different . mechanisms by which the
flooding process takes 'place. . One of  the earliest
investigations ‘into the flooding mechanism was proposed by
HEWITT and WALLIS (1963). Working with a vertical tube
of 31.75 ‘mm .. bore, with smooth entrance. and exit
conditions, and using a photographic technique to provide
a high-speed - cine ' picture of. the film ‘interface, .they
concluded. that flooding:  was caused by large wave
formations on the gas liquid interface. Before the
flooding point, an occasional sudden pulse resembling
large waves appeared on the 1liquid® film then, at the
flooding point, these waves grew so large that the - flow

was disrupted and .became chaotic resulting in a series of
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large waves being established such that some liquid was
carried up above the point of water entry. The
conclusions of Hewitt and Wallis were based mainly on the
measurement ' of pressure - gradient along the tube.
Calculations of the effect of air drag on the liquid film,
indicated that the predicted changes in the film thickness
with gas flow rate up to the flooding point were small if
the motion of the 1liquid was considered to be downwards.
This led to their concluding that flooding was unlikely to
occur by simple reversal of direction, but was more likely
to be associated with a rapid growth -of - disturbances
accompanied by an order of magnitude change in pressure.
Their observations were confirmed by HEWITT et al (1965)
and by BHARATHAN et al (1978). HEWITT et al . (1965),
observed that the flooding gas flow rate was strongly
affected by the length of the tube, - the flooding gas flow
rate decreasing as the -length of the tube increased,  and
interpreted this as " an indication that flooding occurred
as a result" of wave growth in the falling liquid film.
They claimed that, for*giveniliquid and gas flow rates,
waves which have not grown sufficiently by the time they
are extracted after falling through a short distance can,
in longer tubes, grow to a size which would enable them to

initiate the flooding event..

However, the idea of flooding being caused by large
waves on the 'gas-liquid interface has two - schools of
thought (DUKLER et al (1978)). The first- speculates that

once a finite amplitude wave is formed, it continues to
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grow until it ‘bridges the tube whence the liquid is
carried up by the up moving gas. Suggestions of bridging
being the mechanism causing flooding have appeared
repeatedly in the literature, the most recent examples
being those of IMURA et al (1977) and DUFFY et al (1978).
However, measurements of the maximum film thickness by
DUKLER and SMITH (1977) and by SUZUKI and UEDA (1977)
demonstrated that bridging does not occur. When flooding
takes place in large tubes, the possibility of 'a ‘bridging
mechanism is rejected from a consideration of the amount
of liquid necessary to fill the tube compared with the

small amount of liquid flowing in the tube.

Tpe second school of thought speculates that the
large waves - formed are propagated upwards due ' to the
effect: of the shear and drag from the gas which results in
the liquid being carried up above the feeding point.
DUKLER et al (1978) thus concluded that the claim for the
flooding process being connected in a primary way with

wave motion or growth is purely circumstantial.

' DUKLER and SMITH (1976) proposed a mechanism based
on their observations of entrainment. They measured
flooding condition for four water flow rates and concluded
that two flooding mechanisms were possible these' being
associated with the onset of entrainment; one for lower
flow rates and the other for higher flow rates. For
lower flow rates, they postulated that flooding occurred

due to the entrainment of liquid drops being torn from the’
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liquid film below the water entry point. Droplet
deposition was observed on the wall in the section above
the feed point. At these low flow rates, the film had to
fall a considerable distance before the surface wave
structure was fully developed. For the higher flow
rates, the increased agitation of the - film allowed
entrainment to be initiated at the water inlet location
also with the gas velocity being sufficient to carry it
above the liquid entrance. With a small increase in the
gas flow rate (but still below the flooding point), the
water droplets above the liquid entry increased in size
and number. At the flooding condition, this section of
liquid film began to fall downwards in a film causing an
internal recycle and a higher effective liquid flow rate
than was actually fed to the tube and the gas flow

suddenly sprayed liquid upwards causing flooding..

Another mechanism suggested by some investigators
was based on upward flow occurring in the liquid film but
no serious attention has . been given to this possibility.
This mechanism was rejected by HEWITT and WALLIS (1963)
and, probably as a result of this, no serious study of
this model has been reported, although some tentative and
inconclusive explorations in a related study of upward
annular flow by NICKLIN and KOCH (1969) were published.
DUKLER et al (1978) suggested a mechanism by which flow
reversal in the liquid £ilm can take place. In this
mechanism, tﬁe -authors predicted that the process of

flooding starts with - the formation of waves but their
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effect is indirect. When the condition of flooding is
closely approached, more pronounced wave action takes
place which causes the pressure gradient in the gas to
increase and cause a sudden rise in interfacial shear
stress, which may be sufficient to reverse the velocity in
the film. The authors predicted that, for flooding to
occur as a direct result of waves, either the waves must
bridge the tube or be transported upwards above the water
entry point as waves. For this film mechanism, the waves
cause an increase in the friction 1loss in the gas and

hence an increase in the interfacial shear stress.

2.2 Modelling Methods

The previous section illustrated how complex the
process of flooding is. ﬁespite this, a number of
analytical and empirical models have been developed for
flooding in vertical annular flow. Several different
viewpoints have been expressed in these models and these
are presented here in thrée categories, namely,

(i) stability analysis, (ii) standing wave model and

(iii) hanging film model.

2.2.1 Stability Analysis

Stability analysis has its origin in the work of

SCHUTT (1959) who assumed that once growth was initiated
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the process would continue until bridging occurred. The
co-ordinate system used 1is shown in Figure 2.2. For a
small diameter tube, Schutt;s results showed reasonable
agreement with the experimental flooding conditions except
for larger diameter tubes. - CETINBUDARLAR and JAMESON
(1969) used a'stability analysis similar to that used by
Schutt in an attempt to predict the gas velocity at which
the waves became unstable. The steady laminar flow of a
liquid film flowing down - a- vertical wall for the
co-ordinate system.  shown in Figure 2.3 has a velocity

distribution of the form

u=y®-1 | (2.1)

with interfacial velocify being given by

pf982
P b § -
o

(2.2)
Zuf

If the free surface is disturbed by a perturbation of the
form

h = a exp(ie(x-ct)) - ’ (2.3)
where ¢ = c, + ici is a complex wave velocity,
the perturbation stream function has the form

v = =F(¥)N - (2.4)

or y = -aF(Y) exp(ia(x-ct)) (2.4a)

Subsequent substitution of this into the Navier-Stokes

equation, linearising and eliminating the pressure term,’
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yielded the Orr-Sommerfeld - equation

p""-zqu" + oF = iaRef[(u-c)(F"—azF) - u"F] (2.5)
’ prOS
where Ref is the Reynolds number defined as
He
The boundary conditions are
(i) 2Zero velocity at the wall (y = -1)
F(-1) = F'(-1) = 0 (2.6)

(ii) Surface kinematic condition at interface (y=0)

F'(o) = c-u, ’ ' (2.7)

The other two boundary conditions were obtained
from the equality of the tangential and normal ‘
perturbation stresses in the liquid to the corresponding

stresses in the gas. The perturbation to the tangential

shear stress was considered as

hTs (2.8)

The normal shear stress was

u_u

vy X s ‘ o (2.9)

Thus the two remaining boundary conditions are
(iii) Tangential stress continuity (at y=0)

2 . |
F"(o) = T o (c-uo)u o (2.10)
(iv) Normal stress continuity (at y=o)

-4
(F""(0)-30’F' (0)=c’We-a —=

aRefA . Rgf

(c-uo)F'(O)-

(2.11)



20

7
%4

where We is a Weber number defined as { 2}.
pegd
f

The first. term in equation (2.11) represents the inertia
of the wave and the second term. represents the normal
stress due to the viscosity. The term aZWe is the
pressure due to surface tenéion, 4. By arguing that the
stability of the film was largely determined by the
conditions near the interface and, by employing the
approach of ANSHUS and GOREN (1966) in which u is regarded
as constant equal to u, and u" = 2, then equation (2.5)
was reduced to a fourth.order ordinary differential

equation with constant coefficients and solution:

F = Clsinsly+c2cosﬁly+c3sin62y+c4cosBzy (2.12)
where
’61'2--a - ; aRef(uo-c)t [21aRef + ; (uo-c)) ]

(2.13)

c1'2,3;4 = constants.

With the further assumption that the gas flow is
quasi—laminaf, the dimensionless stresses g and Ty can be
evaluated using the approach of MILES (1957) and BENJAMIN

(1959). The Solution of Orr-Sommerfield is thus given as

oly) + £(y) = ¢
where ¢(y) is the inviscid solution

and f(y) is the viscous solution

Using Benjamin’s integral equation, the normal stress on

the boundary is given by



21

ag = —o [ v ¢ dy
(o]

hence the(inviscid solution is given as
o v(e" + a2¢) - v'é = o
and the viscous solution is given as
iap

F""‘-\———g (v'(y)=C)F" = o

o

(2.14)

(2.15)

(2.16)

where v’ (y) is the velocity gradient in the gas phase at

y = o.

Suitable solutions were obtained for equations (2.15) and

(2.16), and these were used in-equation (2.14) to yield

real and imaginary parts of 9 and T, 2as

Ocr = (1+40.644K /3)A2‘

g _ s+ = = 00644 KAZ‘ .

Sl
. 2/3

ST
2/3
Toy - 0.686 AzAl

(1+1.288 KV/3)
(V3 +'1,288K)

where -

. Ai,;
« N pgv*

2620, 2 (o /pgg) T

A, =
1+1.288K(V/3+1/288K)

2

K = Al4/3 a I

I'=-f vt2 exp(-ay)dy v
o

T
v

+

v’  is the dimensionless gas velocity =

. is the gas friction velocity = —31-3-

(2.17a)
"(2.17b)

(2.18a)

5

(2.18b)

(2.19)

(2.20)

(2.21)

(2.22)

From these results, the growth rate (acy) was obtained as
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a function of_;he gas friction velocity v, for various
liquid Reynolds numbers. Figure 2.4 illustrates the
variation of acy with v, . The minimum frictional
velocity for each curve in the unstable reéion (where
acy>0) was taken to be‘the flooding velocity for the
corresponding liguid‘Reynolds number. Figure 2.5 shows a
comparison between this‘theory and the experimental data
of CLIFT et al (1966) with the authors claiming a maximum

deviation of 7%.

This analysis indicated the complexity of the
problem but, despite the complex mathematics and
simplifying assumptions involved, the analysis did not
produce a ~single embracing flooding equation.
Furthermofe, it did not give an indication of the
stability of the flow waves travelling in the direction of
the gas: flow. It should be noted fhat this analysis can
qn;y be applied to the linear stability concept, which may
not fully define ﬁhe flooding problem. There are further
limitations inherent in tﬁis type of étability analysis,

which are discussed at the end of this section.

It may  be of some significance that the
experimental study of a free falling film down a vertical
tube by KJONES and WHITAKER (1966) showed that the
numerical solution of the Orr-Soﬁmerfeld equaﬁion was in
good agreement with the experimental results near the top

of the film where the small disturbance assumption is

expected to be valid.
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Another attempt to analyse the instability of the
small perturbation waves was carried out by IMURA et al
(1977) and involved the coordinate system shown in Figure
2.6. The gas and the liquid were assumed to be inviscid
fluids in respect of the stability of the liquid €£ilm.
Using the velocity potential of the liquid and the gas, ¢f
and ¢g respectively, the continuity equation could be

written as:

_;3 4+ —— (r —) = 0 (2.23)

and the Bernoulli equation

2

P 9 1 3¢ ,
2, ) —gx+K (2.24)

'
—.— = (—) 4 (—
CI at 2 3 ar

where K is constant

The boundary conditions were defined as:

(i) At the tube wall r = R ¥

(ii) At the tube centre r = 0, hence

3be o

or
(iii)uAt the interface (liquid side) r = R-§, hence

3d an - an
-t — o, —

or 3t 9x
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(iv) At the interface (gas side) r = R-8, hence

39, an
-—d . —+u —

ar ot 9 ax

where n is the displacement of the wave from the average
film thickness defined as

n = n,(t) sin’ (x-ct) (2.25)
with a = 2u/x | (2.26)

The final constraint was imposed by the relation between
the surface tension effects and the pressure difference
between the gas and the liquid phases (interfacial

pressure) at the interface

a2n/ax? 1
Pe - Pg = of - } (2.27)
an R-38+n
(1+(—)%13/2
ax
m 5 :
with (—)° <<1 being ignored.
dx

Combining equation (2.25) with equation (2.27) and
ignoring the second order terms, gave
1

2 s
P.-P = - — -
£ Pg af - + h‘( K°) +

1

] | (2.28)
(R-8)2 :

The velocity potentials were solved by separation of the
variables in equation (2.23) employing the boundary
condition (i) to (iv)." The velocity potential was then

substituted into equation (2.24) to solve for Pf and Pg'
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which were then inserted into equation (2.28) to obtain a

stability equation based on the growth rate of n(t)

2

a"n
0 . L2 :
i.e. - B°n. = o0 (2.29)
atz (o}
where*
2 K S 2 2 2 -2
g” = -——————[K(pr(c-uf) -p Q(c=u_)“)+a(K“=(R=8) “]
PfP'PgQ g 9
(2.30)
' ' I1(KR)
P = [I {K(R-§)} + K {K(R-8)}1/
- K, (KR)
' . ‘ Il(KR)
[I,{K(R-8)} - Ky {K(R-8)}] (2.31)
Kl(KR)
"I _(R-8) ' o '
A Q= 0 (2.32)
7 I;(K(R-8))
s « 2 0 Q_s“f'w L p Q .
and ¢ = (ug- =3 —u )/(1--2 o) (2.33)
Pg P 9 Pe P \ /

The wave was stable for‘B2 < 0 whereas for B2 > 0 the wave
became unstable and flooding occurred due to bridging.
With further simplifications and approximations, the
stability criterion could be expressed as

. o 1

up +ug = [— (k- —= 172 C (2.34)

9 -
, Py R-48
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The authors claimed‘good agreément with experimental data

exéept at very high liquid flow rates.

This approach, which is similar to that of
CENTINBUDAKLAR and JAMESON (1969), involves many
assumptions and it must be concluded that, despite the
wide acceptance of this approach, the evidence that the
flooding process is connected with the wave motion or
growth is purely circumstantial. All these theories are
based on the assumption that the initial wave will grow
until bridging occurs. -This assumption has.been rejected

when flooding takes place in large tubes.

2.2.2 Standing Wave Model

SHEARER and DAVIDSON (1965) presented one of the
earliest analyses which predicted the shape and amplitude
of a standing wave formed on a liquid film running down a
vertical surface and due to an upward flow of gas over the
liquid surface. These authors observed a stationary wave
in experiments with a wetted-wall column and the wave
profile considered is shown.in Figure 2.7. - They
postulated that the instability of this stationary wave
was maintained in position by pressure gradients, which
were induced by the acceleration of the gas flow over the
front of the wave and:which might lead to bridging of the
liquid film by increasing the gas velocity. The wave
amplitude was found to-be very sensitive to gas velocity,

with a critical gas velocity existing beyond which the
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wave amplitude became very large. - The wave profile above

the leeward and the windward portions of the wave were

analysed separately, and the flow pattern on both the gas

and liquid side studied. The following assumptions

relating to the gas side were made:

a)

b)

c)

The gas flow broke away from the liquid surface on the
leeward side of the wave and hence the gas pressure in

this region was constant,

The shear stress exerted on the liquid surface by the

gas was neglected.

o

For the varlation of gas pressure over the w1ndward

surface of the wave, the empirical expression

2

(Po=Pg)/ogUg” = (n8/2L)(1+nd/4L) (2.35)

99

could be used, where

P, = pressure far upwind from the wave

Pg = pressure at any point on the windward surface

”Qm)l/3
P9

3
§ = film thickness = (
L = length from the crest to the trough

Ug = velocity of the gas stream.



28

For the liquid side, the following assumptions were made:

a) The inertia and viscous forces in the liquid film over

the leeward part of the wave were negligible

b) The pressure within the liquid varied linearly with
~~height."

Thus the following wave profile was obtained

3 A
3a Pe P4 Peg
(— (== 23 L2 s

2 ‘g 2 ‘6o

§ = a+8 (2.36)

where ra’ denotes the amplltude of the wave crest

The differential equatlon for the wave proflle became

a3 npu ns ds 6 p.0%. d§ 340
o —3 + gg(1+---)-—+:>fg+—.-—-f—3’i—‘-—--"7-0
dx 2LA 2L, dx S 8 dx 8
L : ‘ - (2.37)

with the boundary conditions

(i) cat x =0 ,7 8§ = 80 +-a’

(1) at x=0 ", — =0 S
dx
- 2 -
(iii) at X = 0 ’ —7 = - [_ ( ) 11/3
. PR o dx© o

(iv) at x = L , &= 8

Equation (2.37) was solved numerically and the results

indicated that the " 'stationary wave was stable only in a
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narrow range of gas flow rates. However, the agreement
between theory and experiment was reasonable only up to
liquid Reynolds numbers of 250, For higher Reynolds
numbers, large discrepancies were found which were
attributed by the authors to the entry conditions. It
was postulated that rougher entry conditions would

generate greater turbulence in the 1liquid film and

possibly in the.air.

SHEARER and DAVIDSON (1965) also compared their
model predictions with the data of HEWITT and WALLIS
(1963) and NICKLIN and DAVIDSON (1962), these having been
obtained with smoother entry conditions. The comparison
showed fairly good agreement up to Reynolds numbers of
1000 and, above this- value, the disagreement was
attributed to the onset of turbulence in the liquid film.
However, there is 1little justification for this argument
since the model has an assumed negligible effect of
velocity distribution on the windward part of the wave
profile. This can be shown by reference to equation
(2.37) where the velocity profile aésumption affects only
the last two terms on the left-hand side. A variation of
20% in the coefficients (corresponding to a change from a
laminar to a uniform velocity profile) has an
insignificant effect on the solution. It is 1likely,
therefore, that the empirical pressure distribution over
the windward part of a stationary wave no longer holds for

the turbulent film since it does not reasonably represent

the behaviour of the wave near the crest.
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Another“attempt to use the standing wave model was
made by’UEDA and‘SUZUKI (1978), their model being based on
previously published experimental observations by SUZUKI
and UEDA (1977). They assumed the standing wave to be
present and to be of the form shown in Fiqure 2.8 where
the shape of the wave crest was considered to be flat as a
result of the wave tip being continuously torn off by the

gas streanm. In their analysis, the following assumptions

wete made:
(a) The wave was stationary.

(b) The shear stresses at the interface and the shroud
surface were negligible except for those on the

liquid lump.

(c) Both gravity force and compressibility of the gas
were negligible.

They set cp the force calance on the wave in both the
horizontal and vertical directions with the pressure drop
across the wave being considered as the effect of sudden
contraction and expansion losses. The abrupt contraction

loss was expressed as,’

- Py \ 1
- | 2

2
=%, = pV
o, 9o S , "g'ql

(2.38)

with the loss coefficient L, being a function of Ag,/Ag,.
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In the experiments considered, Ago/Ag1 varied within the
range 0.4 to 0.83 giving the loss coefficient Cl as
Cl = Agy/Ag, - 1 (2.39)

The abrupt expansion loss was calculated from

p
- g - 2
8Py = &y 5 (Ug, = Ugy)

(2.40)

where {, was assumed to be unity, with Ag, = Ag, and

ugy = Ug,. The total pressure drop across the wave could

thus be obtained\as

1 y Ag Ag ' '
8P = = o V2 (—h) (=E o1 (2.41)
2 9 9 A A
go go

Applying Bernoulli’s equation between sections (1) and (2)
gave

2, Bq1,2
Ug (( )¢ -1] (2.42)

A

1
-—p
2

, go

- P _i=P
gl “go g

T

and the horizontal force balance as
(Pg1 - Pgo)s = on, (2.43)

where o is the surface tension and N @ factor depending
on the wave 'profile. ' The pressure variation in the
liquid film between sections (1) and (2) was relatively
very small and considered constant. The momentum balance

in ‘the vertical direction was

AP Agi = e 9 8“"(Agi - Ago) (2.44)

From these equations, the relationship between the gas

velocity and the wave height at the onset of flooding
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.

could be deduced as)

2 2
~p. U ‘p. U A A .. .
ng =(=3.~2 (=280 (2 al)2_y; (2.45)
Pg <9 ° Bgo-  Bgo -

Aq1
The wave height can thus be-determined knowing (3%,

AR Ago

The profile factorw(nc)‘~was estimated from experiment to
be 1.5. - The flooding velocity was predicted by
considering -the. intersection of. equation (2.45) with
empirical - curves: of wave' height plotted. against gas
velocity. The authors claimed good agreement between the

predicted values- of flooding velocity and- the measured

values.

“» -This model, with - its large -dependence.  'on
empiricism, is-one of few to allow for some boundary layer
separation effects . and 1liquid entrainment, -although it
does  not -consider -the -rate of entrainment nor the

subsequent increase in gas phase momentum:

2.2.3 . Hanging Film Model

* The . hanging . film - phenomenon in vertical
counter-current -flow:is- a situation in which the -liquid
film is supported against gravity, and held at rest on the

inner surface of a tube, by an upward flow of gas.
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WALLIS and MAKKENCHERY (1974) noted that there was
a difference between the higher critical gas velocity
(above which the film attachment point rose in the tube)
and the lower critical gas velocity (below which the £film
attachment point moved down the tube) and reported that,
for small diameter tubes (<6 mm), the velocities differed
by a factor of about two whereas for larger tubes these
velocities were much. closer. They also noted that the
typical shape of the film near the gés-liquid interface
was different - in small and large tubes (Figure 2.9).
This was confirmed by EICHHORN (1980) who also reported
the existence of a range of gas velocities that would
suspend the £film in the tube, These velocities were
inter-related with interfacial shear stress and film
thickness and any one could thus be regarded as an
independent variable allowing the other two to be. found.
Unlike the. previous models, the hanging film model can
only be used to predict the critical gas velocity when no
penetration of liquid downflow occurs. This phenomenon
was first proposed by GROLMES et al (1974) when they
modelled the flooding phenomenon as a thin hanging film.
The authors argued that, below the flooding velocity, the
gas had some effect on the waviness of the liquid flow but
did not appreciably affect the velocity profile in the
liquid film, They assumed that the downward force due to
the liquid weight was balanced by the viscous effects
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au

f
He dyz + peg = 0 (2.46)

with boundary conditions

(i) at the wall y = 0, Ug = 0

du

(ii) at the interface y = a,fri -*”f e 4 (2.47)

. dy

where Ti is the interfacial shear stress between the

phases defined as
1

2
U
2 949

(2.48)

where fi is the interfacial friction factor at flooding
conditions.

Using equation (2.46) and equation (2.48), with the
boundary conditions (i) and (ii), gave the velocity

profile equation

2 2
1 p.g8 Y Y 1l p U “f
Up = - = — (9% - (5))e — 221 (2.49)
’ 2 L s ) © 2 He ‘

The average film velocity coﬁld thus be defined as
8

1

o]

The flooding condition was assumed to take place when the
average.film velocity was set to zero with the critical:

gas velocity being éiven by
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IV

Ug - — (2.51)
V3 pg fi
where
3020 '«
§ = (—By1/3 (2.52)
i ‘Pfg

Equation (2.51) could be used as a relation for flooding
velocity provided: a satisfactory correlation could be
found for £;. The authors approached this problem by
looking for a correlation between the interfacial friction
factor at = the onset of flooding and the liquid film
thickness. Their own data and the data of TOBILEVICH et
al (1968) with fluids of higher liquid viscosity were used
to establiéh such a relationship. 'The correlation can be

expressed as

20052
£, = 0.006 + —— (2.53)

7]
(L_,0.44

MR

where}s is filmuthickness (cp), Hr is reference visgosity
used to account for the highé{ gas velocity required to
initiate flooding of liéuia filﬁs with higher yiscosity
thanhwater (”R\' 1 cp).

~The limit of applicability of this analysis was

recormended as

o Y
§4p = 1.72 ()13 (2)2/5 175
P 9

(Y(e),) (2.54)
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where Y(6) is a function of contact angle (~ 1/3 for water

on glass).

Another analysis based on the hanging film was
presented by WALLIS and KUO (1976). They tackled the

problem in terms of separated flow as indicated by the

diagram in Figure 2.10.

By considering the Bernoulli equations for the gas
and liquid phases, and the interface boundarylcondition of

pressure continuity, these authors obtained the following

relationship
. dzx*
1 PV dé* , dex dy*i
| g 1L (—) 24 (—) 2]+
2 ((pge-vp )ga)l/2 dx* dy* dx
£’ - [(Lemy23/2
dy*
dx*
dy* | , '
+ - (x*_ - x*) = E (2.55)
dx* 1,2 0
r*[1+(—) 211/
‘ e

where E-is a constant, x* and y* are the dimensionless
coordinates, r* is the dimensionless radius, and ¢* is the

dimensionless velocity potential. These were defined

respectively as:

bpg
X+ = x = P2

(<4

. bpg
y* =y (—)1/2
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Apg
rx = r (—) 1/
[« 4
$ beg
oo - e (22912
ug [+

The boundary conditions used were:

(i) The hangin§ film is approached from infinity by a
uniform stream, thus
dé* - dé*

at x = o, = Q , - i
. dy*r dx*

(ii) At the stagnation point at the leading edge of the
liquid film, the interfacial grgdient is dependent on
the contéct angle, thus

dx*

at x = x , I* = ¢ % = - cotf
o o dy*

‘'where '8 is the contact angle.

fo solve for the case of a hanging film, Wallis and Kuo
o #

used the Kutateladze number, which they defined as

.. 1/2
CR me A
Kg Py Ug (bpgo)

-l74. (2.56)

Equation (2.55) was then rearranged, using K and the

boundary conditions, to give
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3 dzx* cosB dzx*/dy*2 dx*/dy*
sin”B( 2)xo+ m - p, +(x hox* )
dy* r x*
° (1 5213/2 et 52172
dy*
ng
1 déx dé*
S —)? s (4
2 dx* dy*
(2.57)

The contact angle (B) was set at 90°, with the Bond number

bpg
)1/2

) assumed large. The complex
o :

(D* = 2r * = D, (—

distance z = x + iy and the velocity potential w = ¢ + iy,
were introduced in dimensionless form as before to reduce

equation (2.57) to

2 3 a?x* a®x* say*? aw"
Kg = 2[(x *-x*)+sin B(g—;i)x

o~ T
[1+(dx s/dy )°] dz*

(2.58)

This equation was solved by introducing two sources in a

uniform stream, as ‘illustrated in Figure 2.11. If the

sources have strength A, and are located at (o,+a), the

complex potential function for this arrangement becomes
wh = z*—A* 1n (z*2 + ax2) (2.59)

and the dimensionless stream function

1 Zx*y*

( ) (2.60)
x*2+a*2-y*2

Y = y*-A* tan

The interface is given by y* = 0, or

L y* y*2
X* = - +[ 3 +y*
tan(y*/A*)  tan®(y*/ax)

[ 8]

- a»2)1/72 (2.61)
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From equation (2.61) the stagnation point occurs at

X * = A% + (axd - ax)l/2 (2.62)

dw*

Equétions (2.61), (2.62), and were put into equation

dz*

(2.58), with a chosen value of a* . and A* varied until Kg
remained as constant as possible (usually with 10% of the
mean value). The maximum Kutateladze number for
stability was found to be 1.87, well below the known

experimental value of 3.2.

"

" This analysis may be of use in finding the flow
reversal point since it allows for rewetting properties,
however its application to 'flooding is doubtful. In
adéitién, limitations are imposed on this model by the
assuﬁptionlof a 90° contact angle and of large tube

diameters.

In general, these modelling methods have not been
vefy’ successful in explaining the wvarious flooding

phenomena and correlating the wide range of experimental

data.
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2.3 Flooding Correlations

A large number of flooding correlations or
equations can be found in the literature and can be
separated into two main groups. The first group is based
largely on experimental flooding data and were developed
for particular conditions; the second group is based on
some form of physical or mathematical modelling of the
flooding event. However, two dimensionless parameters
have emerged as being important, these being the
dimensionless superficial velocity and the Kutateladze

number.

WALLIS (1961), working on vertical tubes, suggested
that the flooding condition could be predicted by the wuse
of equations of the type

*1/2 *1/2 o
Vg +ve 12 - (2.63)
where
Y oW 1/2 -1/2
Vg Vg pg {gD(pf-pg)} (2.64)
* 1/2
Ve = Ug 0gl/% (aD(pgmp 1112 (2.65)
where‘vg*4anq Vf* are the dimensionless superficial

velocities of the gas and liquid respectively. WALLIS

(1969) further developed this flooding correlation into
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the following:‘-

"2 ym 3% a0 (2.66)

Ig
where jé*' jf* are the Wallis dimensionless parameters for
the gas and liquid respectively, being defined as

* 1/2

3= Iyl {gD (pp - pg)}—l/z~

(2.67)

where4ji\is the gas or liquid superficial velocity and ‘m
and C are empirical constants. Based on a survey carried
out by TIEN and LIU (1979) the -value of ’C' appeared to
depend mainly- on tube diameter and ‘the entry and -exit
conditions and ranged from 0.7 to -1.0.  Similarly, the
value of 'm’ ranged from-0.8 to 1.0. For~fully turbulent
flow, the value of mwas 1.0. The Wallis parameter
somewhat' represents the .ratio of inertia force to
hydrostatic force whereas the Kutateladze number :expresses
the balance between-inertia’, buoyancy and surface tension

force, being defined as

2
U, | i ]+1/4

. (2.68)
90( F’f—l:’g)~

b S
where o is the surface tension and U the appropriate
phase superficial velocity. The use of the Kutateladze
number in floodlng correlatlons dates back to work of
TOBILEVICH et al (1968) and PUSHKINA and SOROKIN (1969)

Kutateladze (1972) developed a correlatlon s1milar to the
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Wallis correlation which took the form

g *1/2 *x1/2

= C; (2.69)

The Wallis-and Kutateladze correlations enjoy wide
use as - predictive equations and are often used without
regard to the 1limits of the foundation data.- Many
experiments have been carried out to test their validity
under various conditions, however neither of these
correlations provide the . complete answer- to flooding
prediction,  but are useful tools for enabling solutions to
be found.. The two- correlations out perform each other
under : different conditions when  tested against
experimental data. However, the performances should not
be interpolated beyond the data range ‘tested.

- PUSHKINA - and SOROKIN : (1969) : emphasised the
differences between the two correlations by carrying -out
‘two sets of experiments. One set was performed in a
309 mm tube, the other set in a series of small tubes with
internal diameters of 6.2, 8.8, - 9.0, 12.2 and 13.1 mm.
The analysis focussed on determining the critical air
velocity required for flooding. The results presented
showed that the tube diameter had no effect on the
magnitude of the critical (flooding) velocity of the -air
and was approximately 14 to 16 m/s. (Line'l in.- Figure
'2.12). © - -For the same data, the Wallis correlation
predicted a varying (flooding) gas velocity which did not

£it the experimental data (Line 2 in Fiqure 2.12).
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Pushkina and Sorokin claimed these results demonstrated
the superiority of- the Kutateladze correlation over the

wallis correlation.

WALLIS and MAKKENCHERY (1974) offered an
explanation of the results presented by Pushkina and
Sorokin. They emphasised that the Wallis correlation was
based on a limited amount of data taken in tubes with
diameters ranging from 12.7 mm to 50.8 mm and stated that
the Kutateladze correlation contained no characteristic
scale dimension for the apparatus, hence would best be
suited for large diameter tubes provided the liquid film
remained thin. They admitted that for small diameter
tubes, the surface tension effects could be important.
To support their claim, Wallis and Makkenchery presented
data which showed that the difference in velocity required
to support a hanging film compared to that required for
flow reversal was a factor of 2, greater in small tubes
compared to large tubes. Wallis and Makkenchery
incorporated the surface tension effect in terms of a

dimensionless tube diameter D*, where

1/2

D* = D[g(pf-pg)/cl (2.70)

which is sometimes called the Bond number. They also

showed that. the Wallis and Kutateladze numbers could be

related through the Bond number,:thus

3% = RK/D* . : (2.71)
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Recently, BANKOFF et al  (1981) introduced a new

dimensionless parameter H*, based on a new characteristic

length, defined as

Hyx = 3 [——)1/2 (2.72)
?W(Df-pg)
where .. -~
g
7 = 1" (/2 (2.73)
g(Pf-Pg)

with the value of « lying somewhere between zero and unity

such that
when o 20 - ‘then H" - j*
and when o » 1 then H* - K*

Thus the ‘Baﬁkééfyv~éafameter n” represents a  smooth
transitioq ;cg{ing between thefWallis parameter, j*, and
the Kutaﬁeladzé parameter K", | Thé empirical exponent «
is a dimension;ess geometry-depegdent factor. Based on
this diﬁensioniess parameter, é new correlation was

suggested of the form

1/2 1/2

Hg* + my He* = c2 (2.74)

McQUILLAN and = WHALLEY (1984) :collected a large
number of experimental flooding data points to'test the

performance .of ‘the more’  commonly wused empirical and
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theoretical flooding correlations. The data contained
flooding information for a wide range of flow conditions
and fluid physical properties. ' They found that the most
successful empirical correlation was that of ALEKSEEV et

al (1972), based on the Kutateladze K, Weber We, and

Galileo Ga, numbers. Thus

K = pr=0:20 o=0.21 . -0.09

g (2.75)
where
3/4 i .
Qeloe =~ pg)
Fr\ = 9 (2.76)
N g1/2 03/4 )
o
We = -3 (2.77)
' (pf-pg)‘D
- g c3/2
Ga = (2.78)
Ufz(pf—pg)3/2

The Aleksegv et al correlation agreed well with the
data over a range‘of tube diameters and liquid surface
tensions, buE over-predicted flooding gas flowrates at
high liquid viscosi;iés. ;ﬁ'view of ﬁhis, McQUILLAN and~
WHALLEY[(1984) modified the’ALEKSEEV et al k1972)

correlation to become

- M
_ Ky = 0.286 Bo®-26 p0.22 (y, Z ,-0.18 (2.79)

Hu

* Of the theoretical correlations tested,” McQUILLAN
and WHALLEY (1984) found that the modified form of the

correlation presented by ' BHARATHAN et al (1978) was - the
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most successful over a range of liquid viscosities and
surface - tensions but overpredicted the flooding gas
velocity for. large tube diameter. They attempted to
explain the overpredictions in terms of inaccuracies in
the empirical interfacial friction factors for large tube

diameters.

2.4 Effect of Fluid Properties .

In further attempts to understand the phenomenon of
flooding, investigations have been carried out to study
the effect of 1liquid properties, e.g. viscosity, surface
tension, and gas properties, mainly the gas density. In

many - cases, however, the results reported have been

conflicting.

2.4.1 - Liquid Viscosity Effect

Although a: number of .the correlations presented in
the literature contain viscosity terms, few of these have

any direct experimental support and the effects - reported

are quite confusing.

«« WALLIS (1962), - working with a vertical tube of
191 mm diameter, reported measurements of the flooding gas
rate using water, glycerol solution, and ethylene glycol

as liquids in counter-current flow with air at atmospheric
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pressure and with the liquid viscosity varying from 1 to
3000 centipoise. The results indicated that an increase
in liquid viscosity decreased the flooding gas velocity
for a fixed water flowrate. A similar trend was obtained
by SHIRES and PICKERING (1965), CLIFT et al (1966), and
CHUNG et al (1980), see Figure 2.13. A similar effect of
liquid viscosity (but less conclusive was reported by TIEN
et al (1979). They found that, for a liquid film flowing
at a fixed velocity, an increase in the liquid viscosity
caused an increase in the perturbed pressure in the film
which increased the pressure difference across the £film
surface which, in turn led to waves being formed on the
film surface and hence flooding to occur at lower gas
velocities. They also stated, however, that the
viscosity effect could be contradicted by the inertia
effect, which could explain why the net liquid viscosity
effect was small. Tien et al supported the claims by
experimental data obtained from air-oil tests. A
completely different effect of 1liquid viscosity was
reported by SUZUKI and UEDA (1977), after experiments
using liquids with five different viscosities ranging from
9.0 x 104 to 2.4 x 1072 kg/ms. They found that the gas
flooding velocity increased as the 1liquid viscosity was
increased. The effect was evident for thin liquid films
(see Figure 2.14) but not so clear for thick films.

Similar conclusions were reported by TOBILEVICH et al
(1968) and GROLMES et al (1974).

The results of HEWITT (1977) indicated only a small
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effect of liquid velocity on the flooding gas velocity.
A comparison of the data obtained from two solutions of
glycerol (38% and 67%) with those obtained from water
showed that the 67% glycerol solution data (pf = 1800 x
10'5 kg/ms) lay only slightly above those of water (uf =
110 x 10"5 kg/ms) whilst =~ the data for the 38% glycerol
solution (ue = 300 x 107> kg ms) lay a little below. ~ 1In
view of these results, Hewitt concluded that 1liquid
viscosity influence on flooding conditions was small and
only became important when the changes in viscosity 'were

substantial.

2.4.2 surface Tension Effect

Some studies have been carried out to ascertain the
influence of surface tension, although it is not" always
easy to know the true surface tension of the dynamic
interface since the static measurements may not be
quantitatively accurate when applied to  flooding
conditions. According to SUZUKI and UEDA (1977), the
dynamic value is slightly higher than the  corresponding
static value but the difference could be neglected.
However, the-data reported are in general agreement that a
smaller surface tension value leads to lower flooding gas

velocities..

"The experimental findings of SHIRES and PICKERING

(1965), HEWITT (1977), 2ZVIRIN et al (1979), and CHUNG et
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al (1980) are consistent with the theoretical findings of
C E Ti.NBUCKLAR and JAMESON (1969) and TIEN et al (1979) in
that lower surface tension decreases the gas velocity at
flooding. In principle, the reduction in surface tension
means a smaller pressure difference can be sustained
across a‘film surface without the surface forming waves
with smaller radii of curvature, where small radius of
curvature implies short wave 1length or large wave
amplitude,. both of which are a surface instability.
Hence, for the same 1liquid flowrate, a reduction in

surface tension will cause flooding to occur at a lower

air flowrate, Figure 2.15,

TOBILEVCH et al (1968), and SUZUKI and UEDA (1977)

obtained no conclusive effect of surface tension.’ The
Wallis correlation takes no account of surface tension and

this is sometimes considered to be a major deficiency.

R

2.4.3 Gas Density Effect

The' dependence ‘of the gas flowrate at flooding on
the gas density has-:generally been neglected. However, a
few investigations ‘have been made and these will be

considered here.

HEWITT (1977) investigated the gas density effect
by using two different air densities, 1.33 kg/m3 and

2.34 kg/m3. The results indicated that a lower gas
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velocity was required to cause flooding as the gas density
increased, for a given liquid velocity. Hewitt agreed
with the assumption of SHEARER and DAVIDSON (1965) that
the flooding condition would occur at a fixed value of

Py ng/a for a given film thickness. Although he quoted
two different air densities wused in his experiments,
Hewitt did not give any information about the way the

higher air density was obtained, since the reported air

temperature was approximately 20°C for both sets of tests.

ZVIRIN et al (1979) compared the results of their
theoretical exercise with Hewitt’s experimental results
and predicted a slight decrease in the flooding velocity
when thg gas density was increased. Similar conclusions
were obtained by SHIRES and PICKERING (1965), CHAUDRY
(1967), and TOBILEVICH et al (1968).

2.5 Effects of Tube Geometry

The effects of tube geometry on flooding have been
widely reported and these have indicated various
parametric ' influences. ' However, there - have been

conflicting findings regarding these influences or effects

on flaoding. -
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2.5.1 End Condition Effects

A number of investigators have found that flooding
conditions are sensitive to the way in which the gas and
liquid' enter and leave the’ tube. WALLIS (1961)
postulated”that the flooding condition was influenced by
the design of the tube ends. He allowed for this
influence by including a factor in his flooding
correlation which was dependent on the tube end geometry.
For tubes with sharp-ended flanges, the value of the
factor was 0.725 whereas when end effects were minimised

the value lay between 0.88 and 1.0.

A quantitative investigation on the effect of the
entry radius was performed by BHARATHAN et al (1977) and
Figures 2.16 -and 2.17 "show how the ratio of the entry
radius to the tube diameter affects the factor C in the
Wallis“correlation. Tubes with. smoother entries have
higher value of C.

HEWITT et al (1965) concluded that porous sections
of “tube, carefully matched to the main tube, provide the
closest approximation® to the idea of smooth liquid
injection and removal.” " 'BANKOFF and LEE (1983) reported
that gas flooding velocities with porous injection were

higher than those with top flooding entry, under the same

conditions.

The effect of tapered liquid inlet conditions was
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investigated by CHUNG et al (1980) who found that the
required flooding gas velocity was much higher in a
tapered liquid inlet than that in a sharp-edged inlet
system. ENGLISH et al (1963) investigated the effect of
the diagonal cut-off angle in the 1liquid exit and, by
comparing the results with square ended tub results, they
found that increases in flooding gas rates of 5%, 25%, and
54% were obtained when wusing tube ends with 30°, 60° and
75° tapers respectively. A similar effect was reported
by HEWITT (1977) who showed that the gas flooding velocity
was increased about 30% when using a diagonal cut tube end
(¢ = 30°) compared with a normal cut tube (y = 0°) see

Figure 2.18.

The tube end condition also appeared to influence
the position of the inception of flooding. CHUNG et al
(1980) observed that flooding (marked =~ by liquid
entrainment and highly agitated film) appeared near the
liquid exit when a tapered liquid inlet was used, whereas
flooding always took place at top of the tube, without
prior droplet entrainment and subsequent film agitation,
when a sharp-edged liquid inlet was employed.
Furthermore, they observed that with a tapered 1liquid
inlet and nozzle air supply, flooding occurred primarily
as a result of interface instability developed inside the

tube and not around the inlet or exit.

D. McNEIL (1986) gave an explanation as to -why

higher gas flooding velocities were obtained when smoother
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liquid films were introduced. He suggested that rougher
entry conditions induced turbulence and hence increased
the effective viscosity of the liquid film thus thickening
the film and consequently reducing the gas rate to induce
flooding. BANKOFF and LEE (1983) suggested the cause as
a higher interfacial friction factor produced by the
initially imposed disturbances at the sharp liquid entry,
since this 1is more 1likely to cause the formation of
unstable waves. They arqued that none of the available
flooding correlations had sufficient adjustable parameters
to account fully for the wide variety of end geometries
used. However, based on a wide literature survey made,
they found that the flooding model of CETINBUDAKLAR and
JAMESON (1969) was the model which best accounted for the

effects of the liquid entrance conditions.

Details of the tube end conditions used by various

investigators are illustrated in Figure 2.19.

2.5.2 Tube Diameter Effects

The effect of tube diameter on the flooding
velocity is of great interest in connection with possible
scaling laws in single-channel flows. Although extensive
tests have been performed, the effect of tube diameter on
flooding is not very clear. The number of Literature
items reporting definite effects roughly equals that

reporting little or no effect. Analyses by SHEARER and
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DAVIDSON (1965), CENTINBUDKLAR and JAMESON (1969), and
PUSHKINA and SOROKIN (1969) showed no explicit diameter
dependence for the flooding velocity. GROLMES et al
(1974) reported that the tube diameter has very 1little
effect on the flooding velocity and TIEN et al (1979)
showed that flooding .under ideal entry conditions should
only have a weak . diameter dependence (Figure 2.20). Oon
the other side, CHAUDRAY (1967), TOBILEVICH et al (1968),
HEWITT (1977) and SUZUKI and UEDA (1977), reported that
higher gas superficial velocities were required to
initiate flooding as the tube diameter increased (for a
fixed liquid . superficial - velocity), see Figure 2.21.
DIEHL and KOPPANY (1969) also concluded that the £looding
velocity was a function of the tube diameter and that
there was a definite <critical diameter above which the
flooding velocity became independent of tube diameter.
They also concluded that, for small diameter tubes, the
liquid bridged .across the tube opening due to surface
tension effect and, in very small tubes, counter-current
flow was impossible. It was also reported by WALLIS et
al (1975) that MAKKENCHERY (Unpublished work) carried out
a series of studies on flooding with air-water flows in
tube sizes ranging from 19.1 mm to 139.7 mm. These
results showed that the flooding velocity was independent
of tube diameter at .diameters greater than 50.8 mm,
Opposing trends were reported by RICHTER et al (1978),
which indicated that the flooding curves would shift to

lower values of velocity with increasing pipe size.
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The findings from a Literature Survey conducted by
BANKOFF and LEE (1983) indicated that most of the
analytical models and empirical correlations predicted a
monotonic decrease of gas flooding velocity (in terms of
the Wallis parameter) as the dimensionless diameter, D¥*,
increased for a fixed dimensionless 1liquid velocity.
This gave an opposite trend, in terms of the gas
superficial velocity which agreed with the findings of
TOBELIVICH et al (1968), HEWITT (1977), SUZUKI and UEDA
(1977) and CHUNG et al (1980). It also implied that the
gas flooding superficial velocity was not proportional to
the square root of the tube diameter as the Wallis

correlation indicated.

2.5.3 Tube Length Effects

The effect of tube length on flooding conditions
has been explored by many investigators and, again,
contradictory results are reported. HEWITT et al (1965)
observed that the flooding velocity decreased with
increasing tube length but, later HEWITT (1977) reported a
small tube length effect, using a different 1liquid
discharge arrangement. NICKLIN and DAVIDSON ((1962)
reported flooding data for both 6 ft and 15 ft 1length
tubes, 25 mm diameter. Their results show that the
shorter tube flooded at higher gas velocities than the
larger. Similar results were obtained by CHAUDRY (1967)

and SUZUKI and UEDA (1977). Furthermore, Suzuki and Ueda



56

found that the effect was rather significant in the high
liquid flow rate range. They suggested four different
correlations to account for tube length effects. HAGI et
al (1977) reported that, for similar end geometries, the
constant C in the Wallis correlation was essentially
unaffected by the tube length. Similarly GROLMES et al
(1974) did not observe any length effect. However, more
recently, WHALLEY and McQUILLAN (1983) concluded that the
flooding air flowrate for a given pressure and water film
flow rate was strongly affected by the length of the tubes
with the flooding air flow rate decreasing as the length
of the tube increased, see Figure 2.22. They also
provided a possible explanation for GROLMES et al (1974)
not being able to observe the length effect, attributing
this to the liquid exit geometries used by Grolmes. ' They
suggested the exit geometries 1led to a localisation of
flooding at the 1liquid exit, so that flooding was -
initiated by the flow conditions at: the liquid exit and
hence no length effect would be expected.

LIU and TIEN (1982) also reported that increasing
the tube length would hamper - the onset of flooding but
only to a limited extent: According to the authors, the
tube length exerted an ‘influence on flooding through the
liquid momentum (velocity) which ‘increased with tube
length up to a point whereafter it became independent of

tube length, and was dependent only on the - liquid

injection rate. o
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2.6 Pressure Difference

Pressure difference measurements in counter-current
flow have always been used as an indicator for the onset
of flooding and for predicting flow pattern changes. The
measurements are not altogether easy to make since there
are connecting lines between the sensing points and the
measuring point and it is essential (in the interest of

manometry) to know what type of fluid exists in these

lines during measurements.,

Some investigators, e.g. HEWITT et al (1963),
COLLIER and HEWITT (1961), interposed a separator between
~the sensing and measuring points to ensure air only was
present in the connecting 1lines to the measuring
instruments. Others, e.g. HEWITT et al (1962), HEWITT
and TAYLOR (1970), used positive flows of liquid or air in

the connecting lines, the liquid purge system being most
popular and reliable.

The axial position of the pressure difference
measurements has also varied with different investigators.
For example, HEWITT and WALLIS (1963) situated  the
pressure tapping . points above the injection (porous
sinter) point and below the film removal (porous sinter)
point thus ensuring "dry wall" connections. -In contrast,
DUKLER and SMITH (1979) measured the pressure difference,

or pressure gradient, above and below the liquid injection
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point, the results of these measurements being illustrated
in Figures 2.23a and 2.23b. These results clearly
demonstrate the ability of pressure difference
measurements to identify the onset of flooding, due to the
sharp increases which occur. The authors described the
characteristics as follows. Prior to flooding, the
pressure gradient slowly increased with gas flow rate but,
as the flooding point is approached, the surface of the
falling liquid film became wavy with a small increase in
gas flowrate causing the disturbance to spread over the
entire liquid falling film, resulting in a highly agitated
surface and the formation of liquid slugs within the tube
(bridging the tube at higher inlet liquid flows). As a
preliminary to slug formation, a rough thick 1liquid
developed, causing a considerable increase in interfacial
shear stress with the pressure difference rising sharply
for a small increase in gas flowrate, once a liquid slug
has been formed. The onset of flooding, following the
formation of slugs, generally corresponded to the point
where the maximum pressure difference occurred and led to
unsteady conditions. The preceding remarks apply
particularly to the measurements made below the 1liquid
injection point where the changes at the flooding point
are more marked. Typical pressure difference
characteristics for vertical counter-current £flow with
upper plenum injection are shown in Figure 2.24, these
being presén;ed by HAWLEY and WALLIS (1982) and relating
to flow in a 51 mm diameter tube. Similar resuls were

obtained by BHARATHAN et al (1979) and OSTROGORSKY et al
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(1982). The pressure drop characteristics are similar to
those obtained from porous injection systems before
flooding takes place. Stage 5 was described by the
authors as the onset of flooding following which two
distinct traces of the pressure drop were obtained which
depended on the flow pattern which had become established
in the tube. If the flow pattern changed rapidly to a
pattern similar to Bharathan’s transition flooding regime,
in which a smooth film region was established in the upper
part of the tube with rough film flow below, then the
pressure drop followed line 6a; if the flooding pattern
was a full-length rough £ilm (which was described by
BHARATHAN et al (1970) as rough film-flooding regime) the
pressure drop followed line 6. However, both pressure
drop traces continued to'decrease due to‘the reduction of

the liquid delivery rate as the gas flux increased.

From the results shown in this section, it may be
concluded that the measurement of -pressure drop in
adiabatic counter-current vertical flow predicts the onset

of flooding quite well.

2.7 Entrainment

The entrainment of liquid droplets in the gas core
is an important - effect associated with a gas-liquid
annular two-phase flow, and it can play an important role

in flooding also. In counter-current vertical flow, a
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liquid film flows down the tube wall and is acted on by
the ascending gas phase flowing in the core of the tube
and this interaction between the two phases can produce an
exceedingly complex pattern of waves. The break-~up of
the disturbance waves on the 1liquid-gas ' interface 1is
usually regarded as being the source of the liquid droplet
entrainment in annular flow (HEWITT and TAYLOR (1970)).
Detailed studies of the onset of entrainment by COUSINS et
al (1965) revealed that "the disturbance waves are a
necessary but not sufficient requirement for the onset of
liquid entrainment. If the gas velocity is insufficient,
no entrainment will take place even if the disturbance
waves are present. The inception of entrainment has been
assumed, by many investigators (e.g. HUTCHINSON and
WHALLEY.(1972), and McCARTHY and LEE (1979)), to be the
point ‘at which the drag forces exceed the surface tension

forces.

Although (i) experimental techniques have been well
developed for the measurement of entrainment (ii) the link
between the disturbance waves and the droplet entrainment
has been clearly established by photographic studies (e.gq.
ARNOLD and HEWITT (1967), ® HEWITT and ROBERTS (1969),
WHALLEY et al (1973) and WHALLEY and HEWITT (1983)), and
(iii) a variety of mechanisms for the detailed breakup of
the disturbance waves into entrained droplets have been

proposed, the precise mechanism by which droplets are

detached from disturbance waves is still uncertain.
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The entrainment of 1liquid droplets emanating from
the onset of flooding has been observed by some
investigators, notably DUKLER and SMITH (1979), who
postulated that it was possible that the mechanism which
led to entrainment may also lead to flooding in sone
cases. It was also suggested that the entrained droplets
from the 1liquid £film could have some effect on the
flooding process. However, the precise reason for the
association between entrainment and flooding is still not

clear. -

A detailed study made by McCARTHY and LEE (1979),
confirmed that the onset of entrainment in vertical
counter—current flow coincided with the onset of flooding.
The authors also concluded that, when the liquid flow rate
was low, liquid carry-over was due to the entrainment of
liquid drops sheared off the waves on the liquid f£film
surface. At high liquid flow rates, where flooding was
indicated by bridging or plug type flow, the liquid
carry-over was due to the entrainment of drops formed by
the bursting of the liquid bridge. TIEN et al (1979)
extended their flooding model to include the effect of
entrained droplets in the gas flow. The results of their
analysis qualitatively showed that 1liquid entrainment
reduced the gas flooding velocities in the low liquid flow
regime. Experimental results obtained by the same
authors also showed this 'qualitative trend. A possible
explanation for this trend was offered in terms that the

additional momentum flux from the entrained droplet in the
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gas stream caused the observed shift with the effect being
diminished at high liquid flowrates. Similar conclusions

were obtained by TIEN and LIU (1979) and DOBRAN (1981).

HEWITT and TAYLOR (1970) reported that the location
of the onset of entrainment depended on tube end
conditions and the method of introducing the phases,
whilst DOBRAN (1981) found that flooding with non-smooth
ends was associated with higher values of entrainment and
that smooth ends and more viscous 1liquids would tend to
minimise the break down of waves and produce less
entrainment. DUKLER and SMITH (1977) observed two
locations for the initiation of entrainment, the first
well below the liquid entry and the second at the entry.
The former occurred at low liquid flowrates and the latter
at high liquid flowrates. These authors also suggested
that the onset of 1liquid entrainment was associated with
onset of flooding. BANKOFF and LEE (1983) reported that
entrainment took place at the bottom of the tube but could
be initiated at the 1liquid entrance when the liquid flow
rate was large enough. CHUNG et al (1980) observed that

droplet entrainment was primarily a liquid exit effect.

2,8 Mean Liquid Film Thickness

The liquid - film thickness is a parameter which
affects the onset of flooding and several investigators,

such as GROLMES et al (1974), IMURA et al (1977) and
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RICHTER (1981), have incorporated empirical expressions
for the mean 1liquid £film thickness in their flooding

correlations. There are two conditions of falling liquid

film which should be considered:

(i) Falling film without gas flow:- An early analysis of
the laminar film flow for a vertical plate was developed
by NUSSELT (1916), based on a balance of the shear,

gravity, and pressure forces on the element of liquid.

The classical expression was expressed in the form:

§* = 1.442 rel/3 (2.80)

%*
where § Wwas the dimensionless film thickness and Ref the

Reynolds number, these being defined by

pelpe=p_)g
8* = 5 (£ )1/3 (2.81)
He
P £Q
Re, = £7f (2.82)
He

Although equation (2.80) was developed for flow down a
flat surface, the film thickness is normally small enough
for any effects of surface curvature to be neglected
(BELKIN et -al (1959)). KAMI et al (1954) and FEIND
(1960), amoné other investigators, conducted experiments

covering the average thickness. of falling film in annular
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flow without upwards gas flow. The results indicated
that Nusselt’s equation held quite well in the laminar
flow region and HEWITT and WALLIS (1963) found that it was
valid for the liquid Reynolds number up to 1000. BELKIN
et al (1959) reported extensive experimental data for film
thickness measurement in vertical tubes, covering a wide
range of 1liquid Reynolds number, from 200 to 30,000.
Their data closely followed the Nusselt equation in
laminar flow. In ‘turbulent flow, they proposed a new
correlation for the film thickness in terms of Reynolds

number and a wall shear factor:
i.e. & =0.794 (Ref/fw)2/3 (2.83)

where fw was the wall friction factor which could be

obtained from the Blasius equation:
£, = 0.0559 Re ~1/% (2.84)

FINED (1960) correlated his experimental data, which
covered a range of Reynolds number from 400 to 2000, with

the following equation:

§% = 0.532 Refl/z ' : (2.85)

Similarly, WALLIS (1969), based on the experimental data
of BELKIN et al (1959), found that the mean value of - the
liquid film appeared to follow the Nusselt equation up to

Reynolds numbers of 250. At higher Reynolds numbers,
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when the film became turbulent, Wallis suggested a new
correlation of the form

§* = 0.159 Ref2/3

- 11.76 (2.86)
(ii) Falling film with counter-current gas flow:- One of
the main characteristics of falling 1liquid film is that
the interface between the film and the adjacent gas phase
is, in most cases, covered by a complex pattern of waves.
However, the effect of the presence of the gas flow on the
mean film thickness in vertical annular flow has been
studied by several investigators including HEWITT and
WALLIS (1963), TOBILEVICH et al (1972), and HAWLEY and
WALLIS (1982). Generally, their results indicated that
the mea& £film thickness tended to increase as the gas flow
rate was increased, due to the acceleration effect
produced by the interfacial shear stress. The
interfacial shear stress, in general, acts to retard the
liquid film flow resulting in a thicker £ilm of lower
velocity. In practice however, it has been observed that
this effect 4is not significant because the interfacial
shear stress predicted in counter-current flow, prior to
the onset of flooding, is very small compared to the wall
shear stress. HEWITT and WALLIS (1963) showed that the
mean film thickness at low Reynolds numbers, with low gas
flows, was well approximated by Nusselt’s equation (2.80).
This was confirmed by HAWLEY and WALLIS (1982) as shown in
Figure 2-25. The data obtained by GROLMES (1974)

indicated a decreasing flooding velocity with increasing
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film thickness and similar results were reported by SUZUKI

and UEDA (1977).

In vertical annular flow, HEWITT and TAYLOR (1970)
reported that the thickness of a falling 1liquid film
gradually decreased as the liquid film velocity increased
due to gravitational acceleration. HEWITT et al (1965)
found that, --near the flooding condition, the film
thickness was, on average, greater at the top than at the

bottom: of the tube.

2.9 Counter-Current Flooding in Vapour-Liquid Systems

Flooding in counter-current vapour-liquid systems
differs from that in gas-liquid systems primarily because
condensation is possible if the 1liquid 1is subcooled.
This additional mechanism of condensation provides the
means for further transport of mass, energy and - momentum
and its influence on the flooding characteristics is found
to depend mainly on the local behaviour of the moving
vapour-liquid interface. - The highly  transient
condensation effect can lead to local pressure
deficiencies in ‘the vapour phase which can accelerate the
unstable growth of large - pressure waves at . the
vapour-liquid interface, thus causing flooding to cocur as
a result of " this interfacial wave instability. . A less
dramatic effect of condensation is that it reduces the

effective mass flow and momentum of the vapour phase while
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increasing those of the liquid phase.

Flooding in counter-current liquid-vapour flow is a
mechanism which is, at present, not completely understood.
In part, this is due to the complexity of accurate
theoretical modelling of the flooding phenomena and partly
because of the absence of experimental data. Relatively
little information can be found in the literature for the
effects of subcooling on flooding in vertical tubes since
most experimental work has been performed using other
gedmetries (mainly simulated Pressurised Water Reactor
(PWR) vessel geometries). The effects of condensation of
a saturated or superheated vapour on a counter-current
flow of subcooled liquid has been of great interest in the

safety analysis of PWR during a postulated Loss of Coolant

Accident (LOCA).

FAN and SCHROCK (1978) performed an experimental
investigtion of flooding wusing steam and subcooled water
in a vertical glass tube 38 mm in diameter and 2410 mm
long with an inlet water temperature of 27° C. They
presented a flow regime map, Figure 2.26, for
counter-current steam-water flow to describe the system
behaviour for the tube below the liquid injection point.
In this figure, three of the major boundaries are formed
by the complete condensation line, the saturated 1liquid
flooding line, and the 100% by-pass line. Region (2)
represents the regime just after the onset of f£flooding,

regions (3) and (6) represent the regimes of partial
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delivery, and regions (7) and (8) represent zero
penetration of liquid downflow, implying a hanging f£film
regime. The bottom of the test section becomes dry in
region (9). FAN (1979), working on the same systenm,
presented a similar map for a lower initial 1liquid
subcooling (inlet water temperature of 71° C) which showed
the regions (8) and (9) to be closer to the 100%  by-pass

line.

A systematic experimental study in a vertical tube
was carried out by WALLIS et al (1980). Here the test
section was a lexan tube 50.8 mm i.d. and 1.52 m long
which was located between two plenum chambers to ensure
that the ~water was injected indirectly into the test
section. For a series of inlet water temperatures, two
categories of tests were performed, "steam first" and
"water first". Their results showed that several
flooding regimes were. possible, depending on whether the
boundaries were approached by varying the steam or the
water flow, since this determined whether the bulk of the
condensation took place in either the wupper or 1lower
plenum., Typical results from these experiments are shown
in Figure 2.27. In addition, wWallis et al found the
effect of using rounded instead of squared ends on the
tube was significant. Hysteresis effects were also found
in the flooding curves when the steam flow was increased
from zero to the point of complete by-pass and when it was
decreased to zero again (all other parameters held

constant) see Figure 2.28. Hysteresis effects were also
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reported by TIEN (1977), ' but were different from those
observed by WALLIS et al (1980).-

LIU and COLLIER '(1980) performed similar
exéerimental studies in the counter-current condensation
of steam aﬂd subcooled.water in an adiabatic tube. In
general the fsteam-water results were similar to those
obtained for air-water flow. They also observed a

hysteresis effect in the flooding curves.

2.10 Modelling with Phase Change

Despite the complicated nature of the condensation
effect, a few attempts have been made to analyse the
effect of vapour condensation on the counter-current
flooding phenomena. In general, these are modifications

of existing gas-liquid flooding models or correlations.

TIEN (1977) proposed a simple correlation for a
single vertical tube by modifying equation (2.66). He
incorporated-the condensation effect on the liquid £ilm
surface by calculating the steam flow reduction on the
assumption that the ' condensation enthalpy change was
balanced by ‘the heat transfer required to raise the
temperature of the subcooled water to - the saturation
temperature. Hence the effective steam flow, based on

the Kutateladze number, was
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CP%sub, P£,1/2

fg g

ge (2.87)

where f was an empirical constant charatterising the
fraction of steem actually condensed. By substituting
ng into the flooding equation (2.69) a subcooled flooding
correlation was obtained in the form

(Kg-Bf AT p Kf)l/2 + mxfl/z = C (2.88)

where B was a property constant defined as

C -} .
B = (2 (5172 . : . (2.89)

hfghrpg,

Equation (2.88) leads to the interesting result that there
is a possible hysteresis effect due to condensation.
Flooding curves calculated by the above correlation for
various initial liquid subcooling values, using the
experlmental data of WALLIS (1961), and PUSHKINA and
SOROKIN (1969) for air—water flows, gave m and C as 1 and
(3.2) 172 respect;vely. According to Tien'’s argument,
there is always a mlnimum point in the flOOdlng curve for
subcooled 11qu1d and the liquid 1n3ect10n flow rates
higher than the minimum value of each flooding curve
results in the hysteresis effect, since the positive slope
region in the curve is unstable. It should be pointed
out that the condensation efficiency, £, and the slope,

m, in equation (2.88) are assumed to be independent of the
liquid injection rate.:in the Tien correlation. - This does

not reflect the experimental evidence obtained by other



A

investigators, such as WALLIS et al (1975) and CROWLEY et
al (1976). Moreover, recent experimental results show
that the slope, m, is a function of the initial liquid
subcooling as well as the liquid injection rate.
Therefore, the Tien correlation requires modification in

these respects.

LIU et al (1978) proposed a correlation to model
the flooding characteristics for air-water flows and then
developed a heat ' transfer analysis to allow for
‘condensation effects in the case of steam-water flows.
The air-water correlation bore ‘some similarity to the
wallis correlation expressed by equation (2.66), and took

the form

*1/2 Pg.1/4. , *1
72 (Y M2 e (2.90)

3

g
The value of (p / )1/4 was small "

pg Pg ‘ a compared to the "m

value suggested by the Wallis correlation. They then
used the annular flow model for counter-current
steam-water flooding flows to determine the amount of
steam condensed using a mass balance for a differential

section &8s to give

dx dx . (2.9

where ws was the steam flowrate‘and wL,the water film

flowrate. An energy balance for the same differential



72

>»c_ (T

section, assuming hfg p sat

- Tw), was written as

d aw

s
— (T,).8x = —=.8x . h,

2,92
wLCp dx dx g (2.92)

where T was the temperature at any station of the falling

film, T, a function of x, h the latent heat of

fg

evaporation, and C_ the specific heat at constant

1%
pressure. By substituting equation (2.91) into equation
(2.92) and integrating from the initial conditions, the

local film temperature could be written as

h W
T (x) = T, + —2 1n (-2X) (2.93)
) Cp "Lin

The heat transferred was assumed to be due to condensation
only, with the heat transfer coefficient 'h’ defined by

dw

.
sat ~ Tw) = h (2.94)

h(T
dx fg

Using equations (2.92), (2.93), and (2.94) gave

dws” h wc
— = H - — 1ln(l+ ) (2.95)
~dx Cp wLin
h ATsub
where H = —;————— and wc was the condensed steam flow
fg

rate.

Assuming the mass of the condensed steam to be very much
less than the liquid injected, -h was considered constant
and by neglecting all higher order terms, equation (2.92)

~ was integrated to give
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C (T - T,..) -hx
sat W
We = Wpgn = = fi-exp(—) ) (2.96)

hfg Co¥Lin

Equation (2 -96) was put into dimensionless form

compatible with equation (2.90) as

* *

Jge = Irin R | (2.97)
Where
b /(f‘//"

and the condensation efficiency

-hx
£ = l-exp (—) _ . (2.99)
CpWLin
Thus equation (2.90) could be modified to account for

steam condensation as follows

(g5 =€ X dpt/? (2914 5 M2 D¢ (2.100)
L

other correlations have been suggested to deal with
the counter-current flows of steam and water in simulated
PWR downcomer geometries. One such correlation, which
has been adopted for use in vertical tube geometries, was
presented by ROTHE and CROWLEY (1978). Their correlation
was based on a modification of the Wallis ~correlation
expressed-in equation (2.66) whereby they accounted for
condensation -effects by reducing the effective steam flow

by an amount proportional to the condensation capability
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of cold water, this capability then being expressed as

ox _ow oo xPsi12 CplTsar=Te)
Jge = 3g ~ f Jgin ‘p—) ( . ) (2.101)
9 fq
IR I . . *
or  Jge = 3g T fXgyy (2.102)

L

Incorporating this modification into the Wallis equation

. * . *.1/2 . *
gave - . (jg -£ )\']fin ) / + mjg 72 Cc (2.103)

The similarity between equation (2.102) and equation

(2.88) is clear.

-

2.11 Heat Transfer Coefficients in Condensation
Considerable';xéerimenﬁal wdrk on condensation heat
transfer coefficients has been reported over the years
althoﬂgh the empirical correlations derived from these
experimental studies differ from each other widely. Thus
detailed information on 1local heat transfer coefficients
and interfacial areas ip céunter-current flooding flows of

vapour and liquid is not readily available.

| LIU ;nd CdLLIER (1980), carried out extensive
expe;iments in counter-cufrent flows of steam and water in
vertical tubes, and determined heat transfer coefficients
from temperature measurements at several axial positions
in the test tube. They found that the average heat

transfer coefficient, at the same axial point, was
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proportional to "the liquid Reynolds number, whilst the
liquid injection rate, the inlet temperature, and the
operating ‘mode had only a minor influence. This |is
jillustrated in Fiqure  2.29.- The hysteresis effects
present showed no obvious influence on the average heat
transfer coefficient but the values did change appreciably
with axial " position as shown on Figures 2.30 and 2.31.
Liu and Collier ‘managed to ' correlate the results £from

three different tube diameters, by the expression

h v b

X ()13 21007 x 1073 (5)7086 ge 0-81 (3.104)
k g o . b,

Because of the large enthalpy of evaporation values

involved, the authors concluded that the effect of mass

transfer on the heat transfer coefficient could be ignored

and suggested a correlation of similar form to predict the

mass transfer coefficient.

LIU et al (1978) used the empirical correlation
suggested by Akers and Rosson to predict the average heat
transfer coefficients although this correlation was
originally developed for horizontal steam water -flows.
LIU et al found it représented their experimental data

reasonably well, The correlation took the form-

“y ®
Nu = 0.145 pr .0 33 (re (=¥)(=£)1/2 4 ge
Ilf (o]

-4

0.8
f] (2.105)
v
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2.12 Non-Equilibrium Condensation Effects

The difference between liquid-gas and liquid-vapour
counter-current interactions is mainly attributed to mass
and heat transfer (or . condensation) effects which can be
significant (and even. overwhelming) .depending on the
temperature difference between the vapour and the 1liquid.
Therefore in order to correlate any ..flooding mechanism
which .involves . a liquid — vapour combination, the
condensation effect . must.be. separated and allowed for.
The main difficulty in isolating the amount of
condensation lies in the 1lack of knowledée regarding the
degree of thermal non-equilibrium which exists during the
eﬁeréy exchange between the liquid and the vabour. If
thefmal equilibfiﬁm eﬁisted, then (thé  amount of
condensation could be determined from the energy (heat)
transfer necéésarylto raise the liquid guik temperature to
that of the vapour. In practice, and this has been
indicatéd by manf in?estiéatdrs, “5‘ cémplete éhermal
equilibrium situation 1is not achieved. Experimental
investigations have shown that the flooding curves for
steam-water interactions with iero, Oor near zero, iiquid
subcoolings were very close to those for air-water when
conducted in the | same geometry. ' Therefore the
experimenéal“déta obtained in Qgpour-iiquid tests could be
reduceduto isolatejthe non-eqﬁilibfium effects, usually in

terms of an equilibrium factor.

iﬁ'ThedréEically, when steam and subcooled water come
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into contact, the degree of equilibrium attained will

depend mainly on -

1. the residence time
2. the contact area between the phases

3. the amount of energy to be transferred

i.e. an equilibrium situation can be reached after an
infinite time or at an infinitely 1long condensation
length. The expression f in equation (2.99),

-hx

f= ltexp( ), clearly indicates these

prin

characteristjcéj_ g,has a value of 1 when either the

condensation length or the heat tfansfer coefficient is
infinite._ When the liquid flowrate is relatively small,
the liquid may be heated to saturation before reaching the
liquid exit. Thexdistance at which saturation is reached
is known as the liquid saturation length and-outside that
length the liquid will be at the saturation temperature
and condensationv will be negligible. LIU and COLLIER
(1980) plotted the saturation lenéth as a function of the
inlet liquid flowrate for several inlet water temperatures
as shown in Figuré 2.32, | In addition, LIU et al (19785
argued that the heat trgnsfer due to rapid bubble collapse
was much larger ‘tban that of convéction ana céndﬁétion.
This vapour bubBle collapse was always noticed to occur at
the vapour-liquid interface and thus could be treated as

an instantaneods heat source at the interface. The
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temperature of the interface increased rapidly and became
very high (saturated) thus preventing further bubble
collapse for a short time until the temperature at the
interface was lowered by conduction heat transfer into the
liquid. However, in practice, an equilibrium situation

may be considered to prevail after a certain time period.

In the past decade, several attempts have been made
by different investigators to present correlations for the
equilibrium factor. ROONEY et al (1982, 1983), working
mainly with PWR downcomer refill studies, showed that the
amount of steam which must be condensed in order to remove
the liquid subcooling and produce thermal equilibrium

between the steam and water was given by

Msc = Ja Mfin . o (2.105)
where S ' B
Msc__ = steam condensed to achieve thermal
equilibrium
Mfin = jnlet water flowrate

Ja = Jakob number defined as

C (T -Te.)
Ja -« _pf “sat fin . (2.107)

o Reg ‘ S \
and hgnce the quilibrium factor,‘k was defined to indicate

the degree of non—equi;ib;ium_present, with

M
K =SS - (2.108)
eq

where M. was the actual steam condensed. Rearranging
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equations (2.106) and (2.108) gave

CP-(T -T...)
f'“sat "fin
Msc = k[ " ] Mfin (2.109)

fq

under equilibrium conditions, k = 1. ROONEY et al (1983)
also presented a general correlation for the equilibrium
factor in the form,

p
k = l-expla [Jaj; (5172

(o]

y1/2))-n (2.110)
s
where jf* was the dimensionless liquid Wallis parameter
Y was the fraction of inlet water penetrating to
lower plenum
a and n were constants with values of -0.24 and 0.6
respectively.
The authors found that this correlation gave a reasonable
fit, to 1212 steam-water data points taken at Strathclyde,
partmouth, Creare and BCL, with an RMS error of 20.3%.
The above data covered a range of scales of PWR geometries

from 1/30 to 1/5.

LIU et al (1978) presented a theoretical model for
deducing the equilibrium factor, k. They considered a
turbulent liquid film flowing down an adiabatic wall
against a rising vapour with the temperature of the
falling liquid assumed to be wuniform across the falling
film and only changing in the direction of flow. - The
steam was assumed to be saturated and free of

non-condensible gases, the shear stress at the vapour
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liquid interface was neglected and the physical properties
of the liquid were assumed constant and uniform. The
analysis yielded an expression for the equilibrium factor,
k, given by a

kK = 1-e” St : - (2.111)

where St was Stanton number defined as

- hBL ’ - |
St = —m88— ‘ (2.112)
CPg Mgin ; | |
Although equation (2.105) had its limits, the
investigators thought it represented a sigﬁificant
improvement and\opened the way to other empirical

correlations for the equilibrium factor.

"%

2.13 Comparison Between Vapour-Liquid and Gas-Liquid

Flows

ng indicatéd inyfhe prev;;us secéion,r cbnéensation
is rééarded as the major difference between vapour-liquid
and gas-liquid counter-current flows. A comparison
between annulér'counter—current' fléw of thé‘two syétéﬁs
has been made by some investigaﬁérs~éemonstrating somé’ of

the similarities and differences between the’two systems.

WALLIS et al (1980), tried to 'pfovide such a
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comparison by carrying out a systematic study using a
transparent vertical tube. They found that the air-water
data generally lay slightly Aabove the steam water data
although this effect could have. been caused by a minor
modification of the system or by some variation of the
fluid properties such as the surface tension at the
interface. The scatter in the data obtained in the
steam-water tests. was larger than that obtained in the
air-water tests and hysteresis effects were found in both
sets of results. They also found that the critical
flooding location could be either at the 1liquid entry
point or at the liquid exit point, depending on the
geometry. . In the steam-water tests, the critical
flooding location could shift suddenly from the top to the
bottom of the tube, and was affected by the mode of
injection i.e. either water-first or steam-first tests.
Their results also indicated that the vapour £flooding
velocity did not depend on the water velocity. Since
they could never quite achieve saturated water conditions
at inlet, i.e. zero subcooling, .a comparison between
air-water and steam-water data with no subcooling and

hence no condensation could not be made.

- LIU and COLLIER (1980) reported that the overall
trends in steam-water system behaviour were similar to
those of air-water flow, although the interactions in the
steam-water tests were much more violent and chaotic due
to condensation effects. The system pressure behaviour

for steam-water flows was distinctly different from that
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seen for air-water, as illustrated in Figure 2.33.

' Many investigators, TIEN (1977), LIU et al (1978),
LIU and COLLIER (1980) and BANKOFF and LEE (1983),
reported no significant difference in flooding fluxes
between steam-water and air-water flows.  The DOBRAN
(1981) reéults. showed that higher flodding fluxes were
possible in systems with heat transfer bompared to
adiabatic flows. TIEN (1977) also concluded that liquid
subcooling could exert "a significant pbsitive effect on
the flooding characteristics with a much larger steam
flowrate being required to sustain flooding in the
subcooled case.  All the authors acknowledged that the
hysteresis effects in vapour-liquid flow are unique
insofar as they are more obvious and relate to a region of

positive slope.

The entrainment in vapour-liquid flows may exhibit
quite different features from that in gas-liquid flows.
As the vapoﬁr flows upwards, the velocity decreases due to
condensation so that water droplets that were initially
levitated find a stable elevation, dependent on their
size, and by random lateral movements may be deposited on

the water film and carried downwards.

2.14 cConclusions on Literature Review

The literature reviewed indicated that most of the
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theoretical approaches to flooding have been carried out
for adiabatic two-phase flow, and that many different
mechanisms have been proposed. Although the fundamental
understanding of the flooding phenomena appears to be
improving, the picture is by no means complete and more
research is required. Little work has been done on the
effects of condensation on flooding and more data are
required. The available evidence on the effects of
several paraméters, including fluid propefties, on the
flooding phenomena have been reviewed and types of 1liquid
entrance and exit conditions seem to have the greatest
influence. In particular, the gas flooding velocity is
substantialiy reduced if the liquid £film is not introduced
smoothly. This may be one factor which could account for
the wide spread of flooding data reported. Most models
incorporate a tube diameter effect, but the effect of the
tube length is controversial. However reports supporting
the idea that 1longer tubes require less gas flow to
initiate flooding - are more convincing. Viscosity and
surface tension seem to exhibit opposing effects on
flooding velocity. More <careful experimentation is

required to investigate and resolve these effects.

I1f a comparison is made between adiabatic and
diabatic two-phase flow systems, the data should be taken
from the same, or at least a similar, facility. This is
the case 1in the research programme dealt with in this

thesis.
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CHAPTER 3

EXPERIMENTAL APPARATUS AND OPERATING PROCEDURE

The experimental apparatus was similar in many
respects to that used by D. McNeil (1986) but with
considerable modifications. The experiments were carried
out on a test facility designed and constructed to measure
the necessary flow ratés, pressure drops, liquid £ilm
thicknesses and temperature distributioné; in order to
investigate the fluid mechanics ‘and heat transfer
parameters affecting the counter-current flooding
phenomenon. To aid in the isolation of these parameters,
two modes of operations were used, (i) air-water tests and
(ii) saturated steam-subcooled water tests, and these are
described in Sections 3.3 'and 3.4 respectively. The
layout of the test facility is shown in Figure 3.1.

‘The ™ test facility was’ designed to allow a
photographic technique to be used and this will be
déscribed in more detail in Chapter 5.

3/1 Test Section

Details of the test section assembly are shown in
Figure 3.2. The major part of this assembly consisted of

three " parts, the ‘injector, the test tube and the
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extractor.

The injector was made from a 168 mm diameter
stainless steel tube. To ensure a smooth introduction of
annular film of water to the test section, a 60 mm length
of porous sintered brass tube of slightly larger diameter
than the test section tube was fitted to the inside of the
injector. . This difference in diameter was smoothed out
over the 1length of the flange .enclosing. -the injector.
The water was introduced to the injector by four inlet
ports each of which contained four discharge.. holes
perpendicular to the .axis of. the port to ensure that no
liquid directly impinged on to the sinter surface.
Details of the injector are shown in Fiqure .3.3 and

illustrated in the photographic plate 3.1.

The test tube section used in the experiments was
manufactured from.a 54.75 mm bore stainless steel tube and
had a net length of 1000 mm exactly. It contained two
sets of probes for 1liquid film thickness measurements
which were placed.- 746 mm. apart. The probes were
contained within two 125 mm diameter stainless steel
blocks, which were used as probe mount housings as can be
seen in Figure 3.2 and Plate 3.2, = The two blocks were
machined with flats .to provide a mating surface for the
probe mounts, before being drilled axially in order to
slip over the. test section’s outer diameter, . and then
bored out to allow.the probe mounts to be matched to. the

test section inner surface. This method of manufacturing
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ensured no protruding joints likely to interfere with the
liquid film (as proved later by visual observations).
The film thickness probes are described further in Chapter
4.

The liquid extractor was similar to the injector in
construction but different when in operation. Basically,
by applying suction to the extractor, the 'liquid film
could be remerd. Since the ‘extractor had to deal ' with
two-phase flow, an ideal extractor should remove all of
the 1liquid film £flow without "'removing any of .the
associated air or steam. Practically, it was found - that
the amount of 1liquid film removed through the extractor
was usually less than the total amount of liquid -injected,

and also that a percentage of air or steam was removed

along with the liquid film.

TwO paramétgrs were found, in practice, to govern
the amount of 1liquid film and air "or steam being
extracted. The first' parameter was the - pressure
difference across the extractor, which affected, mainly,
the amount of air or steam being removed with the 1liquid
film "flow, i.e. by varying' the pressure difference,
different quantities of air or steam were removed. ~ This
will be discussed in Chapter 9 'in more detail. - The
second parameter was the geometry, which - affected the
amount of liquid film and to some extent the amount of air
or steam being removed. To clarify the second parameter

effects, two varying methods of geometry were considered.
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-The first-method ' involved systematically reducing
the tube flow-area by blanking off parts of it. This had
the effect of increasing the average film thickness on the
active sinter flow area and thus increasing the resistance
to-the air or steam flow. It was found-that the best
result was obtained when 15% of the total extraction area
was blanked. - -This had the effect of improving the
removal of the liquid flow to a value varying between 95%
and '100% of the total liquid flowrate. These two' values
correspond to the highest and lowest liquid flowrate being
used in the experimental tests. At the same time it
decreased the amount of air or steam removed by about 5%.
However, this method introduced- problems in terms of a
large pressure drop across the reduced area, - and

consequently required repeated cleaning.

The second method involved placing a guard, of the
type shown in Figure 3.4, over the outside surface: of  the
porous tube. ‘This produced increased resistance to " the
air or steam in the- slots without -greatly reducing the
active-area of the sinter and gave a smaller pressure drop
over the extractor and consequently a reduction in the
number of sinter cleaning operations. This method
improved the removal of the liquid film to a value varying
between 98% and 100% of the total liquid flowrate and was
the method used for both air-water and for steam-water

tests.
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A three metre long stainless steel tube of the same
diameter as the test tube was joined by a matched flange
to the bottom of the extractor, so that the bore was
continuous. This settling length allowed air and steam
to be introduced smoothly and gently to"the established

annular flow in the test section, Plate 3.3.

As mentioned previously, small amounts of liquid
may not be removed through the extractor and these fell
down through the settling length to the bottom of the tube
where they were’ collected in ‘the secondary separator
system. The 'sebarator, which'is detailed in Figure 3.5
and shown in photographic plate 3.4, was manufactured from
170 mm O0.D. stainless steel tube, and located below the
settling length at the air or steam inlet. The design of
the secondary extractor ~ ensured that “the liquid
overshooting the extractor would not interfere with the
incoming air or steam and also that a build up of water
could be prevented by occasionally opening the drain
valve. The entire’ system was supported by a wunitrust
structure and extreme care’ was taken to maintain perfect
vertical alignment of the test section. A general view

of the test section is’'shown in plate 3.5.°

3.2 Water Supply Systems

we Ly

The water used in the experiments could be supplied

to the test section from either the main service supply in
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the -laboratory or from - two storage - tanks. ‘The first
method was used for air-water  tests whilst the second

method was used for steam-water tests.

‘. The storage tanks contained a steam condenser water
heating unit. The upper storage tank, which was located
at a height of 5.5 m above the lower.tank, contained three
electrical immersion heaters of 2, 4-and 6 Kw power input
to provide a further ' temperature‘control. The water
could be recirculated between the two tanks in order to
obtain a constant ‘head supply at a constnt temperature.
From the higher level tank the water was pumped to the
test section. The level of water inside the lower
storage tank was monitored - by means of a sight glass,
while a.mercury manometer ‘system was ‘used to indicate the
water level inside the upper tank. Both tanks and the
connection pipes were - well insulated to minimise heat
loss. L S

Three f£iltering elements were used, in series, to
ensure -that the- water supplied - to ‘the test section
contained no impurities. - These elements were (i) a
strainer, to prevent any carry over of large deposits from
supply tanks (ii) a surface filter to - remove the “-large
undissolved solids and (iii) a fine pore sintered tube
similar in type: to that of the ‘injector but of smaller
pore size. ~ The porous tube filter and the surface. filter
had 'a back wash/forward flush arrangement to permit

in-line cleaning, ‘as indicated in Figure 3.1. The water
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then passed through two rotameters installed in parallel

to monitor the flowrate before entering the test section.

3.3 Air-water System and Operation

The air was supplied to the test facility from the
laboratory compressor at pressures up to 17.5 bar. Since
the tests were to be carried out at atmospheric pressure,
the air pressure was controlled by an automatic pressure
regulating valve installed upstream. The air flowrate
was controlled by two valves in series. The air then
passed through three rotameters, installed in parallel,
for measuring the flowrates, before entering the test

section settling length and hence the test section.

The air entering the test section had two exit
paths (i) through the water extractor system at the bottom
of the test section leading to the air-water separator or
(ii) through the air discharge system at the top of the
test section which also 1led to an air-water separator.

These are indicated in Figure 3.1.

The air which passed up through the test section
went to a separator tank. The separator consisted of a
rectangular tank, 700 x 500 x 500 mm made of plastic which
contained three baffle plates. The air-water mixture
entered the separator and was separated by buoyancy

effects. The water passed under gravity to the waste
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through an outlet at the bottom. At the same time the
air discharged to the atmosphere through an outlet located
at the top. The air discharging system is shown in Plate
3.5.

A vacuum pump was used to rcreate the required
pressure difference across the extractor and thus provide
suction to the 1liquid film flow, The air removed with
the film through the extractor was passed to a separation
tank. The 60 x 30 x 30 mm separator was made of
galvanised steel, and contained three baffle plates. The
separated air passed through two air rotameters to the
atmosphere while the water was pumped, after being
measured by a rotameter, to 'waste.. A certain water level
in the separator was maintained so that air could not
escape through the water-outlet. The air-water tests

were performed using the following procedures:

(i) The vacuum pump was switched on and the air supply
rate adjusted to be slightly greater than the vacuum

pump flowrate.
(ii) The water flowrate was set to the desired value.
(iii) The water discharge pump was adjusted to a suitable

flowrate in order to-maintain a reasonably constant

level in the separator tank.
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(iv) The air supply flowrate was increased in small
increments until flooding occurred, allowing time to
‘obtain steady and stable conditions and the

< necessary data and measurements to be recorded.

The amount of air removed through the extractor was
kept as constant as possible over the range of the 1liquid
flowrate being tested. Flooding was identified by three
methods.

(1) A chaotic condition of the liquid film and the
change in the flow pattern, as ‘indicated by an
oscilloscope. A permanent copy of the oscilloscope

trace could be obtained by means of a U.V. recorded.

(ii) - A substantial increase in the test section pressure
‘drop which was monitored by two manometers and the

- pressure transducer voltage output displayed on an
avometer. S

(iii) A marked increase *in' the amount of entrainment
" observed through a glass tube fitted at the top of

the test section.

3.4 Steam-Water System and Operation

1Al - M ¢ PR I

“

Steam was supplied through the University boilers

at about 10 bar. An automatic pressure regulating valve,
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(Bailey type) was installed in the main pipe in order to
reduce the steam pressure to the desired value, and
maintain this constantly upstream throughout the range of
flowrates being wused. Beyond the pressure regulating
valve, the steam flowrates and pressure were cqntrolled by
two valves, in series. Between these two valves, an
orifice meter plate was installed in order to measure the
steam flowrate. . Before entering the test section
settling length, the steam passed through a heated pipe
which ensured that all the steam used in the experiments
was completely saturated. - The pipe was heated
electrically by means of electric tape connected to a
variable voltage supply which provided fine control on the
temperature of the pipe and in consequence the steam
temperature. Two steam traps, were installed in the main
steam supply pipe while a third was fitted at the heated
pipe entrance to ensure that all the condensed water was
removed. As there was a possibility that during the
course of the experiments, some water could escape from
the bottom end of the settling length tube to the steam
pipe inlet, a drainage valve was fitted to the steam pipe
where it entered the secondary separator to ensure no

water was left in the line,

Steam entering the test section left either (i)
through the water extractor system at the bottom of the
test section or (ii) through the steam discharge system at
the top of the test section. The £flow paths are

indicated in Figure 3.1.
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The steam flow which escaped through the extractor
with the water, passed to a condenser type heat exchanger
as part of a ~two-phase mixture.” This two-phase mixture
was condensed to subcooled water which was pumped to waste
through a rotameter.  The steam flowrate  passing up
through the test section went” to a condenser and was
discharged to the atmosphere, thus maintaining the test
pressure close to atmospehric. All steam pipes and the
test section were’ well insulated ' to minimise heat 1loss.
Steam-Water tests were carried out using the following

procedure:

(i) The water in’ the storage tanks was heated to the

required temperature.

(ii) The desired cooling water 'flowrate was set up
through the condensers.
(iii) A low water flowrate (typically 2-3  1/min) was

introduced to the test section.

(iv) A low steam flowrate was ~ introduced to "the test

section.
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(v) -- The valve at the outlet from the steam discharge
- condenser was closed. This had the effect of
building up :pressure inside the test section and
hence forcing the heated water and the steam flow
through the extractor to the condenser. The
introduced steam supply rate was adjusted until the
condensation effect gave the desired water

extraction.

(vi) - The valve at the steam discharge condenser was

opened very slowly.-

(vii) The supply steam was carefully adjusted to give

steady and stable counter-current flow.

(viii)The water flowrate was also slowly and carefully

adjusted to the required value.

(ix) Condensed water which collected in the steam supply
line, and also the water which escaped to the

secondary separator was drained.

(x) The steam flowrate was gradually increased in
incremental steps until flooding occurred, ensuring
that enough time was allowed in each step mentioned

above to obtain steady conditions.

Step (v) was the most difficult part of the steam-

water test procedure, i.e. to create a pressure difference
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across .the extractor using the condensation effect. It
was noticeably more difficult to create the . condensation
effect when the water subcooling was high (60-80K) and
when the cooling water flow rate passing through the
condenser was low (4-12 l/min). In order to speed up the
process, it was easier to start the procedure with lower
water subcooling (10-40K) and a higher <cooling water
flowrate (20-29 l/min) 'then, when stable counter-current
flow was established, the water temperature was brought
down slowly to. the required vaiﬁe and the cooling water
flow through the condenser was reduced carefully to the

desired rate. ..

The onset of flooding was observed in the same way

as for the air tests.
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CHAPTER 4

INSTRUMENTATION AND MEASUREMENTS

puring the course of the experimental programme,
different sets of ‘instrumentation were required for the
two separate systems involved. There was one set for the
air-water tests and an other for the steam-water tests,
although some of the instrumentation was common to both
systems, ~The air-water instrumentation is described in
Section 4.1 and the steam-water instrumentation in Section
4.2, Section 4.3 contains a brief description of the

data acquisition system used in the project.

4.1 Air-Water Instrumentation

The parameters measured during the air-water tests
were the air and water flowrates, the test section
pressure, the test section pressure drop, the air and
water temperatures and the liquid film thickness, The
instrumentation and the methods adopted are described

below.

4.1.1 Air Flowrates

"In the air-water tests, two air flowrates were
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measured, the total air supply flowrate before it entered
the test facility, and the air flowrate after it had
passed through the water extractor system. The air flow
to the test section was the difference between the two

measurements.

The air-water flowrates were measured using three
rotameters installed in parallel, one of which was a 35G
metric tube whilst the other two were 47G metric tubes.
All three rotameters ' were fitted with duralumin floats.
The air flowrate passing through the extractor system was
measured (after being separated from the water) by two
rotameters installed in parallel, one a 35XG metric tube
and the other a 24XG metric tube, both with duralumin
floats. . All the 'air rotameters were calibrated in
accordance with the manufacturer’s recommendations. The

calibration details are given in Appendix A, section Al.

4.1.2 Supply Water Flowrate

The supply water - flowrate was measured using two
rotameters, of different ranges, each accommodated: in
separate flow lines to provide versatility and accuracy in
the flow measurements. For high water flowrates a .47
metric series rotameter with stainless steel float was
used. - * For lower flowrates a 0 to 10 1/min water
rotameter was wused. The 47 metric series tube was

calibrated in situ and details are given in Appendix A
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Section A2, ' After checking the other rotameter it was

decided-that no calibration equation was required.

P

4.1.3 Air-Water Temperature Measurements

Air and water ‘temperatures  were measured ‘using
copper-constantan- thermocouples. “* The thermocouples
fitted at the air inlet section and at the air discharge
system were connected to an appropriate switching box and
digital readout,- whilst air -and water temperatures at
other positions were monitored through the data acquisiion
system directly. ~ These included the temperatures of the
water supply, conductivity cell and the liquid film, above

and below each conductance probe, ‘Figure 4.1.

4.1.4 Liquid Film Thickness

B 2, \

‘A conductance type method ‘was used to measure ' the
liquid film thickness as it is the most convenient method
to use with a stainless steel tube, The conductance
probes and ' the necessary ' electronic circuits = were
developed in the Department "~ of Thermodynamics. The
conductance probe consisted of a circular stainless steel
rod, centrally placed in a polypropylene material which
was used as’' the probe :mount, This was fixed inside a
stainless steel block, specially manufactured,’ and used as

the probe mount housing. The mounting arrangement is
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shown in Figure 4.2. - These were then machined and welded
into position on the test tube section in such a way that
no protruding joints were likely to interfere with the

liquid film. = The probe geometry is shown in Fiqure 4.3.

A conductance measuring circuit, shown in Figure
4.4, was used .to measure the liquid film conductance.
The stainless - steel rod formed one electrode while the
test tube section formed the second electrode which was
maintained at earth potential. The polypropylene
material- provided the insulation. The calibration
details of the conductance measuring circuit is described
in Appendix A, Section Ad.

-Since the conductance between two electrodes 1is
dependent on the liquid film thickness and the
conductivity, a conductivity measurement cell of the form
shown in Figure 4.5 was used to measure the conductivity
of the liquid film. A sample of the water entering the
test section was provided to the conductivity cell through

a separate line.:

. .In the present work, two sets of conductance probes
were used to measure the liquid film thickness at two
locations. The upper set was placed 128 mm below the top
flange of the test section with the lower set placed at
128 mm above the bottom flange of the test section, The
calibration details of the two probes are described in

Appendix A, section AS. The conductance probes were
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connected simultaneously to the data acquisition system,
an oscilloscope and a U.V. recorder. - A visual observation
of the film flow -and the situation of flooding was given
by the oscilloscope, ‘whilst a record of the same situation
was provided by the U.V. recorder. ' The latter was used
mainly in- the situation of flooding in an attempt to
establish whether flooding was first observed at the upper

or lower conductance probe.

- f

4.1.5 Test Section Pressure-

The test section pressure was measured by means of
a mercury manometer connected to the bottom of the test

section assembly at the air inlet, Figure 3.1.

4.1.6 Test Section Pressure Drop

A differential pressure transducer ‘of TEKFLO TF7
type in conjunction with a TR8 Transmitter was used to
measure the pressure drop in the test section. The
calibration details of the pressure transducer are given
in Appendix A, Section A6. The test section  pressure
drop was also monitored by two manometers, a paraffin
manometer and a mercury manometer, These were connected
in parallel to each other and with the pressure
transducer. The paraffin manometer, which was very

sensitive to any pressure change, provided accurate and
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sufficient monitoring of the pre-flooding pressure drop.
Since the flooding situation was always accompanied by a
substantial change in the test section pressure drop, the
paraffin manometer was unable to cope with the variation,
therefore it was isolated and the mercury manometer was

used to assess the post-flooding pressure drop.

The pressure tappings were placed 1364 mm apart
with the top pressure tapping point positioned 25 mm above
the top flange of the injector. The pressure tappiﬁgs
and the measuring devices were connected via transparent
volume chambers of the type illustrated in Figure (4.6).
A certain 1level of water was always maintained in the

chamber.

4.2 Steam-Water Instrumentation

All the parameters measured in the air-water tests
were also measured in the steam-water tests, except air
flowrates and air inlet and discharge temperatures.
Therefore any omission here implies that the method
previously outlined, in the air-water tests, was used
although many additional parameters were measured for

steam-water.
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4.2.1 Steam Flowrates

It was only practical to measure the supply steam
flowrates directly by an orifice meter. To avoid any
disturbance to the liquid film flow, no measuring
instruments were inserted inside the test section. The
direct measurement of either the steam or water flowrate
through the extractor was impossible because the mass
transfer had the  effect of changing- the local steam and
water flowrate "inside the test-section. Therefore,
additional -temperatures" and flowrates were measured to
overcome the " situation and  thus ‘obtain .the required
flowrates indirectly through heat and mass transfer

calculations. The methods adopted are described below.

4.2.1.1 Supply Steam Flowrate

The steam supply rate was measured by using a 20 mm
diameter orifice - plate which was fitted in a 55 mm
diameter pipeline. The pressure difference across the
orifice plate was detected Dby D upstream and D/2
downstream tapping points. . The orifice design 'and
installation was according to BS 1042. The upstream
pressure and temperature were determined by a thermocouple
and a Bourdon pressure gauge. Another differential
pressure transducer (TEKFLO TF7 type in conjunction with a
TR8 transmitter) was used to measure ‘the pressure

difference across the orifice plate. Calibration details
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of the orifice plate are given in Appendix A, Section A7.

4.2.1.1 Extracted Water Flowrate

Since a mixfure of water and steam passed through
the extractor system, neither of them could be measured
directly. Furthermére, the subcooling of the 1liquid
could have allowed further steam condensation to take
place, and/br any pressure drop in the extractor system to
produce flashing. Heat -and mass transfer balances were
thus used ta determine the liquid and vapour fiowrates‘ at

the extractor inlet.

The flow pattern in the extractor is illustrated in
Figure 4.7. Considering the control volume-shown in. the
same figure, assuming :steady conditions and neglecting

heat losses, an energy balance can be written as

energy transfers = energy transfers

to the system " from the system.
which gives
Merhep + MgLPg = Mew(PeeaDeey) + Mphyey - (4.1)
where :

Mg hep = liquid film enthalpy -

A.Mth

g = steam enthalpy

M.,(Bgcy = hgoy) = heat transfer to cooling-water

k'

Mpyhep = energy content of discharge water.
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The mass balance of the same control volume can be written
as

C Mg ¥ Mg = Mp (4.2)

and hence from equations (4.2) and (4.1)

Moy BecaPecy) = Mgy (hep-hep)
9 hy - hep

which can be closely approximated by

‘ M _"Mcwcp (Teep=Teer) - MfLEp (TF'TD) (4.4)
gL - :
. hfg + Cp (Tsat TD)

where the specific heats are assumed to be constant.

Equation (4.4) was used to calculate the amount of
steam leaked through the extractor. The water flowrate
to the extractor (MfL) was calculated from the inlet water
flowrate to the test section plus the amount of steam
condensed on the liquid film within the test section which
was calculated from equation (4.9) as will be indicated in
the next section. It was unnecéssary to measure the
discharge water -flowrate (MD) as this was not taken into
account in the above equation. For the sake of accuracy
and as a cross check, the volumetric discharge water
flowrate was measured by using a Bestobell M6 turbine
flowmeter, which was converted to a mass flowrate using
the.water density corresponding to the measured discharge
water temperature (T,). The details of the turbine flow

meter calibration are given in Appendix A, section AS.
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When the pressure difference across the extractor
system was very high, a very small amount of air
occasionally leaked into the system. Since even a few
air bubbles could affect the reading of the turbine meter
and influence' the accuracy, a timed collection tank
mounted on a weighing device was wused to measure the

discharge flowrate.

The cooling water flowrate (M_,) through the
condenser, was obtained by measuring the volumetric
flowrate using another 'Bestobell M6 turbine flowmeter.
Its calibration details are given 1in Appendix A section
A8. By using the density correspondong to the measured
coolingitemperature, ﬁhe volumetric flowrate was converted

to a mass flowrate.

4.2.1.3 Condensed Steam Flowrates

"The amount of steam flow condensed on the 1liquid
film inside the test section can be determined from an
energy balance between the water inlet and the water

outlet.

Consider the fluid element shown in Figuré 4.8

A mass balance gives

Mg = Mgour = Mg = Mgip (4.5)
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and an energy balance gives

MesnPein — MePe = BgMgoue - Mg) (4.6)
and using equation 4.5 in 4.6 gives
M. = Mein (hg = hein)
£ (h_-h.) (4.7)
g £

which can be closely approximated by

hfg+cp(Tsat-Tfin)
Mfin h, +C_(T -T,.)
fg "p'“sat “f

(4.8)

The mass flow of steam condensed on the liquid film is

Mgc = Mg ~ Mgip . . (4.9)

substituting equation (4.9) in (4.8) gives

MeinCp{TeTein)

gc
\hfg+cp(T )

M (4.10)

sat™Tg

where the specific heat Cp is assumed constant.

4.,2.1.3 Test Section Steam Flowrates

The steam flowrate to the test section was
determined from the difference between the steam supply
flowrate and the flowrate of the steam which leaked

through the extractor system

Mgin = Mgsup = Mqr (4.11)
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The steam flowrate which passed the top of the test
tube was calculated from the difference between the steam
flowrate to the test section and the amount of steanm

condensed on the liquid film inside the test tube section.

Myout = Mgin = Mgc (4.12)

tor

s

4.2.2 Temperature Measurements

. Copper-Constantgn thermocoﬁplés were ‘used to
mé;sure the temperature at the points of interest which
are‘illustrated in Figure 3’1'~" Two types of thermocouple
fixing were used on the tést rig; (i) thermocouples whose
tip projected through the centre of an Allan screw into
the bulk‘ofﬂthé flow (and thus could be removed) and (ii)

thermocouples which were soldered directly on to the tube

wall.

The thermocouples in the test tube section were

t

soldered to the tube wall at a distance of 0.6 mm from the

L

inner surface at the locations illustrated in Figure 4.1.
The liquid film temperature distribution along the tube at
the interface was determlned from these measurements and

the procedure will be dlscussed later in Chapter 6.

The temperatures at eighteen positions were

collected directly by the microcomputer through the data



143

acquisition systenm, all these thermocouples being
connected to a common cold junction in melting ice,. The
calibration details of these thermocouples are given in
Appendix A, Section A9. Temperatures at other points
were measured by connecting each thermocouple directly to

a switch box and digital readout.

4.2.3 Test Section Pressure and Pressure Drop Measurements

The same instruments which were used to measure the
test section pressure and pressure drop in the air-water
system were also used in the steam-water system, with two

minor modifications in the pressure drop measurements.

(i) Since the second phase was steam, the two volume
chambers were completely filled with the water
instead of maintaining a certain level of water as in

the air-water tests.

(ii) The paraffin manometer was completely isolated from
the measuring system because the high sensitivity of
this type of manometer made it too difficult to be
used with the sort of experimental procedure carried

out in the steam-water tests.
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4.3 Data‘Acquisitioanystem"

As described earlier, various system parameters
required to be monitored "during each test. This was
achieved by using a data acquisition system based on an
Apple II microcomputer which was developed by the
Departmeht of Thermodynamics in conjunction with the
University ‘Microprocessor laboratory. The data
acquisition’ system was 'a purpose built, 64 channel,
multiplexed system although, during the - experimental
tests, only 29 of the available 64 channels in the system
were used. The layout of the system is shown in Figure
4.9. The measurements detailed previously were available
in the form of voltage output from the various
instruments, that 1is, thermocouples, 1liquid rotameters,
pressure transducers, and conductance probes. These
signals required to be digitised before they could be
accepted by the computer. This was achieved by the use
of the analogue to digital converter unit (ADC). The ADC
unit required an input signal in the range of 0-10 Vv to
produce a twelve byte signal for the computer. For
maximum accuracy, the largest signal produced by any test
parameter should give a 10 V signal to the ADC unit.
Since all the instruments used could not produce signals
of this magnitude or range, some signals were conditioned
before connection to the data acquisition system. Signal
conditioning, which involved high signal amplification,
also produced large noise amplification and so a signal

filtering unit was used to minimise this effect. The
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microcomputer controlled the 'system via six output
signals, three for selecting the 'requirea multiplexing
chip and three for choosing which signal on the selected
multiplexing chip to connect to the microcoﬁbuter input

line.

The hardwére necessary for the data acquisition
system, therefore included signal conditibﬁing units, a
signal filtering unit, a multiplexer unit, the analogue to
digital converter and the microcomputer itself.
Auxiliary units such as a disc drive unit and a printer

were added to the system for data processing purposes.
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Figure 4.4 Conductance Measuring Circuit
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CHAPTER 5

VIEWING TECHNIQUES

Photographic techniques have  found wide
application in two-phase flow studies, since they enable
more information to be obtained. The use of photography
to record what was seen is an important source of
qualitative deduction as it 'can extend the range of
observation, enabling the time scale of - viewing to be
changed in such a way that rapidly occurring phenomena
can be observed. A photographic record can also be used

to provide quantitative measurements.

In earlier work employing photography in two-phase
flow systems within the University a side viewing
technique was used, i.e. observing the flow from the side
of the channel. Recently the more advanced technique of
axial photography has -been employed which consisted -of
viewing the flow in a channel along-its axis, with the .
camera looking directly into the flow. The application
of the second technique can play an important part in the
observation of annular two-phase flow systems.

The use of  the photographic technique in the

present work had two main objectives::

i) To obtain information on the nature of disturbances
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and their development in vertical annular two-phase
flow in two different systems, i.e. air-water and

steam-water systems.

ii) To locate the position, in the test section, at which
the flow reversal first developed in each of the two

systems.

Developing a photographic technique had many
difficulties, particularly with 1lighting since the test
tube section was manufactured from stainless steel. The
axial viewing technique adopted in the present work was

carried out in two different ways:

(i) Using endoscope systems' : This viewing technique,
using a self-illuminating endoscope, was developed
in an attempt to overcome the lack of light inside
the test section and is described in Section 5.1.

(ii) Using video camera systems : This technique was used
‘as an alternative to the endoscope system because of
the recording problems experienced. In this system
the flow"is observed directly by a coloure video
camera from-'which the name of the system is deduced,
although a black and white video camera was
indirectly used with the endoscope system. Details
of' this system are given-in Section 5.2. - Further
details are given 1in. Section 5.3 and viewing

procedures in. Section 5.4.
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5.1 Endoscope Viewing System

Endoscope viewing is a new method of flow
visualisation and its use here in a two-phase flow system
was developed by the author. It involved inserting an
endoscope device (similar in fundamental construction to
that used in medical fields) inside the test section.
The advantage of using such a system was that it provided
a closer observation of the events taking place within
the test section and also helped ensure that  no
undesirable protruding joints existed during the . course
of the experimental tests.. The main disadvantage . of
using such a system in counter-current annular two-phase
flow systems, where the onset of flooding is of special
interest, was the danger that the endoscope, an alien
body inside the test section, would affect the two-phase
flow and the onset of the flooding process. This
situation was overcome in. .some tests by using an

endoscope with a zoom facility. -

The endoscope systems consisted of seven parts

most of which are shown in plate 5.1. These were:

(i) A forward viewing endoscope : This was a stainless
steel tube, 115 mm long and 11 mm in diameter with
a 120° forward viewing angle. It contained . an

optical system which had a rigid construction of
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lenses in the central core. This was enclosed by

a non-coherent fibre optic bundle which was built

inside the stainless steel tube. The fibre optics

carried light from the source to the object being

viewed. The reflected light from the object

passed up through the optical core arrangement to

the

eyepiece and then to the viewing device,

illustrated in Figure 5.1. The eyepiece assembly

consisted of a viewing lens with focusing and =zoom

facilities.

(ii) A Radial viewing endoscope : This was a stainless

steel tube 2200 mm long and 11 mm in diamter wused

to view the object radially. The forward viewing

angle of the lens was also 120°, This endoscope

had
the

the same fundamental construction as that of

forward viewing endoscope with two minor

differences :

a)

b)

Since the viewing by this endoscope was radial,
a mirror was built inside the optical core, at
the bottom, to reflect the light received from

the object to the viewing device, as

illustrated in Figure '5.2:.

The endoscope had no zoom facility.

(iii) A low light, black and white, video camera with

special lens connections manufactured to allow the
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video camera to accommodate the eyepiece of the

endoscope.

(iv) A light source comprising of a 150 W quartz halogen

lamp.

(v) A fibre optic cable for interfacing the 1light

source with the endoscope.-
(vi) A monitor to view the camera output.

(vii) A video recorder to record the camera output.

5.2 Video Camera Viewing System

Different axial viewing techniques have been used
by investigators to visualise annular two-phase flow
inside a vertical tube, of which photography was the most
popular. This was because it was relatively easy to use
in observing and investigating, counter-current annular
two-phase flow, before the onset of flooding took place.
At the onset of flooding difficulties could arise because
high speed cine films cover a relatively short period of
time and it was difficult to predict the exact time  -at
which the onset of flooding would occur.. It was also
difficult to time this to occur half way through the
film, To extend the filming time .to cover the- whole

process, a video camera technique was used in the present



160
work.

The video camera system was also advantageous
since it produced film well suited for frame by frame
analysis and, with axial viewing, it provided in situ
visualisation of the events taking place inside the test
section. These events could not be seen from outside,
even with a transparent test section. The camera used
was a Panasonic - . F2 colour video camera. A colour
monitor was connected to the camera in order to visualise
its output. The recorder had the facility of replaying
the recorded tapes in slow motion and also frame by fr;me
in such a way that a total of 25 frames could be produced
for every second recorded on the tape. This
corresponded to a time interval of 40 ms. ;© The video
camera had a timing facility which could be displayed on
the monitor screen and also recorded on the video - tape.

The video camera equipment is shown in plate 5.2.

5.3 Test Facility Modifications

The application of the viewing techniques required
some modifications to the test facility... . The
modifications included - introducing: a - suitable
illumination system into the test tube and also placing
the viewing devices 1in a suitable  position to make . the
flow inside the test section visible. - The necessary

modifications in the test facility for both the  endoscope-



161

and the video camera techniques in the air-water system
are detailed in 5.3.1 and for the steam-water system in

Section 5.3.2.

5.3.1 "Air-Water System

The alterations to the test facility for the
alr-water system were carried out so that the endoscope
viewing technique and the video camera technique could
function under suitable conditions. Details of both

techniques are given below

(i) Endoscope technique : The modifications required for
this technique were (i) to allow the endoscope to be
inserted inside the test tube and (ii) to provide test
tube illumination. The endoscope could be inserted into
the test tube in two ways, either through the top of the
test tube looking downwards, or from the bottom of the
test tube looking upwards.\ To avoid interfering with
the air settling length, the second method was inititally
discarded. = Also the modification to the air offtake
system, at the top of the test tube, was easier to carry
out. The modification to the air offtake system
included replacing the straight portion of the tube used
previously, by a two inch T piece with the air flow taken
off at"90° to the previous direction. A transparent
polycarbonate disc was machined and fitted to a two inch

nut, which was then tightened at the top of the T piece
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as shown in Figure 5.3. The endoscope -was inserted into
the test tube -"through the straight connector. A nut,
backing ring washer, and an 'O’ ring were used to lock
the endoscope into position and also to prevent any air
from escaping by providing the’ necessary sealing. When
the nut was loosened the endoscope  could be moved up and
down, sliding within the straight connector in order to
position the viewing lens at any desired axial location
within the test section. The arrangement is shown 'in
plate 5.3. ' -~ As previously mentioned, the endoscope
device had a self-illumination system, which-was provided
from:a light source of 150 W and-gave just enough 1light
for the radial endoscope to view a small area on  the
inside wall: of the  test-section. For the- forward
viewing endoscope the power of the light source was not
sufficient to illuminate-the entire inside of the : tube,
and for-economic reasons a more powerful-light source was
not available, therefore an external lighting system had
to be used. It was not possible to illuminate the test
section'by directly projected light as the bottom of ‘the
test section was connected to the settling length, and
any interference with this was undesirable, whilst the
top of the test tube was occupied by the modification
made for the use of the endoscope system. The only
other technique -available was-"to insert ~transparent
sections at suitable locations ‘'above and below the test
section, so .that the test ' section wasr indirectly
illuminated and" the intensity of the - light-inside -the

test section was dependent on the reflected light. “The
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illuminating system had to be very powerful so that the
reflected light - was sufficient to illuminate the test

section.

A’ 300 mm-section was cut from the settling length
tube, - removed and replaced by a glass tube of the same
length. - The glass -tube also had the same internal
diameter - as :the -‘settling length tube, and was
manufactured to withstand pressures up to 5 bars. The
distance between the top of the glass tube and the bottom
flange of ' the ‘'extractor system was 600 mm. This
distance:was: -chosen 'to minimise any effect that the
installation of the glass tube might have produced on the
flooding process.  The glass tube was then surrounded by
an  aluminium box containing two 800 watt photographic
halogen lamps. Ventilation holes were made in the box
to disperse: the heat produced by the lamps. The

illumination-arrangement is shown in plate 5.4 .

- At the top of the test tube a 200 mm long glass
tube was added to the bottom of the T piece and another
aluminium box made to surround it. The box contained
two 250 watt halogen lamps. Although the centre of the
polycarbonate ‘disc at the top of the test tube was
occupied by the- -endoscope, an attempt was made to send
light through the rest of this disc. It was found that
a 250 watt halogen lamp produced so much heat that it
melted the polycarbonate disc, therefore it was replaced

by 'a 250 watt sodium lamp which produced much less heat.

J
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Since - the endoscope could move upwards and
downwards, in order to position the viewing length at
different axial locations, the black and white video
camera which accommodated the eye piece of the endoscope,
had to move relative to this. -Therefore a wooden ‘board
was manufactured containing'a sliding carriage. The
board was placed vertically at the top of the test . tube
and the camera was mounted on the sliding carriage, which
provided the necessary movement. A linear scale was
fitted to the board to indicate the ‘axial position of the

endoscope viewing lens inside the test tube.

The water droplets had little effect on the radial
viewing.endoscope'as its viewing point was located on the
side. In the case of the forward viewing endoscope,
although the water droplets were impinging on the viewing
lens, no special arrangement was - needed to <clear the
surface since it was inserted - in at the ' centre of the
test tube. ' The air flowrate, with the highest velocity
at the centre of -the tube, helped - to clear - the 1lens

viewing surface.

Although it was decided initially that inserting
the endoscope from the 'bottom of the test tube would be
undesirable because of interference and disturbance
effects, an attempt was made to view the ‘flow from the
bottom of the test tube ' using - the - radial endoscope

device. - At 250 mm from the - bottom flange of :the
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extractor system, a hole of 15 mm diameter was drilled at
the side of the settling length tube and a 100 mm length
of tube of 15 mm inside diameter was welded to the side
hole. A similar arrangement made to the polycarbonate
disc, in order to lock the endoscope device into position
and prevent any fluid from escaping, was repeated at the
other end of the side tube when the radial endoscope was
inserted as shown in Figure 5.4. The viewing lens was
facing up the test section from the bottom. Although
this technique of viewing was acceptable to visualise the
counter-current flow for the pre-flooding situation, at
the flooding situation it was not reliable. As . the
endoscope device was inserted from the bottom of the test
tube, the hole in the polycarbonate disc which had
previously been used for locating the endoscope at the
top of the test section became unnecessary. This disc
was therefore replaced by a new polycarbonate disc and a
50 watt photospot bulb, with internal reflectors, was
mounted above it. This arrangement provided the test
section with direct 1light. The disadvantage was that

the light was facing the endoscope viewing lens.

(ii) wvideo camera technique : The colour video camera
was placed at the top of the test tube and was used to
view the flow inside the test section directly. The
same alterations to the air offtake system used in the
previous technique were employed here also except that
the polycarbénate disc was replaced by a polycarbonate

rectangular section which was used as a viewing window
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for the video - camera. The polycarbonate window which
was mounted - :-at the top of the. test tube, was used to
protect the .video camera lens .from the flow. It was
carefully designed and manufactured so that it could be
kept clear of all the impinging droplets by means of an
air purge flowing diametrically across its lower surface.
The polycarbonate window - consisted of two polycarbonate
plates, ‘the dimensions of each being 300 mm x 100 mm x

10 mm.. The-first plate had two flat surfaces'and formed
the top section of the window which had the video camera
lens placed on top-of it... Therefore. it was carefully
machined and-its centre was highly polished in order to
give a very clear view. The second plate which formed
the lower section of the  window, had a hole of 54.75 mm
diameter (fhe same as -the test tube diameter) drilled at
the centre and a-groove-of special shape was made at the
top surface of the plate to join the central hole to both
sides. . - When the two plates were joined together, the
groove formed a passage for. the purging air inlet and
outlet. : On the inlet side, the depth of the groove
varied smoothly from 2 mm at the edge of the hole to 4 mm
at the edge of the window. This was to direct the
purging airwito the - bottom of the top section of the
viewing window and also to increase the purging air
velocity. On -the . outlet side, the depth of the groove
was kept constant at-.6.25 mm. - The polycarbonate window
is illustrated :in Figure . 5.5, The purging air flow
supplied from the main 1line, through a Pipe of 10 mm

diameter, controlled by two valves in series, entered the
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polycarbonate window, between the two sections from one
side and left from the opposite side. Having removed
the droplets, it carried on to waste through a pipe of 15

mm diameter, controlled by a manual valve,

To illuminate the glass tube inserted in the
settling length tube and -its associated equipment, an
extra 400 watt photographic halogen lamp was fitted - into
the aluminium box. The illumination arrangement at the
top of the tube . section was removed since it was too
close to the .camera lens and affected the focusing and

the quality of the output picture.

The main disadvantage of this illumination
technique was that the light did not come from behind the
video:  camera, but from the bottom of the test tube  facing
the video camera lens. Therefore when the flooding
situation took -place, and the liquid waves started to
block the test tube cross section the light was blocked

out and at -the same time viewing ceased,

5.3.2 Steam-Water System

The modifications carried out to -the test facility
in the air-water system were all incorporated in the

steam-water system with three additional alterations:

(1) As the illumination inside the test tube was. found
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to have decreased due to the introduction of steam
instead of air, the power of the illumination system
placed at the settling length tube was increased to a

total of 2400 watts.

(ii) The tempetature of the purging air wused in the
air-water system to clear the lower surface of the
polycarbonate window from the impinging water droplets
was too low to be used in the steam-water experiments due
to the steam condensation on the window surface making
viewing by the video camera lens indistinct. Thus a
small heat exchanger was used to raise the purge air
temperature to the steam saturation temperature before it
passed to the polycarbonate window. A superheated steam
line was connected to the other side at the heat
exchanger for this purpose. The purging air pipe and
the steam supply pipe from and to the heat exchanger were

all well insulated to minimise heat losses.

(iii) In the steam water experiments, the temperature of
the viewing window was close to the steam saturation
temperature, and as the video camera was adjacent to this
window, it could have been affected by the high
temperature.  To ensure that the video camera was
functioning at normal temperature, a small fan was
directed onto the video camera, at the same time ensuring
that no air from the fan blew on to the polycarbonate
lvieﬁing window. For the endoscope system, no alteration

was needed as the endoscopes were manufactured to
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withstand temperatures as high as 130°C,.

5.4 Viewing Procedure

Photographing 'the flow inside the ‘test section was
much more difficult in the steam-water system than in the
air-water system. " The main problems were high
temperature, fluctuations in the -test section pressure
due to condensation, and the thick layer of steam making
viewing indistinct. Furthermore conducting the
steam-water tests took much more time and required to be
more carefully carried out.” " However, the viewing
procedure used in the air-water system was similar to
that used in the steam-water system, and is detailed
below for the endoscope and video camera viewing

techniques 'in Sections 5.4.1 and 5.4.2 respectively,

c o«

5.4.1 ' Endoscope Viewing Procedure g Co

"~® Initially the hole ‘in the polycarbonate disc which
was made as a passage for the endoscope device was
blocked by: means of a’ ' blank nut. ‘Counter-current
annular flow was then established-as detailed in Chapter
3 (Section'3.3 for : the air-water system and Section 3.4
for the 'steam-water system). When annular flow was
established and the air/steam and the ‘water flowrates

adjusted to the desired values, 'the required endoscope
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was inserted through the polycarbonate disc arrangement
into- the ‘test section and positioned at the required
axial location. The video camera was mounted at the top
of the endoscope to accommodate the eye piece. The
endoscope was connected to- the light source and the
external illumiantion systems were switched on. The
endoscope was then focused and when the clearest view was
obtained on the monitor, the video recorder was switched
on and the air/steam flowrate increased in small steps

until the flooding occurred.
The same procedure was used when it was decided to

view the flow and-the flooding situation inside the test

section by the naked eye instead of the video camera.

5.4.2° Video Camera Viewing Procedure

- To start the viewing procedure, . the polycarbonate
window was carefully cleaned, and the lower surface of
the window was covered with a very thin layer of silicone
grease in order to -decrease the ability of the water
droplets to stick to the window surface and at the same
time to increase the ‘efficiency of the impinging air in
removing these droplets. The polycarbonate window was
then replaced on top of the test tube and the purging air
inlet and outlet valves closed. The video camera was
mounted on the top of the polycarbonate to allow the

camera lens to be placed as close as possible to the
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window in order to obtain a satisfactory angle of view.
The normal procedure of establishing annular counter-

current flow of air/steam and water was then carried out
as was described in Chapter 3 (Section 3.3 for air-water
tests and Section 3.4 for steam-water tests). As the

air/steam and water flowrates were adjusted to the
required values, the purge air outlet was opened fully
and remained so for the rest of the experimental test.
The purge air inlet valve was then turned full on in
order to clear the window of the droplets of water which
had adhered to it while establishing annular flow. It
was then turned down wuntil the droplets impinged on the
lower surface.‘oﬁ/ the polycarbonate window and then
increased just enough to clear the window. This
procedure ensured that the minimum amount of purging air
was used to keep the polycarbonate window and viewing
surface clear and hence any side effects were kept to a
minimum, The illuminating system, the video camera and
the rest of the viewing system were switched on and the
video camera focused at the required axial location of
the test section. The procedure of increasing the
air/steam flowrates in small steps was carried out wuntil
flooding was obtained. As the air flowrate increased
the amount of entrained droplets also increased and so
the purge air flowrate had to be readjusted after each

step to keep the window as clear as possible.

[
%
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CHAPTER 6

THEORETICAL ANALYSIS

It has been widely reported that the effect of
condensation on  flooding conditions may be very
significant, especially in counter-current two-phase flow.
In this chapter, a theoretical investigation into
condensation effects on the 1liquid thickness and the
flooding conditions is presented. The investigation was
carried out in "three stages. The first stage involved
modelling the liquid film thickness along the solid wall
of the " tube with the continuity, momentum and energy
equations being solved for the 1liquid film flow, as
described in Section 6.1. The second stage involved
modelling the" temperature of the 1liquid film across and
along the tube and this was developed by evaluating the
effective turbulent thermal diffusivity, which led to an
estimate of the ' turbulent viscosity of the film, as
described in Section 6.2. The final stage produced a
flooding model based on a linear stability analysis of a
uniform £ilm and was derived to accommodate the
vapour-liquid flooding condition wunder which substantial
condensation took place. This 1is presented in Section

6.3.
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6.1 Film Thickness Analysis

In an attempt to model the film thickness and the
effect of condensation in annular counter-current flow, the
mass, momentum and -energy balances are approximated for a
liquid film flowing down the solid wall of a tube and with
the vapour phase flowing up the centre of the tube, The
governing equations, which describe the interaction
between the vapour and 1liquid phases are based on the
following assumptions: (i) The flow is steady,
incompressible and one-dimensional (ii) The mass transfer
is due to ’condensation (iii) The vapour phase is dry
saturated and the saturation température remains constant

(iv) Non-condensible gases are not present.

6.1.1 Mass Balance

Considering the control volume shown in Figure 6.1,

the mass balance can be written as: -

d d
(Mg+g;(mg)dz),_ Mg'+ Mg —[Mf+g; (Mg)dz] = 0 (6.1)
and hence
d d
—(Mg) = —(M )
" £ PR (6.2)
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6.1.2 Momentum Balance

In the momentum balance, the net force acting on
each phase in the direction of motion is equal to the rate
of change of momentum of éhét phase. Applying this
balance to both liquid and vapour phases, considering the

control volume shown on Figure 6.2, yields:

(i) Liquid Phase:

non 5 T das dp
[(ZD ~—(D-28) pfl K—D -—(D-2(8+5—dz)) )(pf+—-—dz)] +
dz

[(—D -—(n-2(5+5-dz)) )= ( ZD --(D—28) )][ (pi+(pi+5——dz))]

1 ds
_[;(u(D-28)+n(D—2(8+5;dz)))dzrfiz]—@Ddzrw] +

1l = 2 2 ds
[pgg -((—D ——(D 28)2 )+ D ——(D 2(6+——dz)) )dz) =
4 4 dz
d dz] - | d
MU +—(M U )dz U.-U (M )dz 6.3
Al ALY MeUg 935 (6.3)

where Tgip 1S the vertical component of Tey

ot Pr iy the prloefrcal pressee
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Simplifying equation 6.3 (see Appendix D), gives

2

dp (D-28§) . D (D-28)p U ds
—_—= - Te:. - T +p.9 + —_——
dz s(D-§) iz  §(p-s) ¥ 5(D-8) dz
e U d- U d
—t —my) ¢ L — (n) (6.4)
* n8(D-8)- dz né(p-§) dz 9
(ii) Vapour Phase
n a3 1 dpy
(- (D-zs) Pg-(—(D- 2(a+a—-dz)) )(pg+—9dz)1 (- (pi+(pi+——dz))
dz
n ds 5 M 2 1 das
(- (o 2(§+4—dz) )2 —=(D-28)2)] + [—(n(D-28)+n(D-2( §+—dz)))
dz 4 2 dz
S 1n o ds
dz< l+[p g —( (D-28) +—(D-2(8+-—d2)) )dz] =
d
—[(Mgug+g;(mgu )dz)- MgUg-Ug;-gdZI (6.5)
where T "is the vertical component of Tgi

giz

Simplifying equation (6.5) (see Appendix D), gives:

2
dp 4 4p_U_* d§ 4u d
— W ce—— Tgiz + p g + -_g__g_. — _9___ _‘(M )
dz  (D-28) El (D-28) dz  n(D-28)2 g

(6.6)
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6.1.3 Energy Conservation

When a saturated vapour moves counter-current to a
subcooled liquid film, condensation occurs and energy is
transferred. Considering the control volume shown in

Figure 6.3, the energy balance is:

(4 d d

M:h —(M_h_)d - ] he, +— -
(Mehe, + (Mghg+dz( g g) z)) [M9hg+(mfhfL+dz(M£HfL)dz] q,
(6.7)

This could be deduced (see Appendix D), to give:

d ‘ M.C d

f-pf

—(ng) = P —(T,) (6.8)

dz hfg+cpf(Ts'Tf) dz
It is assumed that there is no slip between the two
phases at the interface, therefore

Tgi = Tes ™ T (6.9)
and since © is-a very small angle, Figure 6.4, then

Tgiz = Tfiz T U (6.10)

Substltutlng equatlon (6 2) 1nto equatlons (6 4) and
(6.6), and e11m1nat1ng the pressure gradlent, gives
ds  (p-28)%+48(D-8) Dt 20-U

— = T+ W —(pe— N .
dz §(D-8)(D-28) ' 8(D-8) g pg)g'.-(rtS(D—S)

(0-28)p.u.2 45 u
. 57) — /1 £f _ 9 (6.11)
n(D-28)%" dz §(D-3) (D-28)
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6.1.4 -wall Shear Stress

The wall shear stress can be expressed by the

relationship

T = fy T orels (6.12)

where fw is the wall friction factor.
The film thickness effect on the distribution of fw can be
neglected (WALLIS, 1970), with fw represented by

- C

£ - ——
" e (6.13)

where iﬂ.smooth tubes,

€C =16 and n = 1 for laminar flow (6.14)

and

C = 0.079 and n = 0.25 for turbulent flow. (6.15)

6.1.5 Interfacial Shear Stress

The interfacial shear stress is computed from the

widely reported correlation for adiabatic flow:-

1
. . 2

The interphase momentum transfer between the two phases,

liquid and vapour, is not included in the above

correlation because it has been taken into account in both
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the liquid and vapour momentum equations, (6.3) and (6.5)

respectively.

For annular counter-current flow of liquid and gas
in vertical tubes, BHARATHAN et al (1979) recommended that

the interfacial friction factor, fi' be represented by the

following relations

b

£, = 0.005 + a(D*/2)P(1-/a) (6.17)
where
logloa = -0.56 + 9.07/D* o : (6.18)
b=1.63 + 4.74/D%* : (6.19)
and
o
D* = Bond No, = 6.20
g( pf-Pg)l/z ( )

Substituting the values of T; and t_ into equation (6.11),

and re-arranging gives

2 2
ds D DCp U
2 £
— = { p £.(U -U.)¢ + —E9_ _ -
dz  2(p%s-3s?p+283) 91 9 E (Re )™ (og=rpglg
+ 7] |V - —44
n8(D-8§)  n(D-28§) dz §(D-38) (D-28)

(6.21)
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Consider the non-dimensional terms

Ug Q¢
z+ - Z/L Fr = 1/2= 1/2
£ (qu) n8(D-8)(gL)
+ Ugq 494
§T = §/L Fr_ = = (6.22)
9 (qu)Y/?  n(p-25)%(qL)1/?
p* = D/L .
PeQ¢
t - - Re, = ————
P pg/pf £ n(D_s)”f

then equation (6.21) can be made dimensionless by using

equation (6.22) and re-arranging, to give

as* p*2 ot 2 p*crr 2
= : P Fr -Fr +
- ot leroeatloteasts 09 S st (re )
-(1-5") *lZF:f—irg+ * jFrq+ 7] : 17z ey
ns*(p*-8%) n(p*-28")% o (gL)/? qz
(0*-28")Fr 2 dptEr ?
T o T o) (6.23)
s*(p*-s*)  (p*-28")

Substituting equation (6.8) into equation (6.23) gives

+2 2

dast D

ptc Frg
dz* {20+28+-68+20++48

+ 2

26+(D+-6+)(Ref)n

_(1_p+) .l zirg:Fr3 4irg _ 2] n&(D-&iU§
ns*t(p*-s%)  m(p*-28")2 1L(gL)L/

= + + 2 + 2
Cpg¢ de}/{(D =28 )Frf _ 4p Frg
he +CPg(Tg-Tg) dz st(p*-st) (pt-25%)

(6.24)
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Consider the non-dimensional terms of

+ -
vt - T_T,
+ £ in (6.25)
Ts = Tg/Tin
+
HCP® = he /CpeT,

Substituting (6.41) into equation (6.40), gives

ast  pt2 p*crr 2
= p) 2+ 5o t+2 fi°+(Fr -Frf)2+ + + f2
dz* (2p%“s-65%4D 44514 9 2(8*pT-s* ) (Reg)"
: 2Fr . -Fr 4Fr
+ f q
=(1-p") + [ + ]
(5+D+-8+2) (D+-26+)2
Fre8*(p*-s%) ar } ((D+—28+)Frf2 4p+Frg2
. / - }
Hept+(T *-1%) a2t T (s*p*-s%2) (p*-25%)
(6.26)
As 8<<D, then equation (6.26) can be written as
2
ds*t 1 o C Fr .
: + 2 £ +
— = (—f ot (Fr Fr )% e —E L (1,
dz* 25* i g b3 28+(Ref)n
Frf;Frq 4Frg 8+D+Frf drt
+ ] Y/
stpt (D+-28+)2 HCP++(TS+—T+) az*
Frfz 4p+Frgz
{ - } (6.27)
st (p*-25%) \

Equation (6.27) represents the variation in the film
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thickness along the test tube. The first term allows for
the effect of the interfacial shear stress; the second
term, the wall shear stress effect; the third term the
gravitational effect and the final term, the condensation
effect on the variation of the film thickness. The
evaluation of the liquid film mean temperature Tf is given

in the next section.

6.2 Film Temperature Analysis

For a liquid film flowing down an adiabatic
vertical wall, the two dimensional energy equation for
incompressible, steady flow and neglecting diffusion in

the z-direction, Fiqure 6.5, is given as

oT 9 T
Uu— = — (g, + K) —
2z 2y H 3y (6.28)

where €, is the eddy diffusivity of heat, and

kg

PeCPg

(6.29)

where k. is the liquid thermal conductivity,

Equation (6.28) represents the energy equation for laminar

(e,, = 0) and turbulent flow.

H
Assuming u and (e, +K) are functions of z only, such that

U = Uf and (eH+K) = (eH+K)



Then -
T .
U,— = (g,+K) —5
faz H
or
1 ar 3T
— = —
a(z) 9z oy
where
€., +K
a(z) =
\Uf :
2z

if, ¢ = [ a(z)dz

df = «(z)dz

191

Then equation (6.31), becomes

aT 3T

— - —

9y 3y

The boundary conditions (Figqure 6.5) are:

(1) T=7T, at ¢

aT
(ii)- — = 0-at y
9z

(iii) T = T_ at y

(iv) T = Ty at y

(6.30)

(6.31)

(6.32)

(6.33)

(6.34)

(6.35)
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Equation (6.35) can be solved by separation of variables
and Fourier series, in the same manner as CARSLAW and
JAEGER (1953). Using the first three boundary conditions

gives a solution of the form

2 (zi+1)2n2c] (2i+l)ny 28(-1)P*+1
T = T_+— I expl cos { T
s 482 25 (2i+1)n S
i=0
§
(2i+1l)ny”’ .
+ [ T,cos ———— dy'} (6.36)
28
0

integrating equation (6.36) and re-arranging, gives

T-T_ 4 (-1 (21+1)%n%¢ (21+1)ny

expl 5 ] cos
T -T n (2i+1) 43 28
i=0

(6.37)
Applying boundary condition (iv) to equation (6.37) gives
the variation of wall temperature T, with .

A

T, 4 (-1t (2i+1)%n%¢
- exp[-— 3
T, ~-T n (2i+1) 48

] (6.38)

The mean film temperature Tf as a function of 8§, can be

written as

1 -
Temo ITTAd B (6.39)
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Using equation (6.39) and equation (6.37) gives

§

Te-T, 4 (-1)% (2i+1)%n%z 1 (2i+1)ny
- — I expl 3 - | cos dy
T,~T, & (2i+1) 43 5 25
i=0 o
(6.40)

integrating equations (6.40) and re-arranging, gives

T,-T, 4 (-1)3 (2i+1)2n2g 2 (2i+1) ny
—eS — I expl 3 ] sin————
T,~-Tg T (2i+1) = 43 (2i+1)nm 2
i=0
. (6.41)
re-arranging, gives
T,-T, 8 1 (2i+1) 252
=—-1I 2 exp [ ) 9] (6.42)
Tt_Ts n (2i+1) 448
i=0
dividing equation (6.42) by (6.38), gives
1 (2i+1)2n?
z 5 expl-———s——1]
(21i+1) 48
T.-T, 2 i=0
Tf Ts i (6.43)
- n (.-}
wo's (-ni (2i+1)2n2
z exp(- 7]
(2i+1) 48 '

i=0

Equation (6.43) gives the»film mean temperature ét évwall

temperature T for a given value of ¢.
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Since Tw4va1ues a}ong the test tube are known (from
experimental measurements), a knowledge of { values is
required in‘brder to evaluate Tf.

Assuming that

) 2
a(z) = agtagz + ayz" -+ anzn (6.44)
Then.
Z
: a a a )
g = [ alz)dz = a3z +—lz2 +_323+__+ —ﬂ—zn+l (6.45)
2 3 n+l
0

Using equation (6.45) with (6.38) and (6.42) gives,

respectively
(-] .
T -T, 4 (-1t (2i+1)%n? a a .
L A X exp{—————i———— [aoz+——z +----+—3—zn+ 1}
Tt-T n (Zi+1) 48 2 n+1l
S
i=0
6.46
and ( )
— * i . 2 2 ,
F.-r_- 8 - (-1)° (2i+1)“n a a ;
£ s, — . — expi 7 ‘[a°z+—lz2+--+—3—zn+1}
T,-Tg T (2i+1) 48 : 2 n+l
o i=0
(6.47)

Fitting equation (6.46) to the experimental data with

T=Twexp’ n

can be evaluated. Substituting theée values into

the‘constants agr a3,~=, a,, and the index n
equation (6.47) givés\the'liquid film mean temperature-at
any position along the tube and at any thickness across

"~ the liquid film.
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6.3 Flooding with Uniform Film Including Condensation:

This'part‘bf'thé analyéié is a modifiéatién to previous
work carried out in this Unlver51ty by McNeil (1986) and it is
carried out by 1ntroduc1ng a new term to the velocity
potential equation accounting for condensation velocity
effect, so that the veloc1ty potential in a stream of vapour

flow with flat 1nterface, Flgure 6.6, can be deflned as

Y (6.48)

¢;Ufz '4‘\vg
Then |
3¢
u-;—z—-uf o | o (6.49)
and
9¢
V-a—y'-vg ’ (6.50)

The velocity potential can be representéd by

$ = Ugz +.ng + ¢ o o (6.51)

where - ¢’ is the velocity potential variation due to the

perturbation, -then | L

321 a%¢r .
— t s =0
e il o | (6.52)

The solution of equation (6.52)(see Appendix D)can be given by

V_n
¢! = [i(u—c)no——g?o—]exp[-k(y—s)]exp[ik(z-ct)] (6.53)

where
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n = n, exp [ik(z-ct)] (6.54)

Applying equation (6.53) for the liquid phase when u = Uf'
then
47 g=[1(Ug-c) In_explik(y-38) lexplik(z-ct)] (6.55)

and for the vapour phase where u = --Ug to give

. \'4
¢'g--(i(ug—c)+;§1noexp[-k(y-a>1 explik(z-ct)]  (6.56)

Bernoulli’s equation:can be written as

p 8¢ 1 (a¢)2 1 (a¢)2

-+ —+=-(—)" + = (—)" =C .

p 3t 2 9z -2 a3y 1 (6.57)
where Cy is a constant or time dependent function.

Since ¢‘-»Ufz + ng + ¢', then equation (6.57) can be written

as
-+ — 4+ = + =)+ = (V_ + —)° = C
o 3t 2 az 2 9 gy 1 (6.58)

Note that all perturbed quantities (denoted by (')) are all
proportional to perturbation n.
Neglecting terms of order nz or above, equation (6.58)

becomes, for the liquid phase, as

P e U aer
—_+ + ——+'U =C
at 2 Y 2 (6.59)

Pg
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and for the vapour phase as
2 2

a¢’ u ) v '
.P;.'. _.i_g.'. _g_g U_¢g.+ J_+Vit£= C (6.60)
p ot 2 9 3z 2 I 3y 3

9

The boundary condition is that at z = 0 all perturbed

quantitites are negligible, thus

~ Pg ”fz‘ ‘ ‘
Co = —+—~ f ’ (6.61)
Pe
and
2., 2
. P~ " U_T+V
cg = 2+ 14 . (6.62)
Pq 2

where Py is the static preésure at z = 0.

Defining a perturbed pressure difference by

P’ =P - P, (6.63)
allows equation (6.59) to be rewritten as

pfr a¢fv a¢fr

—+———+Uf"——= 0 (6.64)

ef at az

<

and equation (6.60) becomes

p [ 4 a¢ 14 a¢ ’ a¢ ’ .
<+ -y —d+v -0 (6.65)
eg ot 9 3z Jay :

Using equation (6.55) into equation (6.64), gives for the

liquid phase (see Appendix D)

. 2 h
Pg" = peklUg—c)™n, expl-k(y-8)] explik(z-ct)]  (6.66)



198

For the vapour phase, from equations (6.57) and (6.65) (see

Appendix D), gives

v
Py’ = -pgk[i(Ung)+;§] [i(Ug+C)+Vg]hoexp[-k(y-8)]exp[ik(z-ct)]

The interaction of the two phases is considered at the
interface by the momentum jump balance i.e.
azr 1
+ ] (6.68)

Pg~Pg = ol
g - f 322 (R-r)

where R is the tube radius, r is the film thickness at some
time and place, and the liquid film surface curvature is

approximated by

azr 1 or 2
— + since (—)° ««1
az” (R-r) -}

At z =0 r = §, hence

o

Pgo ~ Pfo T '35 (6.69)

at some location z, r = & + n which from equation (6.68)

gives

-p = g + ) ’
f 222 (R-8-1) (6.70)

which using a binomial expansion of (nz) gives

2°n 1 n

P.-P. = of + + )
g -f 322  (R-8)  (R-§)2

(6.71)
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I1f terms of order (n)2 or above are neglected, with

pg = pf = pgo - pfo + pg' -pf' (6.72)

then, from equations (6.69) and (6.71)

(azn n
Pg' = Pg' = ¢ + 6.
g £ 3z (R-8)2 (6.73)
using equation (6.54) in equation (6.73) gives
. 2
P, -P¢’ = on, explik(z-ct)] [—— -~ k“] (6.74
o] £ o (R-8)2 )
Applying equation (6.66) and (6.67) at y = §, and
substituting into equation (6.74) gives
. 1 vg2 pgk(Ug-c)? , 1
p k(U _+c)®=i(U _+¢c)V_(1- —) 1+ = o [ké—m)
g 9 9 "9 k& k&  tanh(k$) (R-8)2
(6.75)
The wave celerity is
=+ icy 5 (6.76)
gives from equation (6.75)
2 . 2, . ! v 2
pgk[Ug +2Ug(cr+1ci)+cr +21crci—vg(1+;2)1Ug+1cr-ci)-;g—]
pek 2 22 2 1
+ ——[U_“=2U_(c_+ic,)+c_“-c,“+2ic_c,]) = o [k* -
tanhks ° 1 A Akt SRS T i ( a2

(6.77)
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Equating the real and imaginary parts of equation (6.77)

gives
L2 ‘
. | k
2 2_ 2 Vq Pf 2 2__ 2
p k[U _“+2U _c.+c +V (1+—)c, 1+ -2U
g g g i’ r ks T ks tanh(k&) 0 e
= o{k®- —] (6.78)
(R-5§)2
and . >
1 . pfk
pgkl2Ug+2c, 2 (14 M Ugre ) I+ —[-2Ug+2c,] = 0
g c;' . K& tan(k&)
(6.79)
Then
1v 1 P
Ug-— —4(1+—)] —L u_ tanh(ks$)
2c¢; k& g 9 :
C m= . .
r — — | (6.80)
1+[{1-—— -2 (1+4—)1-2 tanh(ks)
2 c, k8 o

For a gas (vapour)-liquid system at moderate pressure,

P
—9 tanhk$§ is very small, (of order 0.001), and from experiment
pf . . -y .

it has been shown that at -the flooding point Ug is of order 10

Ug. - Hence -equation (6.80) can be approximated by

Cp = Ug = | (6.81)
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and hence equation (6.78) gives

1 1 1 tanh(k$§)

(<]
c; = —{(1+—)—2 v_tanh(k8)}+{[1+—) v 12 .
k& Pg 9 ké Pe g 2
" V_Si °q tanh(ks§) o 1
I ¥ P p ek (R-§)2
which, if tanh(ké§) = k8§, can be written as (6.82)
1 P p 9 O 2 1 p
cy= —{(ka+1)—9vg}+{k5[ks[(—ﬂ(ugwf) (k =) -3y 2,172
-2 ; Pf ) pf Pfk (R-§) pf g
or (6.83)
(k&+1) p_- P g 1
Lej-—— 1% = (k8 —Lugevp) d— (k- 1= 28y 2
2 o Pe pek (R-8) Pg g
(6.84)

6.3.1 vFlooding From Maximum Wave Growth Rate
Using equation (6.76) allows equation (6.54) to be written as
n=n, exp(kcit)[cos(kz-crt)+isin(kz-crt)] (6.85)
The wave amplitude>(A)»is therefore given by
~A =“n°exp(kcit)‘ - (6.86)

The maximum growth of the wave will occur when (kcy) is a

maximum and hence
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d .
— (ke;) = 0 ' .
Tx i (6.87)

Multiplying equation (6.84) by k, differentiating the result

with respect to k using equation (6.139) gives

2
2v 2k8+1 4o 1
(Ug+Ug) = (=L - C.V_ + (k2 - ——)1172 (6.88)

3k 3ks 9 3pgk '2(R-8)%

Substituting equation (6.88) into equation (6.84) gives

ké&+2 1 ké&+2 1 1 o8 1
e = U—1=2 v ha( Sy 2= fay 2 T2, )1/
6 pf 6 pf 3 Df 3 Pf (R-&)
as (p/pg)? <<l then = (6.89)
ké+2 »p ad 1
oy = ((—=) =B} + (—% P= 29y J12 (g
pf 39f (R—S) 3 pf 9g- ‘

Ty

6.3.2 Evaluation of Vapour Condensation Velocity

(a) Test Tube: The temperature gradient at the vapour-liquid
interface, along the test tube, is obtained by differentiating
equation (6.37)

aT 24T ©

. 2,,.2
(—) = —— I exp (2i+1)n®/48°%)
oy : o 4 (6.91)

The heat balance across the interface is
aT

9 = UpgCpl () = haT (6.92)

applying equation (6.92) to equation (6.91) gives
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kL [((2i+1)n%/482)¢)
—_—= - exp i+l)n%/
2§ i=0 (6.93)
where
h
St = . - (6.94)
°~p

This surface heat transfer is due to condensation of the

vapour, hence

using equation (6.95) into equation (6.93) gives

v
L

- expl ((2i+1)n%/482)¢] (6.96)
. ,

-t 8

C
a—
§ i=0

'O\ o
& )

(b) Injector Sinter: Assuming a constant film thickness, and

using semi-infinite heat conduction over the top sinter, then

aT 3T
2T g2 (6.97)

where y’ is the distance from the vapour-liquid interface.
The Boundary Conditions are: .
(i) T = Tt at z =0
(i) T =T  at y’' =0

From Carslaw and Jaegar (1953) the solution of equation

(6.97) can'be written as

’

- , Y . :
(T-T7,.) = (T_-T,_ ) erfc—
t?. st W . L '(6.98)
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simplifying equation (6.98) gives

4

T=T + (T, - T )erf —
s t s 2T (6.99)

differentiating equation (6. 99) with respect of y’, gives

aT T -T y'
—_— = £t 8 [exp(- ZZ)] (6.100)

dy! V/nt

The heat balance across the vapour-liquid interface can be

written as -

oT

hey = kg (—) (6.101)

q=V_p
979 fg 3y’ y'=0

substituting equation (6.101) into equation (6.100) gives

kaT
Vgpghfg nt (6.102)
\' - (K+eH) Ja Ei (6.10%)
Uf Uf | {7{(, pg

6.3.3 Application of Flooding Model to Accelerating Liquid

Film

it is postulated that flooding with a uniform film is
the result of the growth of an infinitesimal wave from the
liquid injector‘until it reaches some critical height at the
liquid extractor. Modifying this model to allow for

acceleration effects within the film, it is assumed that the



205

*blowing’ effect of porous injection, reduces the wave growth
time between the injector and the extractor, resulting in a
smaller wave height 'at the liquid extractor to become
unstable [McNeil(1986)]. - 'These waves of smaller height
require a larger gas(vapour) flow, The critical wave height

is assumed to be that given by Richtan (1980), hence

20

crit = T2 = No.explke;t)  (6.104)
Pqlq |

A

Following a growing wave down a uniform film, then in equation

1 . - 9
(6104) t = — and at the flooding point z = 1, then
Cr
. 2¢0
A= 5 exp[kci/cr(z-ll (6.105)
P9% ”

4

where 1 is the length of the tube.

The waves of a smaller height at the extractor require a
larger gas (vapour) flow to become unstable; or itxcould be
assumed that the wave height distribution of an aécelerating
liquid film could be represented in a uniform film over a

longer length z = le, where both systems have the same growth

time, o , 4 o . then
20 ‘
A = ——— exp (kci/c_(z-1le)) o .
pgugzp i/ (6.106)

In terms of a mean film thickness § , given by

L
[ & dz

0

8§ =

m (6.107)

~|
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The ratio of the new gas (vapour) velocity for flooding to

the uniform gas (vapour) velocity U becomes [McNEIL (1986)]

gp
14] ' c. 1 §
9 = exp [k— " (;‘5 -1)1] (6.108)
Ugp c, -

where §_ is the liquid film thickness over the longer tube

which is determined from equation (6.27), by assuming that the

. ast
film is fully developed (-—I = 0) and its temperature is
dz
art.
saturated (__I = 0), Thus
dz
1 teq 2 o Frfz
§ = — [p fi(Fr_-Fr.)° + ——=—]
=3 g £ (Ref)n (6.109)

To complete the model it remains to determine the
critical wave number and this is illustrated later in Chapter

9.

As mentioned previously, the model is similar in
principle to the4gas—liquid flooding model of McNeil (1986),
but by int;oducibgﬁthe\ngy term Vg it is postulated that the
effect of condensation in vapour-liquid flow is to inhibit

growth and formation of .the disturbance waves.
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CHAPTER 7

>t EXPERIMENTAL RESULTS

-During the course of the experimental programme,
data was collected with the test facility operating with
either air-water or steam-water flows. The programme
involved the downward flow of water with a counter-current
upward flow of air or steam, the latter being increased in
small incremental steps until flooding occurred. For
each system or mode, tests were performed at different air
or-steam extraction rates with-a total of 2292 test runs
being recorded, 2040 of which involved steam-water
interactions. The air-water data collected are described
generally in Section 7.1 and the air-water flooding data
presented in Section 7.2. Corresponding steam-water data

are presented in Sections 7.3 and 7.4,

7.1 Air-Wwater. Data ° ‘

kil ©

In the experimental programme, tests were performed
with two different rates of air- extraction through the
extractor system. "As described in-Chapter 3, a vacuum
pump was used to extract the falling water flow through a
porous sinter placed' 'at the bottom of the test tube and
some air was always- extracted with the water, the air flow

depending on the’ vacuum'pressure created by the pump.
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Sets of air-water data were taken for two. different
extraction flowrates. - In the first set, experimental
data were taken with the pump vacuum pressure controlled
and maintained at its lowest possible value, such that the
minimum rate of air flow passed through the.extractor, at
the same time ensuring that all of the water flow was
extracted. . During these tests, the air flow was
increased in small steps until flooding occurred. The
data .taken under these conditions are-listed in Appendix

B, Table B.l.

The second set of air-water tests were performed
with air extraction rates at the maximum possible value.

only flooding data were recorded during these tests.

In both sets, the water flowrate was wvaried to
cover a range between 4.and 39.6 1l/min.

At the start. of each air-water experimental test
run, regardless of extraction rate,. care was taken to
ensure that the rate of air flow through the.extractor was
balanced by the supply air flow corresponding to zero . air
flow through the test. section. Under these conditions,
the liquid £ilm could be considered as a free falling
film and liquid film measurements were made for various
water flowrates in the range 4 to 28.23 l/min, Each
liquid film measurement was evaluated as the mean of 250
readings takén over a period of 5.8 secs. Typical

measurements of instantaneous film thickness versus time
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taken at a water flowrate of 12.71 1/min are shown in
Figure 7.1 and 7.2 for the upper and 1lower probes
respectively. It can be seen that fluctuations in the
values are considerably greater at the bottom probe than
at the top probe. Numerical integration of these
readings (using Simpson’s Rule) allowed the mean film
thickness to be determined. Curves showing the mean film
thickness as 5 function of water flowrate at the upper
probe and lower ‘probe are given in Figure 7.3. It can be
seen, particularly at-high water flowrates that the mean
film thickness at the upper probe is considerably greater
than that at the lower probe, implying that the film is

accelerating as it moves down the tube.

In the air-water tests, the pressure drop data were
only recorded at the low air extraction rates. Figure
7.4 shows measured pressure drop plotﬁed as a function of
flowrate at a constant water injection rate. It can be
seen that the pressure drop measurements increased only
slightly wuntil the flooding situation was approached
whence the pressure drop rose sharply. ‘Hence pressure
difference is a good indicator of the onset of flooding in
the experimental tests. The pressure drop data will be

discussed later in Chapter 9.



213

7.2 Air-Water Flooding Data

The air-water flooding data taken with the test
facility operating at the low air extraction rate are
given in Appendix B, Table B.2 with the high extraction

rate in Table B.3.

Flooding data from air-water experiments in
vertical tubes are frequently correlated using the wallis

parameter, which is defined as

172 .
.k Py / Ji
Ji =

7.1
lgD(pf—pa)ll/z ( )
where i-= a for air and i = £ for water

D is the test tube inner diameter

and j is the superficial velocity = Q/a

On this basis, the two sets of air-water flooding
results are listed in Tables B.4 and B.5 (Appendix B) and
shown plotted on Figures 7.5 and 7.6 respectively. For -
each data plot, a Wallis type correlation for flooding was

obtained using the least squares method, as follows:

(i) low air extraction rate

*x1/2 _

. *1/2 .
ja + 0.59]f 0.8 (7.2)

(ii) high air extraction rate

*172 4 0.545. 172 < 0.76

Ja (7.3)
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7.3 Steam-Water Data

Unlike the air-water tests, the rate of steam flow
extracted (leaked) through the porous sinter was
controlled indirectly by varying the amount of cooling
water passing through the condenser. At the start of any
steam-water test, both water flow and steam flow (usually
at a low rate) were passed through the extraction sinter
to the condenser due to the condensation of steam and the
cooling down of the water creating a negative pressure
(relative to the test section pressure) inside the
condenser. The amount of cooling water flowing through
the condenser controlled the amount of "negative" pressure
created and consequently the amount of steam extracted
with the water (the extracted water included the inlet
water flow and the condensed steam flow). Low cooling
water flowrates produced a low vacuum pressure, extracting
a small steam flowrate, and vice versa. It should be
noted that there must be a minimum amount of cooling water
passing through the condenser to create a vacuum high
enough to extract all of the water flow. If the vacuum
is not high enough, some water will pass over the
extraction sinter into the settling length tube. The
vacuum inside the condenser is also affected by the  ‘inlet
water subcooling. Both effects, i.e. cooling water
flowrate and inlet subcooling, are discussed in detail 1in

Chapter 9.

once again, two sets 'of experimental data were
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taken on the test facility. The first set was taken with
a high steam flow extracted with the extracted water, the
rate of cooling water flow through the condenser varying
between 25 and 29 l/min with a small number of tests being
performed at slightly lower cooling water flowrates (the
minimum value never fell below 20 1l/min). buring these
tests, experimental data were collected for eight
different inlet water subcoolings in the range 10 K to

80 K in 10 K increments. The steam flowrate was
increased in increments until flooding occurred. Due to
the considerable amount of data taken under these
conditions it has not been 1listed in the appendices of
this thesis but it is available in the Department on

request.

The second set of data were taken with low
extracted steam flows. Throughout these tests, the rate
of cooling water was controlled mainly within the flow
range 4 to 5 l/min with only a small number of tests where
the flowrate reached a higher limit of 6 l/min. During
these tests, the same 8 subcoolings as mentioned
previously were covered and with one extra subcooling of
3 K. In all subcoolings, the steam flowrate was
increased incrementally until flooding occurred. In the
3 K subcooling tests, only flooding data were recorded.
The data taken under these conditions are 1listed in

Appendix C, Table C.1.

At an inlet water subcooling of 10 K, two extra
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sets of tests were performed at two different (medium
range) rates of cooling water flow corresponding
approximately to 11.5 1/min and 19.1 l/min respectively.
The data taken under these conditions are 1listed in
Appendix C Table C.2. Under all conditions. (high, medium
and low steam extraction rates), the rate of inlet water
flows covered was dependent on the inlet water subcooling
and the steam extraction rate, with  the maximum values

covered varying between 4 l/min and 21.9 l/min.

Carrying out steam-water tests with small steam
flows passing to the test tube was quite difficult because
of the indirect measurement method required for the steam
flowrate through the liquid extractor. However, care was
taken to ensure that the liquid - film  thickness
measurements were made with the steam flowrate well  below
the flooding point values. Liquid film thickness data
were collected in a similar way to that for the  air-water
tests, for all of the 8 .inlet subcoolings. Specimen mean
film thickness measurements obtained from both the upper
and lower probes for an inlet water subcooling of 10 K are
shown plotted as a function of inlet water.flowrate in
Figure 7.7. Liquid film measurement data at other
subcoolings, and. the effect of liquid viscosity due to

film temperature variation, are presented in Chapter 9.

1F

Tube Wall Temperature measurements were made at 11
locations and these are 1listed in Appendix C, Table C.3.

Typical measured tube wall temperature distributions are
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shown in Fiqures 7.8 and 7.9 for two different cases in
which the inlet water flowrate was kept constant and the

steam flowrate varied up to the onset of flooding.

In steam-water tests pressure drop data were taken
at both low and high steam extraction rates, Figure 7.10
shows measured pressure drop data plotted as a function of
steam flowrate at a constant water injection rate. The
presence of "negative" pressure drop can be seen and this

will be discussed in detail later in Chapter 9.

7.4 Steam-Water Flooding Data

' The main difficulty in processing the steam-water
data was due to the indirect measurements of the
extraction steam f;owratg since thgse required a knowledge
of the liquid film mean temperature and 6nly £he'tﬁbe waii

temperatures was measured.

Steam-water flooding data' taken a;e listed in
Appendix C, Tables C.4 and C.5~ for high and low steam
extraction rates respectively. :Cérrespoﬁding test tubé
wall temperatures at the flooding points} forrlow steaﬁ
extraction rate tests are listed invAppendi;‘C,\Tabie c.6.
Figures 7.11 and 7.12‘ show the measured wall temperature
distribution along the test section at the flooding points
for two different subcoolings and several 1inlet water

flowrates, taken at low steam extraction rates. The
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calculated- steam flow as outlined in Chapter 4 was
obtained from

v o MeCh (Te = Tein! (7.4)
sc y
hfg * Cp (Tsar~T¢)

Mcwcpl(Tcz—Tcl) ~ MeCprp(Te=Tp)

Moy =
SL (7.5)
hfg+cp3 (Tgat~Tp)
Mgp = Mgsup ~ Msi (7.6)
and
Mgp = Mss ~ Msc (7.7)

The water outlet temperature was calculated making
use of the 1liquid film temperature analysis detailed in
Section 6.2.

In the steam-water flooding, the data are often
correlated using the Wallis dimensionless parameters with
the .steam” flowrate being considered either as that
corresponding to the water outlet section (bottom of test
section);'or to that at the water inlet section (top of
test section). All of the steam-water flooding data were
processed on this basis and the results of the low
extraction.data are listed in Appendix C, Table C.7.
Typical flooding characteristics for low steam extraction
rates are shown in Figures 7.13 and 7.14 for two different

subcoolings.
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FLOW VISUALISATION RESULTS

The endoscopy~and the video camera systems, in
conjunction with the test facility modifications described
in Chapter 5, were used to view the liquid film flow at
different locations within the test section and also to
view the developing process leading up to the £flooding
situation. This was considered for both modes, 1i.e.
air-water and steam-water. . The viewing results obtained
from the endoscope system are described in section 8.1,

and those from the video camera system in section 8.2.

-

8.1 Endoscope System

As mentioned: previously, two types ‘of endoscope
devices were employed to view “the flow -inside ‘the test
section. ‘These were the‘'radial viewing endoscope and the
forward viewing endoscope. The radial viewing endoscope
was inserted into the test section in two ways, vertically
from the top of the test tube (air/steam offtake - system),
and horizontally ‘from the 'bottom of the test tube
(settling length tube). During' the lead-up‘process to
the flooding situation in both air-water and steam-water

tests, and when using the first method of inserting the
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radial viewing endoscope, four locations within the test

section were chosen to be viewed. These were:

a) Liquid injector
b) Upper probe mount
c) Lower probe mount

" d)” Liquid extractor

In these cases, the radial viewing endoscope was useful in

establishing that

(i) the water was injected smoothly into the test

section to form a continuous film

(ii) the probe mount did not interfere with the liquid
o filmc

(iii) the liquid film was extracted smoothly, with most of
the water passing through the upper section of the
extractor porous sinter while the extracted air or

steam:passed through the lower section.

N I
Sy

syUnfortunately, when using the radial viewing
endoscope to observe the £flooding process it provided ‘no
qualitative or quantitative information on the flooding
situation, mainly because flooding developed very quickly
and the "viewing area covered by the ~endoscope as very

localised. - -Thus the developing process of flooding which
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covered a much bigger area was incompletely viewed, 1i.e.
the sequence of events leading up to flooding was missing.
Furthermore the 1lens of the endoscope.: was frequently

covered by liquid droplets, making observation difficult.

The second method was carried out in an attempt to
overcome the disadvantage of the first . method although
there was some concern that.the endoscope might interfere
with the introduction of the air/steam flow into the test
section. In this method, the radial viewing . endoscope
was inserted horizontally through a side tube connected to
the settling length tube so that the wviewing lens was
looking upward. A reasonable image was obtained for the
whole length of the test section, but it was not possible
to focus:.on. a . certain position. . :In this case  the
endoscope was useful to observe the wave motions and their
growth along the test section, At . zero . air/steam
flowrate, it  was. clearly seen that the water was  injected
smoothly and as it moved downwards in a continuous film,
ripples of .small amplitude . appeared on the film surface,
mainly at the bottom section of the test tube. These
waves grew larger as the air/steam flowrate increased and
at moderate air/steam flowrates (0.4-0.6 kg/min), it was
observed that (generally) there was only one large wave
present which travelled down the tube as a complete ring..
The amplitude of the. single . waves increased as -the.
air/steam flowrate was increased. . - Before the - flooding

point was reached, the view inside the test section became
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indistinct, mainly because the endoscope lens was covered
with 1liquid droplets, “"and therefore no qualitative
information was obtained near or at ‘the flooding
situation. When the flow inside the test section was
observed by the naked eye through the endoscope, the
quality was much better than that obtained on the video
recordings probably - because of inadequate illumination.
Figure 8.1 shows a sequence of prints taken at intervals
of 1/25 s from the monitor screen for' a steam-water test.
The water flowrate was 4 1l/min, the inlet subcooling was
10 K and the steam’ flowréte was moderate (approximately
0.5 kg/min). The motion of the disturbance waves down
the tube is indicated byafrows in the sequence."

The forward viewing endoscope was inserted inside
the test tube through the arrangement made at the
air/steam off-take system.” “Initially,” the viewing ~"lens
of the endoscope was located just above the 1liquid
injector, so that’ it would not affect the events taking
place inside the test section. Also, by making ‘use’ of
the zoom facility* attached to this endoscope it was
possible to focus at different axial locations within the
test section. A reasonable image for the: flow was
obtained and “all -the observations made by ‘the radial
viewing endoscope at zero or low air/steam flowrates were
thus confirmed. As the air/steam flowrate was '"gradually
increased, liquid droplet entrainment also increased and

impinged on the viewing lens of the endoscope but since
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the lens was ‘located at the test tube centre line, the
high speed of the air/steam cleared - the water droplets
from the 1lens face. - During the lead-up process to
flooding; it was observed that the waves on the water film
surface grew larger, mainly at the lower end of the test
section, as the air flowrate was incrementally increased,
and the. £ilm surface became chaotic near the: flooding
situation. * In. the course of time, a point was reached at
which large ‘amplitude waves were observed to have formed
on the film - surface at or near the flow removal sinter,
and were:carried by the air/steam phase. The onset of
flooding-was achieved when one of these waves passed the
water inlet section. - This observation indicated that the
flow reversal ‘process started at or near the flow removal

sinter.

It was also observed that the time required for the
flooding process to: develop was 1less in the steam-water
tests than in the air-water tests. Also, the flooding
process ‘'required more time -  to' develop  at ' low water
flowrates than with high water flowrates. Similar
observations were obtained when the axial location 'of the
viewing lens of the endoscope was moved  along the ' test
section. - When the forward viewing:endoscope was used, it
was ‘not possible to-observe the ' single wave on the  film
surface which could be clearly seen -using the -radial

endoscope. - = IR L .
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Unfortunately, it was only possible to view the
events °“clearly inside the test section through the
endoscope-by looking at ‘it with the -naked eye. The
recordings obtained for these events, using a black and
white video camera, - were of poor - quality and not
informative. - *This was mainly due to'inadequate 1lighting
and some optical problems which arose between the
endoscope zoom and the video camera. The company which
supplied:the endoscope and the video camera was not able
to solve any of these-optical problems,:nor was the Audio
visual Department- in: the ‘University. ‘However, - the
endoscope = viewing technique -will' . require further
development ‘and ‘is expected to perform ‘much:better in a
transparent test section since the illumination problem

would be solved.

8.2 Video Camera System ™~

The colour:video camera was fixed.at the top of the
test tube and ‘the- camera lens was located as near as
possible to the viewing window. A good image was
obtained for "‘the whole 'length ofr the test section-as -it
was found, mainly in the steam/water tests, -“that by
tilting the video camera by a few degrees (less than 10)
the image could- be improved. ~ ‘This-was'due to avoiding
the direct ”1ighF -from the illumination system at the

settling length which was facing the video camera lens.
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The observations of the events which took place

inside the test section were obtained in three ways.

(1) In situ viewing of the flow which was obtained by
the camera output being instantaneously shown on a

monitor screen.

(ii) The events were recorded on a video tape and frame
by frame analysis .. carried out later. A selected
sequence of frames has been photographically
reproduced. Each plate shows the time in minutes,
~seconds and 1/100 seconds;: the time between each
frame was 1/25-second.

(iii) The colour video camera was removed and the events
inside -the test section viewed. by the naked eye

through the viewing window system.
Before presenting the .video camera -results it

should-be noted that:- “ e

(1) In the description of the photographic frames four

categories of air or steam flowrate were used:

(a). Low air/steam flowrate: less than 0.2 kg/min
(b) Moderate air/steam flowrate : in the range of

0.4-0.7 kg/min
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(c) Before flooding air/steam flowrate: 1in the

range of 0.1 kg/min before the flooding
flowrate

(d) Flooding air/steam flowrate: at the start of

flooding

(ii) The best "method of observing the counter-current
flow situation and the flooding process was by the
naked eye ‘directly on the test tube. When the
process was ‘recorded on a video tape there was some
loss of qualitative information and' even more was
lost when the plate was photographed from the
monitor screen. Thus the description. below is
compiled from the photographic information

supplemented by the naked eye data.

(iii) The length of ~test tube was 1 m, but because of
optical effects, the movement of disturbances at the
bottom of test tube appeared small (1 or 2 mm) on
the photographs ' “of successive’ frames which
represented an actual movement of 10-20 cm in® the

test gube.

The results obtained from the air-water tests are
described:in Section 8.2.1 and the results from the steam

water tests in Section 8.2.2.
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8.2.1 Air-wWater System

A good image was obtained of the whole test
section. The video camera lens: was focussed at two
different locations (a) the bottom of the test section,
and (b) the middle of the test -section. Fig. 8.2 shows
two plates for the test section with no flow at each of
the two focussing positions used. This figure also
indicates the position of the 1liquid injector, test
section, extractor- and the glass ‘tube used for
illumination. Three different inlet water flowrates were
used in the tests viewed, 4 l/min, 10 l/min and-16 1l/min,
with the air flowrate being varied incrementally up to the
flooding point. - 1In general, the image obtained for the
water flowrate at 4 1/min was better than that at 10 l/min
and both were better  than that at 16 ‘1/min since the
thicker layers of water film reflected less light and thus
looked darker. This can be- seen in Figure 8.3 .which
shows two plates of the water film at each of the -three
water flowrates respectively. The two places illustrate
the two focusing methods employed. - The observations
obtained from each of the three water flowrates which were

viewed are presented separately:

(i) In air-water tests using a low water flowrate of 4
1/min, it could be clearly seen that the water was
injected smoothly and continuously. - -The film surface at

the top part ‘of the test section was very smooth. As the
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film moved downward, small ripple waves appeared and the
film surface looked particularly wavy near the lower end
of the test section. The waves on the film surface were
relatively slow moving. As a low flowrate of air was
jntroduced to the test section the amplitude of the waves
slightly increased. These small waves can be seen in
plates 1- ' 6 on Figure 8.4a, which shows a sequence of
movements at intervals of 1/25 s, these prints being
produced from the video tape. ° In those sequence of
plates the waves were small enough so that the top part of
settling length of tube (just below the extractor) can be
seen as the very dark area (near the arrows). On
increasing the air flowrate incrementally, the film
surface became more disturbed mainly at the bottom of the
test‘seétion. This can be seen on plates 7 - 12 on
Figure 8.4a. "In this sequence of plates, the vertical
arrows still 'refer to the ‘position of the extractor
sinter;. it can be seen that the amplitude of the waves at
that position was high enough to cover the dark area of
the settling length tube; the horizontal - arrows show the
existence of smaller waves at the top half of the tube.
Further increases in the air flowrate had the effect of
increasing the amplitude of the disturbance waves and the
film surface  became very chaotic near the flooding
situation, particularly at the 1lower end of the test
section. when the air flowrate reached the critical
point, it was noted that the developing process leading up
to the - flooding situation took a relatively long time.
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It began with the appearance of highly disturbed waves on
the water film at or near the flow removal ‘sinter. These
disturbed waves propagated slowly and spasmodically up the
tube and when it was thought that they may develop and
cause the flooding, they smoothly died out and disappeared
into the falling film flow. * At the same time other
disturbed waves ~of high amplitude at or 'near the flow
removal sinter started to propagate up ‘the tube. This
oscillation was repeated many times and it could run for
several minutes before one’ of these waves eventually moved
and propagated very quickly upwards past the water inlet
section, signalling the onset of flooding. Most of the
time this sequence took place without any ‘increase in the
air flowrate. on other occasions, the upward propagation
of the disturbed waves could - not reach the water inlet
sinter, even after "being left for a 'substantial time.
Consequently flooding "occurred with a relatively small
increase in the air flowrate. Flooding was found ‘to ' be
sensitive to small increases 'in the air flowrate, so care
had to be taken not to overshoot the 'flooding air
flowrate. ~~When flooding took place, the falling film was
observed to become heavily disturbed'and” part of the
liquid began to flow upwards. Meanwhile the amplitude of
the waves near the lower end of the test section became
very large so that they ‘started to block the test section.
In this situation the light inside the test tube sharply
decreased, ‘as the test section was illuminated by a system

installed below it, and accordingly viewing became
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difficult. Figure 8.4b shows a selection of plates
demonstrating the situation just before flooding, for an
inlet water flowrate of 4 1l/min. In this fiqure, the
difference in the amplitude of waves can be seen, if for
example, plate 1 is compared with plate 12, The
disturbance size at the extractor sinter in plate 1, the
vertical .arrow, was smaller than the size of the
disturbance in plate 12. Furthermore, the colour of the
disturbances in plate 1 was milky while those in plate 12
were very dark. The horizontal arrows again indicate
much smaller waves at the top half of the test tube.
Figure 8.4c shows the same situation at the critical
point.  This clearly shows that the time needed for the
flooding process to develop is relatively large (about 10
sec-.shown in the frame). In this fiqure, plates 1, 2 and
3 show . relatively small disturbances at the extractor
sinter. (the vertical arrows) and plates 4, 5 and 6 show
that . the disturbances have increased. While the
disturbances almost blocked the bottom of the tube causing
it to.become very dark, in plates 7, 8 and 9 and more
light passed through to the test tube as the disturbances
decreased. - In plates 10, 11 and 12, the disturbances at
the bottom of the test tube increased again and started
blocking. the tube. In Figure 8.4c the video camera has
managed-to.pick some smaller disturbances at the top half
of . the tube. (horizontal arrows) which appeared as milky
lines. - Figures.8.5a, 8.5b and 8.5c contain a series of

plates showing the sequence of events 1leading up to the
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flooding situation, for the same water flowrate (4 1l/min),
but at a focussing 1location positioned at" the middle

section of the test tube.

(ii) When experiments were carried out with an inlet water
flowrate of 10 l/min (a medium flow rate), the water film
appeared on the monitor screen to be slightly darker -at
the bottom of the test section, - although it could be
clearly seen by the naked eye through the viewing window.
Plates 1, 2 and 3 on Figure 8.6a show the waves at the
film surface for low air flowrates while plates‘4, 5 and 6
show the situation at a moderate air flowrate and for the
same water flowrate. ‘Plates 7-12 in Figure 8.6a show a
sequence of events leading to flooding. In this figure,
it can be seen that as the air flowrate is increased, the
f£ilm surface becomes darker as the surface gets rougher.
The waves on the film surface were clearly seen along the
tube as milky lines (horizontal -arrows), while they
appears 'as milky " areas at the bottom - of the tube as the
amplitude of the waves was: higher  (vertical arrows).
Figure 8.6b contains 12 plates 'with a time difference
between each of 1/25's, illustrating the events at the

flooding situation.

- Examination of this figure, and other recordings
involving a water inlet flowrate of 10 1/min, indicated
that, if the air flowrate was increased to the critical

point, the developing process leading up to the flooding
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situation took a relatively shorter time. A comparison
between the events shown by the plates in Fiqure 8.4c and
Figure 8.6b indicate that flooding is a very quick
process, but the time required for it-to develop decreased
substantially as the inlet water flowrate increased from

4 1/min to 10 1l/min (about 10 times faster in the low
flowrate). In- both -cases the flooding process was
observed to start at the same place, which was at or - near
the flow removal:sinter. Another sequence of events for
air-water tests with an inlet water flowrate of 10 1l/min
is shown in Figures 8.7a and 8.7b where .the viewing of the
air-water interface was taken at a focussing 1location
positioned at the middle of the test tube.

(iii) In air-water tests involving an -‘inlet water
flowrate of 16 1l/min, which was regarded as-a relatively
high rate of flow, the film appeared darker-at the bottom
section of the test tube. The waves on the film could
hardly be distinguished on the monitor screen, though it
could be seen by the naked eye. . In these tests, the
results concerning the location at'which the flooding was
started and the speed at which the flooding process was
developed were similar. to those described in " previous
tests with a water inlet flowrate:-of 10 1l/min with two
variations. These were (a) the film surface was more
agitated and its reaction to the increase of the air
flowrate was more violent and (b) the time required for

the flooding process to be developed was slightly shorter.
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Figure 8.8a shows a selection of prints taken for an
air-water test with an inlet water flowrate of 16 1l/min
and various air flowrates up to the flooding point.
Figure 8.8b shows a sequence of prints for the same test
at the flooding point. Figures 8.9a and 8.9b show
another ‘sequence’of events for the same inlet flowrates
where the air-water interface before, and during, the
flooding process are viewed at a focussing location
positioned at the middle section of the test tube.

During all air-water tests, it was observed that
most of the water droplets were entrained from disturbance
waves at the bottom of the test section where the wave
amplitudes were higher. It was also noted that when the
air'flo;rate reached the critical value and flooding was
about to take place, the amount of water droplets being
entrained increased substantially. As the inlet water
flowrate was increased the size of the water droplets also
increased. The difference between the time required for
the flooding process to be developed in air-water tests
with an inlet water flowrate of 4 l/min and that with an
inlet water flowrate of 10 1l/min was substantial. There
was very ‘little difference in the time required in the
tests carried out with an inlet water flowrate of 10 l/min

and 16 1l/min.
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8.2.2 Steam Water System

Flow visualisation under steam-water conditions was
a much more difficult process ‘than that under air-water
conditions, since the presence of steam and the
condensation effects made the situation more complicated.
Therefore the viewing image obtained for the events inside
the test section, as expected, was not as clear as that
obtained in the air-water tests but was still a reasonable
image. The viewing procedure was carried out for the
same three inlet water flowrates; 4, 10 and 16 l/min, with
the steam-flowrate being‘incrementally varied up to the
flooding point. .For the first two flowrates, subcoolings
were varied between 10K - and 80K in increments of 10K,
while for the largest flowrate it was only possible to
obtain views up to 50K. The manoceuvering of the video
camera lens on the viewing window was -less flexible under
steam-water conditions; therefore: it was decided to
concentrate the focussing-location-at one position i.e. at

the bottom section of the test tube.. o

viewing experiments involving- the low.inlet water
flowrate of 4 l/min produced a good -image when the water
subcooling was ‘low. As the inlet water subcooling was
increased, the quality of the image consequently decreased
slightly.- -At low inlet water subcoolings-and low steam
flowrates, small disturbance waves were -observed on the

£ilm surface, particularly at the lower- end of the test
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section. ~ On increasing the steam flow incrementally,
these disturbance waves grew and the film surface became
very agitated as the flooding situation was approached.
The disturbance waves and their growth in the process
leading 'up to "flooding under steam-water conditions
similar to that under air-water conditions. The main
difference between the two situations was that with 1low
inlet water subcoolings, the film surface was observed to
be fractionally rougher when steam was used. This f£film
surface roughness increased as the inlet water subcooling
increased and -the difference was more noticeable with high
subcoolings. When the steam flowrate reached the
critical point, ‘as in the air-water tests, the developing
process leading up to the flooding situation was observed
to start with the appearance of highly disturbed waves at
the lower end of the test section, mainly at or near the
extraction sinter. =~ In the early stages, sequences of
these disturbed waves were observed to be propagated wup
the test section, before they lost their momentum and
disappeared into the falling film flow. In the course of
time, the film'surface became very agitated mainly at or
near the extraction sinter and when one of these disturbed
waves moves upwards passing the inlet water sinter, this
marked the start of the flooding process. On somne
occasions the final upward propagation of the disturbed
waves towards the inlet water sinter required only a very
small increase in the steam flowrate. At low inlet water

flowrates, the'developing process leading up to £flooding
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took less time than that required for a similar situation
under air-water conditions. This time decreased as the
inlet water subcooling was increased. Figures 8.10a and
8.10b show a selection of prints taken from a sequence of
steam-water tests at a water inlet flowrate of 4 1/min and
various steam flowrates wup to the critical point. The
inelt water subcooling was 30K. Again the vertical
arrows refer to the disturbances at the extractor sinter
while the horizontal arrows refer to the smaller
disturbances existing along the test tube. Figures
8.11a and 8.1lb show another . selection of prints
demonstrating a similar situation with an inlet water

subcooling of 80K.

The.disturbed waves and their upwards movement in
the developing process leading .up to flooding could be
clearly seen in some of the steam-water tests, probably
because the film surface was rougher than when air and
water was used. The video camera was.able to pick up and
record some of the movement of the disturbed waves just
before flooding, as is demonstrated in Figures 8.12, 8.13
and 8.14, which show sequences of prints for three
different inlet water subcooling, 20K, 30K and 70K
respectively. The disturbed waves could be clearly seen
as milky areas at the bottom of the test section.
Disturbances moving  up. the tube appeared on the
photographs with sharper front edges, in .contrast with

disturbanceé‘moving downwards which appear to have less
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sharp fronts. However the upward disturbances movement
can be followed by the arrows shown on the plates. For
example plates 4 and 5 in Figure 8.12 ‘indicate a
disturbance movement of about 2 to 3 mm which corresponds
to about 20-30 cm along the film surface of the test
section. The arrow in plate 3 points to a clear
disturbance which dies out in plate 4, after a movement of
about 1 mm (about 10 cm). Similar conclusions can be
obtained when the arrows pointing to the disturbances 1in
plates 1 and 2 in Figure 8.13 are followed. " However this
wave motion could be better followed on a monitor screen
and even better when it is observed directly by the naked

eye in the test tube.

Increasing the inlet water flowrate to 10 1/min had
the effect of increasing the film surface roughness which
also increased as the inlet water subcooling ‘increased.
At the same time the image of the flow shown on the
monitor screen was slightly less distinct particularly at
high inlet water subcooling. The disturbance waves on
the film surface could be clearly éeen up to the critical
condition. At the critical condition, the upward
propagated disturbance waves were not able to be
distinguished on the monitor screen, but = they could be
clearly seen by the naked eye through the viewing window~.
Similarly to the air-water conditions, the ‘flooding
process was manifested by the appearance of the

disturbance waves at or near the extraction sinter.
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Figures 8.15a and 8.15b show a sequence of prints
for steam-water tests with inlet water subcooling of 10K
and a flowrate of 10 l/min. The prints 6-12, Figure
8.15b represent the situation at the critical point.
These show that flooding developed faster under these
conditions than in the air-water tests shown in Figure
8.10b. - similar results are demonstrated by Figures
8.16a, 8.16b and 8.16c which show a selection of prints
taken for a steam-water test with an inlet water flowrate
of 10 1/min and subcooling of 60K, with increasing steam

flowrates up to flooding.

‘Increasing the inlet water flowrate to 16 1l/min had
the effect of ‘increasing the roughness of the water £ilm
which also increased as the inlet water subcooling was
increased from 10K to 50K. The viewing image obtained
was of poor quality but the disturbance waves on the film
surface could still be seen. Again it was observed that
the flooding process started to develop at the lower end
of the test tube and the time required for this process to
develop was slightly less than in the test using an inlet
water flowrate-of 10 l/min. The events just before, and
at flooding, for an inlet water flowrate of 16 l/min and
subcopling of 10K are shown in Figures 8.17a and 8.17b.
Figures 8.18a and 8.18b show a similar situation with

inlet water subcooling of 50K.
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8.3 Simulation of Top Flooding

The flooding process, in all of the tests being
viewed, under both air-water and steam-water conditions,
was seen to start at the lower end of the test section, at
or near the extraction sinter. In order to compare the
difference between flooding taking'place at the top of the
test section and, as happened in the tests, at the bottom
of the test section, flooding was simulated to take place
at the inlet flow sinter and a series 'of photographs
taken. The simulation was carried out by replacing the
seal, which was lodged between the porous tube and the
lower flange of the water injector, with another seal of
slightly smaller internal diameter. This meant that
about 1/2 mm of the seal projected into -the flow. A
series of tests using both air and steam with water were
carried out. Figure 8.19 shows 'a sequence of 6 prints
for a steam-water test with an inlet water flowrate of 4
1/min and subcooling of " 10K. The first two prints
illustrate the beginning of the flooding process while the
other four prints illustrate the development of the
flooding process to block the top section of the test
tube. "It can be clearly seen, from these prints, that
the flow in the test section was not disturbed, and the
light inside the test section was not blocked, as was
found when flooding started at the lower end of the test

section.
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8.4 Summary

Two systems were used to visualize the
counter-current two-phase flow inside the test tube; the
endoscope and the video camera systems. The recordings
obtained from the endoscope system were of poor quality
and the observations had to be made by the naked eye.
However, using both systems, it was observed that (i) The
wave amplitude increased as it moved down the tube and
also increased with the air/steam flowrate (ii) Flooding
always started at or near the flow removal sinter and
(iii) The flooding process began with the appearance of
highly disturbed waves on the liquid film at or near the
flow removal sinter. These waves were continuously
propagated slowly and spasmodically up the tube, before
smoothly dying out and disappearing into the falling film
flow. These oscillations were repeated several times
before one of the waves eventually propagated very quickly
upwards past the water inlet section, signalling the onset

of flooding.

Although the flooding process is a very fast
process, the time required for it to develop decreased as

the inlet water flowrate (and subcooling) increased.



Figure 8.1 Sequence of Events observed through
Endoscope showing Liquid Film Behaviour

Steam—-Water Test, Inlet Water Flowrate : 4 |/min

Inlet Water Subcooling : 10K
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Figure 8.2 Test Section Focused at Different
Locations with No Flow Present
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a) Inlet Water Flowrate : 4 |/min

Bottom Focusing Middle Focusing

b) Inlet Water Flowrate : 10 I/min

Bottom Focusing Middle Focusing

c) Inlet Water Flowrate : 18 |/min

Bottom Focusing

Middle Focusing

Figure 8.3 Test Section with Various Water
Flowrates and Very Low Air Flowrate



Figure 8.4a Sequence of Events Showing Liquid
Film Behaviour at Low and Moderate Air Flowrate

Air - Water Test Water Flowrate : 4 |/min



Figure 8.4b Sequence of Events Showing Liquid

Film Behaviour Before Flooding
Air - Water Test Water Flowrate : 4 |/min
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Figure 8.4c Sequence of Events Showing Liquid

Film Behaviour at Flooding
Air - Water Test Water Flowrate : 4 |/min



Figure 8.5a Sequence of Events Showing Liquid
Film Behaviour at Low and High Air Flowrate

Air - Water Test Wwater Flowrate : 4 |/min



Figure 8.5b Sequence of Events Showing Liquid
Film Behaviour Before Flooding
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Figure 8.5¢c Sequence of Events Showing Liquid
Film Behaviour at Flooding

Air - Water Test Inlet Water Flowrate : 4 |/min
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Figure 8.6a Sequence of Events Showing Liquid Film
Behaviour at Low, Moderate and High Air Flowrate

Air - Water Test Water Flowrate:10 I/min
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1

Figure 8.6b Sequence of Events Showing
Liquid Film Behaviour Before and at Flooding
Air - Water Test Water Flowrate: 10 |/min
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Figure 8.7a Sequence of Events Showing
Liquid Film Behaviour Before Flooding

Air - Water Test Water Flowrate: 10 I/min



262

Figure 8.7b Sequence of Events Showing
Liquid Film Behaviour Before and at Flooding

Air - Water Test Water Flowrate: 10 I/min



Figure 8.8a Sequence of Events Showing
Liquid Film Behaviour Before Flooding

Air - Water Test Water Flowrate: 16 |/min
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Figure 8.8b Sequence of Events Showing
Liquid Film Behaviour Before and at Flooding

Air - Water Test Water Flowrate: 16 |/min



10

Figure 8.9a Sequence of Events Showing
Liquid Film Behaviour Before Flooding

Air - Water Test Water Flowrate: 16 |/min
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Figure 8.9b Sequence of Events Showing
Liquid Film Behaviour Before and at Flooding

Air - Water Test Water Flowrate: 16 I/min
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Figure 8.10a Sequence of Events Showing Liquid
Film Behaviour at Moderate and High Steam Flowrate

Inlet Water Flowrate : 4 |/min Inlet Water Subcooling : 30K
Steam - Water Test
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Figure 8.10b Sequence of Events Showing
Liquid Film Behaviour at Flooding

Steam — Water Test Inlet Water Flowrate:4 |/min Inlet Water Subcooling:30K
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Figure 8.11a Sequence of Events Showing Liquid
Film Behaviour at Moderate and High Steam Flowrate

Steam - Water Test inlet Water Flowrate:4 I/min Inlet Water Subcooling:80K
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Figure 8.11b Sequence of Events Showing
Liquid Film Behaviour at Flooding

Steam — Water Test  Inlet Water Flowrate:4 I/min Inlet Water Subcooling:80K
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Figure 8.12 Wave Motion Before Flooding

Steam - Water Test  Inlet Water Flowrate:4 I/min  Inlet Water Subcooling: 20K
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Figure 8.13 Wave Motion Before Flooding

Steam - Water Test inlet Water Flowrate:4 I/ min Inlet Water Subcooling:30K
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Figure 8.14 Wave Motion Before Flooding

Steam - Water Test Inlet Water Flowrate:4 I/min Inlet Water Subcooling:70K
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Figure 8.15a Sequence of Events Showing Liquid
Film Behaviour at Moderate and High Steam Flowrate

Steam - Water Test inlet Water Flowrate:10 I/min Inlet Water Subcooling: 10K



Figure 8.15b Sequence of Events Showing
Liquid Film Behaviour Before and at Flooding

Steam - Water Test Inlet Water Flowrate:10 I/min Inlet Water Subcooling: 10K
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Figure 8.16a Sequence of Events Showing
Liquid Film Behaviour Before Flooding

Steam - Water Test Inlet Water Flowrate: 10 I/min Inlet Water Subcooling:60K



Figure 8.16b Sequence of Events Showing
Liquid Film Behaviour Before Flooding

Steam - Water Test Inlet Water Flowrate: 10 I/min Inlet Water Subcooling:60K
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Figure 8.16c Sequence of Events Showing
Liquid Film Behaviour Before and at Flooding

Steam — Water Test inlet Water Flowrate:10 I/min Inlet Water Subcooling:60K
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Figure 8.17a Sequence of Events Showing
Liquid Film Behaviour Before Flooding

Steam - Water Test Inlet Water Flowrate: 16 I/min Inlet Water Subcooling:10K
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Figure 8.17b Sequence of Events Showing

Liquid Film Behaviour Before and at Flooding
Steam - Water Test Inlet Water Flowrate:16 I/min Inlet Water Subcooling: 10K
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10 11

Figure 8.18a Sequence of Events Showing
Liquid Film Behaviour Before Flooding

Steam - Water Test Inlet Water Flowrate:16 I/min Inlet Water Subcooling:50K
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Figure 8.18b Sequence of Events Showing
Liquid Film Behaviour Before and at Flooding

Steam - Water Test Inlet Water Flowrate: 16 I/min Inlet Water Subcooling:50K
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Figure 8.19 Simulated Top Flooding

Steam - Water Test Inlet Water Flowrate:4 I/min Inlet Water Subcooling: 10K
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ANALYSIS AND DISCUSSION OF RESULTS
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: CHAPTER 9

ANALYSIS AND DISCUSSION -OF RESULTS

- The experimental results presented in Chapter 7 and
the. investigations into the-: effect of. air or steam
extraction rate on the-onset of flooding, are discussed
and analysed in this Chapter. The experimental work - is
also related to the theoretical analysis of liquid f£film

thickness and temperature and to the flooding model.

Before discussing the present results, ‘it should be
pointed out that -this work. represents a continuation of
previoué research carried out at Strathclyde University.
some of the analysis-: is based on findings previously
discussed and analysed, and where no contradiction arose
there was no reason to repeat them. - Those findings
(which required validation ) were tested and compared with
the present data.  Two of the findings adopted and used

here are as follows.

a) ° The ranges of laminar, transient or turbulent £flow

suggested by D.McNeil (1986) were:
i) The departure from laminar flow occurred at Re>860

ii) The onset of turbulent flow occﬁrred a£'§e>1156
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iii) Transition flow occurred at 860<Re<1156.

These findings are accepted and adopted _in the present
analysis‘since the above results were based on liquid film
thickness measurements, which were repeated with very good
agreement, Figure 9.1. Therefore, if the previous "data
gave an indication of the limits of laminar, transient,
turbulent flow, then the present data should verify them.
b) The liquid film thickness model presented in Chapter
6, was a one dimensional, two-phase, counter-current
flow analysis which predicted 1liquid film thickness
along the test tube only. However the two
-dimensional, single phase  analysis by McNeil for the
-porous injector tube is ‘used to predict the liquid
film thickness variation® in that part of the test
section. ~ That ~is, the previous analysis is used as
« the first stage of the present analysis to predict
liquid film thickness at the bottom edge of the porous
injector-which is then wused as‘the initial value' for
the integration of the liquid film thickness along the

‘test ‘tube. The formulae and equations used are

ast 28t 5  5g*3
(i) (—) - + - ) (9.1)
dz+ LAM zt 2Rez+ 6Frfzz+2

For Rez' <860, i.e. laminar flow’

For Rez

- gst 287 -0.1082 - o0.958*%
gzt TURB o+ (Rez+)0‘449 (Frfz+)2’ A :
+ 51156, i.e. turbulent flow
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ast 1156-Rez’ ast Rezt-866 ds*
(iii) (—) = ( ) + ( )
qz* TRAN 296 gzt LAM 296 dzt TURB

(9.3)
For 860<Rez+<1156 i.e. transient flow

where z is the distance from the top of the porous sinter
with the boundary conditions

so = 1,342 Fr z, . ;- . {(9.4)
and

- + - . Coew
Zq 0.01 . (9.5)

where 8 % is the initial value of the-liquid film
thickness at the top of the porous-sinter and z; is some
small distance down the porous wall (any value less than
0.01 was found to have no effect on the eventual numerical

solution).

Discussions on the effect of air and - steam
extraction rates -are presented in.Sections 9.1 and 9.2
respectively.  The deduction-of compatible -air-water and
steam-water- flooding characteristics are presented in
Section 9.3 Pressure drop results for both air-water and
steam-water systems' are discussed in Section 9.4 - The
visualisation technique results are discussed in Section
9.5.  The theoretical analysis, presented in Chapter 6,
on the 1liquid €£ilm thickness -and temperature, and the
flooding model are discussed in Sections 9.6, 9.7 and 9.8

respectively, and finally comparison with some of the
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other work in the literature is presented and discussed in

Section 9.9. -

9.1 Effect of Air Extraction Rate on Air-water Data

Air-water tests were- -first performed on the test
facility in such a way that care was taken-to ensure that
the minimum -possible air flow was removed ' with the
extracted water flow, and also that all the water flow was
extracted through-the porous sinter. .These tests were
carried out with the air - flow being increased in small
steps from very low rate (in which the 1liquid film was
considered as a free falling £ilm), wuntil the flooding
condition was achieved. In order to determine the effect
of the air extraction rate on the onset of flooding,
another set of tests, where only the flooding data were
collected, were performed such that the highest possible
extraction flowrate  of -air  passed through the  porous
sinter with the extracted water flow. The air extraction
rates, for both sets of data at the flooding sitution, are
shown plotted in Figure 9.2. It can be seen that the
difference between the two extraction rates is not as high
as desired ‘to show the clearest effects. . This 1is
attributed to the small type of vacuum pump |used.
However the difference is sufficient to give ‘a good
indication of the air extraction rate-effect on the onset
of flooding énd this can be seen in Fiqure 9,3, where the

two curves characterising the flooding data wunder both
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conditions are plotted in terms of Wallis dimensionless
parameters. It clearly indicates that the higher the air
extraction rate, the lower the flooding characteristic

curve and vice versa.

The effect of air extraction can be explained by
consider{ng the control volumesAshown on Fiqure 9.4. For
the same water flowrate, the~ higher air extraction rate
occupies a larger extraction area of the porous sinter
(Figure 9.4a), than that occupied at low air extraction
rates, (Figure 9.4b). Thus when the air extraction £low
occupies/a larger area of the porous sinter, it forces the
water.  flow to pass through a smaller area, resulting in a
more abrupt profile of the water flow at the porous sinter
for high extraction rates than at low extraction rates.
1t has been widely reported that a more abrupt liquid flow
profile requires less gas flow‘to initiate flooding than
that of smoother profile. The importance of the water
flow profile at the extraction porous sinter is emphasised
even more whenvit is related‘to the)findings of the visual
studies, Chapter 8, vwhich indicates that»the onset of

flooding is started at the flow removal sinter.

‘Bharathan (1979) reported that alteration of the
inlet and outlet conditions of the 1liquid film flow
produced parallel curves on a plot of jf*l/z versus ja*1/2
with the position of the intersect on the jatl(z
coordinate decreasing the more abrupt the inlet or outlet

conditions become.
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The experimental data obtained at flooding, for the
two conditions represented by Wallis type equations, are

*1/2

3,72 + 0.59 3 = 0.8 (9.6)

ja*l/z + 0.55 jf*l/z = 0.76 (9.7)
which confirm Bharathan s reports. Figure 9.3 clearly
indicates two approxlmately parallel flooding

characteristics.

9.2 Effect of Steam Extraction Rate on Steam-Water Data

Two types of steam-water tests were\performed on
the test facil1ty. | The first ensured that high steam
flows were extracted with the water through the porous
sinter. . These tests were carr1ed out with the supply
steam flowrate being 1ncreased in small increments until
the flood1ng condition occurred This was performed for
eight different subcoolings. (The subcool1ng is the
drfference between the saturation temperature and the bulk
water temperature at the liquid inlet section) In order
to determine the effect of varying the steam extraction
rate, the second set of tests were performed at low steam
extraction rate for the same elght subcoolings. Again
the steam supply £flow was 1ncreased incrementally until
the flooding situation occurred. As mentioned in Chapter

7, the steam extraction rate was controlled by varying the
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rate of cooling water through the condenser which, in
turn, controlled (by condensation), the vacuum pressure
created in the condenser. Therefore the vacuum pressure
created in those  tests ‘performed” with- high steam
extraction flow (high“cooling water flowrate) was much
higher than ~those tests ‘with low steam extraction £flow
(low cooling water flowrate). : The effects of varying the
steam extraction rate on- the -onset: of £flooding are
obtained by comparing .the two sets of flooding data, for
each subcooling shown in-Figures 9.5 and 9.6. The same
conclusions as those ’“obtained by* "varying the air
extraction rate-"can be 'observed from either of these
plots, i:e. the higher the steam extraction rate, the
lower the flooding curve characteristic and vice versa.
The difference ‘in extracted water flow profile, described
as’ rough and :smooth, implied by the high and low steam
extraction rates respectively, is' also regarded as "a
reasonable explanation’ for the effect-of’ “varying steam
extraction rate on the onset of flooding, Figure 9.4.
The corresponding steam flow rates extracted at the onset
of flooding'under both conditions are shown on Figures 9.7
and 9.8 for the two subcoolings. The two sets of data
performed under ‘high and low steam extraction rate
represent two extreme conditions. - .:Therefore -in an
attempt to obtain' a clearer ’‘picture of the effect of
varying the steam extraction rate, two:further tests were
performed. - In these tests, two middle range values of
condenser ' cooling ~‘water -flowrates: . were <used which

consequently led to two medium ‘rates’ of steam flow
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extracted with water flow. -These were carried out with
the inlet water subcoolings fixed at an average value of
10 k. Previously at this subcooling, the high extraction
rate was obtained with an average condenser cooling
flowrate of 28.9-kg/min, and the low steam extraction rate
by an average cooling water flowrate of 5.1 kg/min.
Therefore in order to obtain a consistent data, the two
medium extraction rate tests were performed with an
average condenser-cooling water-flowrate  of 11.2 kg/min
and 18.7 kg/min respectively, and consequently low-medium
and high-medium ' steam extraction rates were obtained.
The steam flowrate extracted with:water flow for all four
conditions (low, - low-medium, high-medium,- and high) are
plotted on Figure 9.9, as a function of the inlet water
flowrate, while the data marking the onset of flooding are
shown in Figure 9.10, in the form of Wallis dimensionless
parameters. ' It- can be seen that the flooding
characteristic curves are -higher as the steam extraction
rate . decreases or, generally, tests performed under
conditions of higher gas extraction rate require less gas

flow to initiate flooding. : .

It was noted that at high-inlet water flowrates,
the difference in the flooding data, taken at the same
inlet water subcooling, for both sets (low and high steam
extraction rates) tended to become less, and sometimes
even coincided with each other, Fiqure 9.10. . This arose
because, during the experimental- tests, it was not - always

possible to maintain the rate of steam extraction constant
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as it tended to decrease at ‘high inlet water flowrates and
become less affected by the rate of condenser cooling
water. The explanation for this could be that at high
water flowrates, the vacuum created inside the .condenser
was not sufficient to extract all the water and the same
level of steam. In fact in these tests, a small amount

of water was found to overshoot the extractor system.

The optimum situation is represented during the
steam-water tests, when no steam is extracted through the
porous sinter; however there were many difficulties in
attaining this condition as will be explained later in
this section. °~ Since steam water tests performed at ' low
steam extraction rates are nearer the optimum condition,
this set of data are used in the illustration and
discussion presented in this Chapter and in the- analysis
in the next Chapter.- The condenser " cooling water
flowrate (or the steam extraction rate through the porous
sinter) was found to affect the 'range of 1inlet water
flowrates that could be covered in each subcooling. The
general trend was that, for the same subcooling,” higher
inlet water flowrates could be obtained with higher' steam
extraction rates than with low steam  extraction  rates.
For example, in tests carried -out "with inlet * water
subcooling of 80 K, the ‘range of the inlet water flowrate
covered at high steam extraction rate varied up to 15.755
1/min, while at low steam extraction rate it was found to
be very difficult to perform ‘any steam-water tests with

the inlet water flowrate’ higher than 10 l/min. ‘A
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possible explanation of this effect is that, at high inlet
water flowrate and subcoolings, the water flowrate did not
reach the saturation temperature at the bottom end of the
test section; in fact in some cases the water temperature
at the extraction sinter was found to be well below the
saturation temperature even though there was substantial
steam condenstion taking place on the water film along the
test tube. However, when this high subcooled water
flowrate was forced to pass to the condenser along with
the same - steam flowrate, with a low condenser cooling
water flowrate, the energy removed by the cooling water
was small and consequently the vacuum pressure created was
small -and insufficient to extract further water and steam
through the porous sinter. Thus the water flow overshot
the extractor bringing the test to an'end. 1If the same
amount of . subcooled water passed to the condenser with
high cooling-water flowrate, the energy removed was high,
resulting in a high vacuum pressure and consequently not
only extracted all of the water flow but also more steam,
thus sustaining the -process and bringing the extraction
rates to an equilibrium-and steadyistate. - The existence
of steam with the extracted water flow was desirable to
create the necessary vacuum pressure in the condenser and
make the .performance of any steam-water .test easier.
However although tests with no steam extraction could be
performed with difficulty,- the ranges of inlet water
flowrate and subcooling, were seriously limited. This is
the reason for allowing some steam .to be extracted with

the water .in.the second set of data as it provided ' an
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acceptable steam extraction percentage and a wide range of

inlet water subcoolings of flowrates.

It should 'be noted that the maximum inlet water
flowrate used in any steam-water test was only just over
half ~the water flowrate range covered during the
corresponding air-water ‘test.  “Although” this could be
explained in terms of steam extraction rates and inlet
water subcoolings, another possible effect that 1limited
the extension of the inlet water flowrate was the small
amount of water flow that” was found to overshoot the
extraction section, at high-inlet water 'flowrates. It
should be pointed out that 100% "water extraction was
obtained in all low' and medium water flowrates, and only
at very high water flowrates was overshooting detected and
measured in the secondary 'separator. '~~~ Although this
amount of water was very small ‘and never exceeded 2% in
any steam-water recorded test, its presence was sensitive
in the steam-water system while its effect was much
smaller in the air-water system. Hence it was possible
to perform a complete air-water test up to the flooding
point, with some waterflow passing the extraction section
(no more than 5%), while it was not possible to do so in
the steam-water tests. “In “fact some steam-water tests
were performed at the inlet water subcooling of 10 K®@ with
the inlet water flowrates range extended up 'to 26 1l/min.
These data are not included 1in the experimental Tresults
since the amount of water flow passing the porous section

exceeded the acceptable limit of 2%, ~The effect of ‘this
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amount of water is very important in the steam-water test
because at very high inlet water flowrate the water film
did not reach the saturation temperature at the bottom of
the tube, therefore, if a considerable amount of water
overshot the porous section, the condensation process
shifted to the 'settling length tube disturbing the supply
steam flow and possibly initiating flooding prematurely in

the settling length.

In some experimental tests, with 1low inlet water
subcoolings - and  flowrates, the experimental wall
temperature -did not .correspond to the inlet steam
temperature "at the bottom of the test tube, because the
suction pressure at the extractor system reduced the
system pressure and hence the saturation temperature at
this location. ~ However evalaution of the effect on the
flooding data proved to- - be small in general and of
negligible effect in low steam extraction data in

particular.

9.3 Compatible Flooding Data

Since the air and steam extraction rates were found
to haver a- substantial influence on the flooding
characteristics, any ‘comparison ‘between the two modes
should be carried out with data' taken at the same
extraction rate. However, as explained previously, it

was not possible to perform air-water and steam-water
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tests at the same extraction rates. - Since the air-water
flooding data were more consistent and covered a wider
range of water flows, they were extrapolated to match
those of the steam-water. In addition the steam-water
data were taken for nine subcoolings, each covering
different ranges of inlet water flowrate. The
extrapolation of tﬁe air-water flooding data was carried

out as follows:

(i) The percentage average steam extraction rate, (the
second set of steam-water flooding-data), at an
inlet water flowrate of 4 l/min for all nine inlet

subcoolings, was 30.69%.

(ii) The air extraction rates for air-water flooding data
(first set) for the smallest and largest inlet water
flowrate, of 4 l/min and 39.6 l/min were 15.16% and
32.71% respectively.

(iii) The air extraction rates for air-water flooding data
(second set) were 20.17% and 35.37% for ‘the smallest

and largest inlet water flowrates respectively.

(iv) These rates of air extractions were extrapolated to
the steam extraction rate of 30.69%-and the air flow
rates to the test "section were obtained at the
smallest and the largest -water ' flowrates

respectively.
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(v) A line was drawn between the two points to represent
the air-water flooding characteristic at the same
average extraction rate for the steam-water flooding
data. This line was fitted into a Wallis type
correlation to give

5.71/% + 0,43 5,772 - 0.m1 (9.8)
Figure 9.11 shows the measured air-water flooding
data with the extrapolated flooding characteristics; while

Figure 9.12 shows steam-water flooding data for all nine

subcoolings with the compatible (extrapolated) air-water

flooding characteristics.

when straight lines are drawn through the flooding
data (calculated at the top of the tube), for -each
subcooling, Figure 9.13, it is seen that the slope of the
flooding characteritics becomes steeper as the subcooling

1/2

increases while the intercept on the js* axis 1is

independent of the water subcooling, and is around 0.8.
This confirms Wallis' (1961) suggestion that the
coefficient C in his correlation is geometry dependent and
also that m is a function of the physical properties of

the fluids.

It should be pointed out that, before the
visualisation technique was implemented, an attempt was
made in Dboth air-water and steam-water systems to
determine thé location of the start of the flooding (i.e.

whether it was at the top or the bottom of the test
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section). A u.v. recorder was coupled to the conductance
probes used for measurements of the liquid £ilm thickness,
in the hope that the recorder chart would determine which
probe first showed deflections at the point of flooding.
This proved difficult to determine from the chart as most
of the traces gave a rather indistinct result but, from
the few that provided a clear enough trace, it was decided

that flooding started at the bottom of the test tube.

9.4 Pressure Drop

Pressure drop effects were taken for both air-water

and steam-water systems.

9.4.1 Air-Water System:

In the air-water tests, it was found that, for
constant inlet water flowrate, the pressure drop was
rather small before flooding. | As flooding was
approached, the pressure drop increased sharply over a
narrow range of air flowrates. Pressure drop
measurements are plotted as a function of air flowrates
for various inlet water flowrates in Figure 9.14. It can
be seen that the pressure drop increases only slightly
with increase in the injected water flowrate for the
conditions of air flowrate below the flooding point and at

the onset of flooding. These pressure drop
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characteristics are in agreement and very similar to the
characteristics obtained by Bharathan et al (1978),
Ostrogorsky (1981), and Howley and Wallis (1982), in
adiabatic vertical counter-current flow. During the
experimental tests, it was noted that the sudden rise in
the pressur; drop took place just before, and increased
at, the onset of flooding. It was also observed that the
onset of flooding, accompanied by the formation of 1liquid
slugs and bridging within the tube, took place at the
point where maximum pressure drop was attained. However
any further increase in air flowrate decreased the
pressure drop, probably because the climbing liquid £ilm

formed a co-current annular flow.

9.4.2 Steam-Water System:

In the steam-water tests, it was found that, at the
start, the pressure drop fluctuated around zero and
decreased in the low steam flow region as steam £flowrate
increased. This was attributed to an increase in the
pressure due to the loss of steam phase momentum by
condensation. As the steam flowrate approached the
flooding velocity, the pressure drop became steady or
exhibited a slight increase near the flooding point
becoming strongly positive at the onset of flooding.
This was attributed to the considerable augmentation of the
interfacial friction stress and to the slug formation, as

in the air-water tests.
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The pressure drop characteristics were found to be
affected by the extracted steamrate, as the vacuum
pressure created inside the condenser influenced the
pressure drop developed inside the test tube. This
resulted in a general trend of the negative pressure drop
along the test tube decreasing as the steam extréction
rate (or the condenser vacuum pressure) increased. This
can clearly be seen in Figure 9.15 for four different
steam extraction rates. The pressure drop
characteristics in the steam-water tests were also found
to be affected by the rate at which the water flow was
increased. At low inlet water flowrates, the pressure
drop was in some tests, found to be just slightly
negative. This 'negative’ pressure drop generally
decreased as the water injection rate increased. This
can be seen by investigating tables C.la to C.lk in
Appendix C. At high water injection rates, the pressure
drop became positive throughout the test. This was
believed to be caused by either the effect of decreasing
steam extraction rate or by a deficiency in the pressure
drop measurement system, because at high inlet water
flowrates the probability of some water overshooting the
extractor system increased, with some of this water
possibly entering the lower pressure tapping point
situated below the extraction system in the settling
length. This may also explain why pressure drop
characterisﬁics obtained in the air-water system were more

consistent than in the steam-water system where the
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possibility of condensation and hence a two-phase mixture
existing between the pressure tapping point and the
separation chamber. The effect of the 1inlet water
subcooling was found to be small, in comparison to other
effects, and was only noticeable with pressure drop data
taken at high inlet water subcooling. It could be
concluded from the experimental results that the general
trend was for the pressure drop to decrease slightly as

the inlet water subcooling increased.

However, in general, the pressure drop
characteristics obtained in the steam-water system were
similar to those obtained by Lee and Bankoff (1982) 1in

counter-current flow in inclined rectangular channels.

9.5 vVisualisation Technique

Photographic techniques have provided useful
qualitative and quantitative information on a wide variety
of aspects of two-phase flow systems being studied at
Strathclyde. In this project, photography was considered
an integral part of the experiments and the results
obtained from the visualisation were very useful in
determining the position at which the flooding process
started. In addition, monitoring the growth and the
propagation of the disturbance waves could be followed ’
along the test tube as the gas flowrate was gradually‘

increased.
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Photography of two-phase flow presents considerable
problems in illumination, optics and recording, and, in
this case, the major problem was illuminating the
non-transparent test section. This problem was partially
overcome when the video camera technique was used and
reasonably good -and useful results obtained. The
illumination problem restricted the endoscope technique
and 1limited it to observation with the naked eye.
However, this problem could probably be overcome by using
a transparent test section. The other problem facing the
endoscope technique was that the endoscope lens was
unprotected from the entrained 1liquid droplets which
increased sharply in number near the flooding situation.
No doubt this method could be developed to give ' better
results by blowing gas or vapour across the endoscope lens
similar to the technique wused with the Video Camera.
This would require the endoscope to be inserted from the
bottom of the tube, thus producing the least disturbance

to the local gas or vapour phase.

As mentioned previously, the main observation was
that flooding always occurred at the bottom of the tube,
in both air and steam flows. This was probably partly
due to the influence of an exit effect since the
extraction method used resulted in a relatively large
percentage ‘'of the air or steam supply passing through the
extraction Sinter with the liquid. In the literature, it

is reported that the location of the inception of flooding
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could be ‘the top or the bottom of the tube depending
mainly on the nature of the entrance and exit effects.
However, eliminating these two important effects proved to

be very difficult.

9.6 Liquid Film Thickness Analysis

The liquid £film thickness analysis presented in
Chapter 6 could-'predict the liquid film thickness at any
position aiong the test tube, for any liquid flowrate with
different steam flowrates up to the flooding point. The
analysis required an estimation of the mean liquid £film
temperature. This was obtained from the film temperature
analysis which predicted the 1liquid film temperature
across the film at any position along the test tube. The
liquid £ilm thickness variation along the test tube was

obtained from

(i) For Laminar Flow

dst 1 8Fr 2
= 2 £ + Fre-Fr
(—) w{— f p+(Fr -Fr.)"+ -(1l-p )+ —t g
4zt LAM Togttd I stre, o
+ +
4 Fr | 8*DtFr, dT+}/ Frfz 4p+th .
(p*-25%)2 HO P+ (T T-T") a2t g7 (u+-25+)} 9:9)

. For Ref < 860
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(ii) For Turbulent Flow

+ 2
ds =1 ¢ oter -pr 5 0.0395Fr, - Fr,-Frg
gzt TURB 54+ 71 g £ 7 Re 025 e J+l——
f 8-D
+.+ ‘ + 2
4 Fr i §'DYFIr, . dT j/{ Frg i 4p+Frg L (9.10)
(0*-2sH2  mcte(r ot azt T 8t ot-ast)
For Ref > '1156.0
(iii) For Transition Flow
(d8+) 1156-Re, (d8+) Re (~860 ds* ,
—— = +
dz* TRAN 296  dzt LAM 296 (dz+)TURB (8.11)

For 860 < Ref < 1156

The integrations of the above equations were carried out
while the variation in the liquid film flowrate, due to
condensation, was evaluated at every step by - integrating

equations (6.8).

(Tf) | ‘ (9.12)

The variation in the liquid film mean temperature was also
evaluated at every step as described in 'the next section

of this Chapter.

- - The predicted and measured liquid film thicknesses
at flooding along the test tube are listed in Tables 9.1

to 9.4 for four different inlet .water flowrates and
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subcoolings and plotted in Figures 9.16 to 9.19. The
liquid film thickness was measured at only two positions
along the test tube, each i28 mm from the test tube edge
and referred to as top (upper) and bottom (lower) £ilm
thickness. It can be seen that the agreement between the
predictea and measured £ilm thickness is‘reasonably good
for the ﬁppef“liquid‘film thickness; for the lower 1liquid
£ilm thickness the égreemeni‘ between prediction and
measurements is quite good at the high subcoolings (low
inet water flowrates) and is fair at low and medium

subcoolings.

However, it can be concluded that for the lower
piobé position, "the theoretical analysis slightly
over-predicted the film thickness. 'This‘may have been
expééted since | the analysis treated the flow as
one-dimensional which involved some degree of
approximations. For the experimental data, it should be
pointed out that the performance of the lower probe would
not be very satisfactory at the flooding situation since
visual observations showed the existence of a highly
disturbed and agitated 1liquid film at the bottom of the
test tube. - Furthermore the high temperature of the
liquid film, which existed in most of the tests at the
bottom of the test tube may also have affected the
performance of the lower probe. At the upper probe, more
disturbance proved (by visual observation) to be much less
than that a£ the bottom of the tube. Also the 1liquid

temperature at the top of the tube was dependent mainly on
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the 1liquid £film inlet temperature and not on steam
condensation. Therefore . the performance . of the upper
probe was relatively less affected by film temperature or

the existence of wave disturbances. ) R

It was found that there were three main effects
which influenced the liquid film thickness in any

liquid-vapour test. These were:

(i) Viscosity: As the temperature of the liquid film
increased due . to low inlet water subcooling, .or the
condensation . of steam on the 1liquid £ilm, then the
viscosity of the liquid decreased resulting in an increase
in the .liquid film Reynolds . number. Since the wall
friction factor is a function of Reynolds number, the wall

shear stress Tw decreased .

i 1 2 , k |
,Tw = fw ; pfuf" - (9.13)
where
Y o
£ = 9,14
v (Ref)n ( )

Therefore decreasiﬁg the liquid viséosity resulted in a
thinner liquid £ilm. V ' ) .

(ii)'Condensation:» As the vapour condensed on the liqdid
£ilm, the local liquid film flowrate increased resulting

in a fhicker film;
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(iii) Interfacial Shear Stress: The interfacial shear
stress depends on the two-phase flowrates, such that any
increase in either phase flowrate, results in a higher

friction stress and consequently a thicker film.

As can be seen, these effects give a mixture of
trends, with 1lower viscosity thinning the 1liquid film;
condensation and interfacial friction effects thickening
the liquid £ilm. In order to project these effects
further and give an indication of the degree of each
effect, the theoretical film thicknesses were calculated
along the test tube for four different cases, with the

inlet water flow and temperatures held constant.

case (a) No steam flowrate. Constant liquid film flowrate
and temperature profile along the test tube, this
representing the situation of' a falling liquid film with
no heat or mass transfer. The liquid film thickness for
80 K and 10 K subcooling, is represented by curve (a) in

Figures 9.20 and 9.21.

case (b) No steam flowrate. Constant 1liquid flowrate
along the test tube; no condensation, no interfacial shear
stress and variable temperature profile (flooding
temeprature profile used). ~Curve (b) on Figures 9.20 and
9.21 represents the liquid film obtained from this case.
As the liquid film temperature was the only variable along

the test tube, the difference between curves (b) and (a)
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represents the effect of 1liquid viscosity on liquid film

thickness.

Ccase (c) :Flooding steam flowrate with condensation.
variable 1liquid flowrate; interfacial' shear stress
neglected giving curve (c);, on Figures 9.20 and 9.21,.
The difference between curve (c) and curve‘'(b) represents
the effect of thickening the ~liquid film due to the

variation in the ‘liquid film due to condensation.

Case (d) Flooding steam flowrate with- condensation.
variable liquid flowrate and: interfacial shear stress
giving curve (d) on Figures 9.20 and 9.21. The
difference between  curves (d) and - (c) represents the
effects of interfacial shear stress on the liquid film

thickness.

It can be seen that the interfacial shear stress
effect in Figure 9.20 is higher at the bottom of the test
tube and decreases -substantially at the top of the test
section because the steam flowraté is high at the bottom
of the test tube and condenses rapidly as it moves towards
the top of:the tube due to the high subcoolings. Also,
in the high-subcooling tests, the effects of viscosity and
condensation are very clear and important. This is not
the case in low subcooling tests as shown in Figure 9.21
where the viscosity and condensation are very small whilst
the effect of interfacial shear stress dominates along the

test tube. -



309

since increasing the liquid film temperature
results in a thinner' liquid film due to the viscosity
effect, then, for the same inlet liquid flowrate with an
air-water test performed at standard conditions of 15°C
and steam-water test performed at saturated temperature,
a thinner film would be expected in the steam-water test.
Therefore a higher steam flowrate than that of the air is
required to cause flooding. This theoretical argument
applied very well when the air-water floédihg data was
compared with the flooding data at the lowest ‘suﬁcooling
tests performed (3 K). As the condensation on the liquid
film was very small in the steam-water tests, it was found
that a slightly higher‘steam flowrate was required to
cause fiooding compared to that of the air. The same
trend would be expected if two air-water tests are

performed at two different inlet water temperatures.

9.7 Liquid Film Temperature Analysis

Ex;erimental tests were carried out to ascertain
the flooding condition in steam-water counter-current flow
for different ‘inlet water flowrates. The~ main
experimental parameter here  is the tube wall temperature
which-was® measured at eleven locations along the test
tube. In order to process or analyse the steam-water
data, a knowledge of the 1liquid film temperature across

and along the film-is essential. To obtain these two
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dimensional analyses the turbulent thermal diffusivity is
required and is determined using equation (6.46) in a

trial and error process,

i . 2
T -T 4 (-1)* (2i+1)n a a
W S o f —— exP{-——_f__—-[aoz+—l 224er 4 D zn+1]}
T, ~T n (2i+1) 4 2 n+l
s i=0

(9.15)

It .was found that two terms of Fourier series were

sufficient to predict the thermal diffusivity, namely the

a, .
first (a z) and the ultimate (-2 n* l) terms, and
, , n+1l :
equation (9.15) thus. became
r-r. 4 (-1t (2i+1)n°
W5 u— [ — exp{-—F—— la,z +a "1
T,-Tg Mmoo (2441) 48 .o N
s

i=0

. (9.16)
and equation (6.45) becomes

n
v s L L=z (agtagz) , . (9.17)
Fitting equation (9. 16) to experimental data with
T, = Twexp' enabled agr ay and the 1ndex n to be evaluated
in terms of inlet water subcooling and flowrate.
Fronm equation (9.17)
dq n
a(z) = — = a, + (n+llay z (9.18)
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equation-(9.18) can be writtenin dimensionless form as

(z) = a + (n+l) ayt” (z5)" (9.19)
+.n
or o{(z) =a, +a  (z7) (9.20)
on the other hand as: " R
‘sH+K
T ea(z) = (9.21)
Us
Then, a, was taken to be equal to K/Uf, where
k
K = —= (9.22)
PeCPg

In all tests, the numerical value of K was found to vary

7

between 1.5 x°10~ mz/s and 1.7 x 1077 mz/s; and

since aj is a constant, its value was fixed at the average

7

value of 1.6 x 10’ m since Ug was-taken to have a mean

value of 1:0 m/s down the film.

The second term ac(z+)n was considered equivalent
to eH/Uf and numerical values for ag and n were chosen and
varied until equation-(9.16) satisfied the experimental

data with the condition T,~T In the Fourier series,

wexp®
the value of the index n was taken as an integer, but in
fitting equation (9.16) to the experimental data, it was
found that better results could be achieved when non-integer
values were taken. The " selected values of agr @ and n

€
were substituted into equation (6.47) to give-
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Ter, 4 (-1} (2i+1)n? | .
- -z exp(-———2"L [a  +a_(z")"]1} (9.23)
T T n (2i+1) 48 €
S i=0

which, in turn, gave the liquid film mean temperature at
any position along the test tube. The i value within the

summation was taken as seven.

The rénge of inlet f£ilm flows in the experimental
tesfs was mainly within the turbulent flow region.
Flowrates lying in the laminar or transient flow fegions
were found to change rapidly to the turﬁulent region as

condensation raised the water temeprature quickly.

A Eomparison between exéerimentél :and calculated
temperature and _calculated liquid film meén tempefature
a;e plotted versus dimensioniess ﬁésition along the test
section, for various 1liquid flowrates ana‘two leveis ‘of
subcooling, in Figures 9.22 and 9.23. It shoﬁld be
pointed out that an exact métch between experimental and
caléulated wall temperature was not poésible; there wweré
many optioné and the best wés chosen. From Figures 9.22
and 9.23, it can' be' seen, in some teéts, that the
calculated wallh temperature at the bottom ofwiﬁhe test
section, is slightly higher than the liquid film mean
temperature. The reason for this 1is that A thé

experiﬁental wall temperature near the bottom of the test

section did not correspond to the inlet steam temperature
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due to either experimental error or (which is more likely)
the suction pressure in the extractor system slightly
reducing the system pressure and hence the saturation

temperature at this location.

The variations in n and ag values were found to be
functions of the inlet water subcooling and flowrate,
Figure 9.24. The complexity of these variations |is
obvious but shows a common trend, which for n indicates
that its value increased from 1.0 as both water flowrate
and subcooling increased; and for a, tend to decrease from

0.54 x 10°°

m as water flowrate and subcooling increase.
The turbulent diffusivity ratio a/Ue is higher at

the bottom of the test tube as €y increases with distance

down the test section. Since K and Ue are relatively

constant compared with €y in equation (9.21), then ¢

increases substantially down the tube. This effect maz
be expected, since visual observation shows that the
liquid film increases in turbulence down the tube, and the
wave formation prior to flooding i§ substantially greater
at the bottom ‘of the tube than that at the top.
Furthermore; increasing the 1liquid film temperature down
the ‘tube due to 'condensation, would decrease its
viscosity, resulting in a higher liquid £ilm Reynolds

number and consequently a more turbulent film as it moves

towards the bottom of the tube.

The effect of inlet water subcooling and flowrate
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on « is-even more complex.: - The numbers on which Figure
9.24 is based are listed in Table 9.5; also presented are
values of aé(z+)n at top and bottom of the tube where z'
is 1.0 ‘and 16.67 respectively. It can be seen, for
example, that at an inlet subcooling of 80 K, the effect
of Q. ranging from 4 to 10 1/min is to decrease ae(z+)n

6 t0 4.69 x10"% m; whilst for a

- eH/Uf from 7.20 x 10
constant value of inlet water flowrate of 8 l/min, the

effect of increasing the subcooling from 3 K to 80 K is to
decrease a (z )0 from 9.00 x 10~ -6 to 4.62 x 10 6 These
are not large effects and all of their contributions are
much 1a£ger than aj = K/Ug ~ 1.6 x 10-7 m. Thus the
turbulent contrlbution is 30 to 60 times the laminar

contribut1on, which seems reasonable.

9.8 Flooding Model Analysis

The flooding model derived in Chapter 6 was
compared with the air-water flooding characteristics
obtained from the test facility operating- at design
conditions, Figure 9.25. The comparison was made with
the air-water characteristics since the £flooding model
accounted for condensation effects. This is detailed
below. The data are reasonably predicted and any scatter
in the prediction is mainly due to the flooding model

being semi-empirical. . -

The procedure used in calculating the predicted
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flooding data is as follows -

(a) The complex component of the wave speed was determined

from equaﬁioh‘(6.89)

ké+2 p agd

1 1
o) = (—) 2V + [—(kPe——p)— Pay 24172
Pe 3¢ (R=8)° 3 p. 9

(9.24)

with & determined using equations, (9.9) and (9.10) at
z'= 1, and the initial values of steam condensation

velocity, Vg' were used.

(b) For a uniform stream, at the maximum wave growth
.condition, the flooding conditions was determined from

equation (6.88)

2V (2ké+1) - B Y- S 1
Usp * Yg = kg - ©iVg *—5 (k- —5 172
3ké 3ké 36;k " 2(R-8)
(9.25)

(c) Allowing for acceleration effects the flooding

condition was calculated using equation (6.108)

U c, 8
=S - exppk;i- (B— ~ 1)) (9.26)
Usp } C, - 8

wbere c, = Ug the‘liquid mean filmythigkness, 8§, was

dete{mined from equation (6.107) and §_ determined from

equation (6.109).
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1 4;.~ . y 8Frf2
() = — p fi(Fr -Fr_)" + (9.27)
©’LAM 2 9 £ Ref
for laminar flow
and ‘
y 1 .y , 0.0395Fr 2
(8, = — p fi(Fr ~Fr. )" + — 3% (9.28)
TURB,.2 g £ (Ref)o.z

for turbulent flow.

#

However this still required a knowledge of the wave
number (k) which was determined for each point by an
iterative procedure using equations (9.24), (9.25) and
(9.26). A relationship exists between k- and § which is
also a function of water subcooling and because of this
complexity, k was determined for each data point at the
flooding condition. For the present data k values were
found to vary from 534 m-1 for a 1liquid flowrate of 10
1/min and subcooling of- 80K “to 202 ‘m1  for liquid

flowrate of 21.9 1/min and 3K-.subcooling.

In air-water systenms, vg = 0, equation (9.24)
becomes
ad 1l - e o ' 7
2
e = [— (k% + ———) 172 (9.29)
3Pf (R-8) :

'

Equations (9.24) and (9.29) give a measure‘of thé rate of

perturbed wave growth in terms of air/steam and liquid
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velocities, the film thickness and the wave number for
both steam-water and air-water systems. However if
similar conditions were.assumed under both flows, then c;
would be slightly smaller. than Cign’ confirming the above
concept that, for accelerating liquid-flows under the same
rate of air or steam flow, the growth of the perturbation
is smaller in the steam-water system due to the effect of
condensation. Consequently the wave amplitude at the
bottom of the test tube is smaller in the steam-water
system than in the air-water system and so more steam

would be required to make the wave unstable and cause

flooding as was observed experimentally.

As shown in Chapter 8 flooding appeared (by visual
observations) to start at the bottom of test tube. The
effect of condensation on the wave growth at the bottom of
test tube is very small and could be negligible as the
liquid film reached the saturation temperature, it |is
postulated that the effeét of condensation is much higher
at the top of the test tube. A mechanism showing how the
growth of the waves}i§ ihhibfted by Vg is described‘ in
Chapter 6 but this effect i§<§ery small even when tﬁé high
condensation rates at the top are used. However, it ié
§ossib1e that the initiation 6f the wave; at the top of
the tube is inhibited byithe condensation‘rate thére Aand
this effec; may be descriﬁéd by the empiriéal correlation
in Chapter ‘10. However‘the inhtbitation process maf be a
random one and equipment specific and it is difficult tto

build the effect of condensation on this into a
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theoretical model.

The initial values of steam condensation velocity
were used in the predicted flooding  data. The
condensation velocity, however, could be evaluated along
the tube as described in Chapter 6 using equations (6.96)

and (6.103) for the test tube and porous sinter

respectively.
Ja, g 0T _(21+1)n?
- Ja - e —m— .
Ug tube o s im0 482 (9.30)
9
and
K+¢ Ja P
H f
( ) -( ) — — 9.31

Using equations (9.30) and (9.31), vg/uf was
plotted versus dimensionless length z* in Figure 9.26
showing that Vg/Uf is highest at the top of the tube ' and
decreases with length down the tube. This trend might
have been expected as the degree of subcooling between the
steam and liquid film is greatest at the top of the porous
sinter and as steam.condenses on the liquid film, the film
temperature (mainly near the interface) increases
resulting in less condensation as the film moves
downwards.: It is emphasised that this process has a

strong dependence on the inlet water subcooling, Figure

9.26. This same figure, shows that at 2zt +0, V /Uf o
g
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because at zt = 0, where the liquid film is introduced to

the steam there is an infinite temperature gradient.

The initial wave amplitude at the top of the.test section

when flooding occurred was evaluated from equation (6.105)

Ay = 5 exp(-k—=1) (9.32)
A psUs ‘ cr 5 v

and was found to be less than 1 x 10 5m for the range of
flowrates 1nvestigated The wave grows as it moves down
the tube and at the bottom of the test section its

amplitude was found from equation (6 104).

c Z o (9.33)
to be, on average, about 5 times the liquid

film thickness. This is in accordance with the findings
of Hewitt and NichoHS (1969)

9.9 Conparison with other data

4

) A comaprison with other data for air-water results

is presented in Section 9.9. 1 and for steam-water results

in Section 9.9.2.
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9.9.1 Air-Water results

The present air-water data were compared with
several of the <correlations and semi-empirical methods
presented in Chapter 2. These comparisons are shown in
Figures 9.27 (correlations) and 9.28 (semi-empirical
methods). It can be seen that all the present data
points lie just below the Bharathan (1979) predictions.
This is an interesting result since Bharathan argued that
this was the maximum possible flooding rate and could only
be achieved by the elimination of end effects, a condition
which was aimed for in the present work but fell just

short of fulfilling.

9.9.2 Steam-Water results

The data available in the literature giving the
limits of annular counter-current two-phase flow in a
vertical tube with heat and mass transfer are few.
However Walljs et al (1980) collected such data using a test
facility with square tube entries for water and air flows.
The tube diameter was 50.8 mm and the inlet water
temperature was about 96.0°C. Therefore the results
obtained from the inlet water temperature of 97.0°C are
compared with those of wallis =, Figure 9.29. The
present data are shown to bé‘ well above the Bharathan

data. This 1is expected since end effects are much
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smaller with the present data. It is also interesting to

note that both sets of data tend to curve upwards at

. . %
higher j¢ 1/2 .5 the condensation effect increases.



Test Rig Performance

The test rig, described in Chapter 3, functioned

satisfactorily although there are two points worth

considering for development, these are

(1)

(ii)

the injector length chosen led to a thickening of the
liquid film at the water inlet which could cause the
suppression of the wave growth. This effect could

be eliminated by increasing the length of the porous

section.

The extraction method used resulted in a relatively
large percentage of the air or steam supply flow
passing through the sinter with the liquid.
Developing an extraction system eliminating air or
steam extraction with the liquid film is an important
step in obtaining the ideal flooding situation.

This requires more investigation and again could be

associated with the length of the porous sinter.

Instrumentation Performance

Most of the instrumentation used, described in

Chapter 4, performed satisfactorily. The percentage

error in each parameter measurement is given in Appendix

A.

However, the largest percentage error occurred in the



conductance probe liquid film thickness measurements in
the steam-water system, To measure the liquid film
conductivity which was used to calculate the liquid film
thickness at the top and bottom of the test tube, a
conductivity cell was used. Here the sample for the
conductivity cell was taken at inlet water temperature,
whereas in fact the temperature and hence the conductivity
would vary along the test section due to the steam

condensation.



MfTop
(kg/min)

4.2918
5.2732
6.2268
7.1868
8.2049
9.2147
10.2004

Table 9.1

MfTop
(kg/min)

4.2436
5.2700
6.2921
8.1945
7.2358
9.1870
10.1964
11.3985
12.9029

Table 9.2

+
8 Top

0.10969E=01
0.11940E-01
0.12697E=01
0.13537E-01
0.14575E-01
0.15947E-01
0.17041E-01

+
6 Top

0.10152E-01
0.11436E-01
0.12737E-01
0.14155E-01
0.13192E-01
0.15317E-01
0.16462E-U1
0.18115E-01
0.20041E-01
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MfBot

4.5849
5.7251
6.8599
7.8923
8.8032

"9.8216

10.8204

Predicted Liquid Film Thickness

MfBot

4.4467
5.5442
6.6541
8.8460
7.7696
9.8895

10.8417

12,0311

13.6356

Predicted Liquid Film Thickness

( AT

+
¢ Bot

0.87932E-02
0.10153E~01
0.11470E-01
0.13322E~01
0.14679E-01
0.15845E-01
0.16586E-01

sub = 80K)

+
é Bot

0.88255E=02
0.10011E-01
0.11176E-01
0.13585E-01
0.12226E-01
0.14852E~01
0.15916E-u1
0.17190E-01
0.19075E-01

(ATSUb = 60K)



MfTop

(kg/min)

4,1839
5.2048
6.2317
7.2318
8.2327
9.1967
10.1587
11.3466
12.8538
14,3839
15,9208
17.4618
18.9908
20.5342

Table 9.3

MfTo

(kg/mgn)

4,1077
5.1172
6.1357
7.1475
8.1536
9.1711
10.1714
11.3799
12.8883
14.4086
15.9432
17.4194
18.9522
20.4825

Table 9.4

+ .
6 Top

0.96984E~02
0.11224E-01
0.12714E-01

0.13955E-01

0.14993E-01
0.15711E-01
0.16532E-01
0.17908E-01
0.19641E-01
0.21512E-01
0.23385E-01
0.25380E-01
0.27367E-01
0.29494E-01

+
¢ Top

0.90185E-02

0.10549E-01
0.11892E-01
0.13279E-01
0.14745E-01

0.16137E-01

0.17296E-01
0.18955E-01
0.20861E-01
0.22634E-01
0.24418E-01
0.25949E-01
0.27944E-01
0.29800E-01
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" Mgpot

4.2929
5.3524
6.4258
7.4895
8.5824
9.6446
10.7231
11.9983
13.4377
14,9861
16.5416
18.1625
19.6717
21.2029

MfBot

4.1497
5.1788
6.2147
7.2425
8.2728
9.3083
10.3584
11.5936
13.1564
14.7502
16.3165

+17.8945

19.4266
20.9954

Predicted Liquid Film Thickness

( AT

+
8 Bot

0.85790E-02
0.97356E-02
0.10859E-01
0.11894E-01
0.12935E-01
0.13866E-01
0.14917E-01
0.16455E-01
0.17781E-01
0.19079E-01

© 0.20195E-01

0.21897E~01
0.22926E-01
0.24151E-01

Predicted Liquid Film Thickness (ATg,p = 40K)

+
8 Bot

‘0.83813E-02

0.95540E~02

'0.10568E-01
- 0.11562E=-01

0.12579E-01
0.13494E-01
0.14344E-01
0.15442E-01

'0.16764E-01
0.18111E-01

0.19234E-01

-0.20690E-01

0.22041E-01
0.23275E-01

sub = 20K)
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Table 9.5 Estimated Exchange Coefficients

Qfin ATsub K/UF: a n *H-Ur (m)

(1/min) (K) (m) zt=1.0 z¥=16.67
4, 80.0 0.16E-06 0.432E-06 1.0 0.432E-06 0.720E-05
5. 80,0 0.l6E-06 0.184E-06 1.3 0.184E-06 0.713E-05
6. 80.0 0.16E-06 0.177E-07 2.2 0.177E-07 0.864E-05
7. 80.0 0.16E-06 0.190E-09 3.5 0,190E-09 0.360E-05
8. 80.0 0.16E-06 0.,379E-12 5.8 0.379E-12 0.462E-05
9, 80.0 0.l16E-06 0.540E-13 6.5 0.540E-13 0.473E-05

10. 80.0 0.16E-06 0.449E-15 8.2 0.449E-15 0.469E-05
4, 70,0 O0.16E-06 0.432E-06 1.0 0.432E-06 0.720E=05
5. 70.0 O0.16E-06 0.256E-06 1.2 0.256E=-06 0.748E-=05
6. 70.0 O0.16E-06 O0,114E-06 1.5 O0.114E-06 0.775E~05
7. 70.0 0.l16E-06 0.623E-08 2.2 0.623E-08 0.304E-05
8. 70.0 O0.16E-06 0.439E-09 3.2 0.439E-09 0.357E-05
9. 70.0 0.16E-06 0.236E-10 4.3 0.236E-=10 0.424E-05

10. 70.0 0.16E-06 0.582E-12 5,7 0.582E~-12 0.536E-05

11. 70.0 0.16E-06 0.677E-13 6.5 0.677E-13 0.593E-05

12. 70.0 0.16E-06 0.175E=13 7.0 0.175E-13 0.624E-05
4. 60.0 O0.l6E-06 0.480E-06 1.0 0.480E-06 0.800E-05
5. 60.0 O0.16E-06 0.432E-06 1.0 0.432E-06 0.720E=-05
6. 60.0 0.16E-U6 0.263E-06 1.2 0.263E-06 0.770E-05
7. 60.0 0.16E-06 O0.66l1E-07 1.5 0.66lE-07 0.450E-05
8. 60.0 0.16E-06 0.151E-07 2.0 O0.151E-07 0.420E-05
9. 60.0 O0.16E-06 0.223E-08 2.7 0.223E-08 0.444E-05

10. 60.0 O0.l6E-06 O0.174E-09 3.5 O0.174E-09 0.329E-05

11. 60.0 0.l6E-06 O0.150E-11 5.3 0,150E-11 0.447E-05

12. 60.0 O0.1l6E-06 O0.600E-13 6.5 0.600E-13 0.525E-05
4 50.0 0.16E-06 0.480E-06 1.0 0.480E-06 0.800E-05
5 50.0 0.l16E-06 0.444E-06 1.0 0.444E-06 0.740E-05
6 50.0 O0.16E-06 0.342E-06 1.1 0.342E-06 0.756E=05
7 50,0 0.l16E-06 0.248E-06 1.2 0.248E-06 0.726E=05
8 50.0 0.l16E-06 O0.136E-06 1.4 0.,136E-06 0.696E=05
9 50.0 0.l16E-U6 0.249E-07 1.9 0.249E-07 0.522E-05
0 50.0 0.16E-06 0.240E-08 2,6 0.240E-08 0.360E-05

50.0 O0.l0E-06 0.874E-~-10 3.8 0.874E-10 0.384E-05
50,0 0.l6E-06 0.468E-11 4.9 0.468E-11 0.454E-05
50.0 0.16E-06 0.245E-12 6.0 0,.245E-12 0.525E-05
50.0 O0.l16E-06 0.699E-14 7.3 0.699E-14 0.581E-05
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Table 9.5 (cont.) Estimated Exchange Coefficients

inn ATSUb K/UF a n CH/UF (m)
(1/min)  (K) (m) z¥=1.0  z%=16.67
4.0 40.0 0.16E-06 0.480E-06 1.0 0.480E-06 0.800E-05
5.0 40,0 0.16E~06 0.456E-06 1.0 0.456E-06 0.760E-05
6.0 40.0 O0.16E-06 0.444E-06 1.0 0,.444E-06 0.740E-05
7.0 40.0 O0.l16E-06 0.420E-06 1.0 0.420E-06 O0.700E=-05
8.0 40.0 O0.l6E-06 0.285E-06 1.1 0,285E-06 0.630E=-05
9.0 40.0 O0.16E-06 0.142E-06 1.3 0.142E-06 0.552E=05
10.0 40.0 0.16E-06 0.490E-07 1.6 0,490E-07 0.442E-05
11.2 40.0 O0.l16E-06 0.140E-07 2.0 O0.140E-07 0.390E=05
12,7 40.0 0.16E-06 0.144E-08 2.8 0.144E-08 0.380E-05
14,2 40,0 0.16E-06 0.217E-09 3.5 0.217E-09 0.41-E=05
15.7 40.0 0.16E-06 0.204E-10 4.4 0.204E-10 0.486E=05
17.3 40.0 O0.16E-06 0.415E-11 5.0 0,.,415E-11 0.534E-05
18.8 40.0 0.l6E-06 0.105E-11 5.5 0,105E-11 0.553E-05
20.3  40.0 0.16E-06 0.261E-12 6.0 0.261E=12 O0.560E=-05
4,0 30.0 0.l6E-06 0.516E-06 1.0 0,.516E-06 0.860E=-05
5.0 30.0 0.16E-06 0.480E-06 1.0 0.480E-06 0.800E-05
6.0 30.0 0.16E-06 0.456E-06 1.0 0.456E-06 0.760E-05
7.0 30.0 0.16E-06 0.444E-06 1.0 0.444E-06 0.740E-05
8.0 30.0 0.16E-06 0.432E-06 1.0 0.432E-06 0.720E-05
10.0 30.0 0.16E-06 0.372E-06 1.0 0.372E=-06 O0.620E=-05
11.2 30.0 0.16E-06 0.247E-06 1.1 0.247E-06 0.546E-05
12.7 30.0 0,16E-06 O0.113E~06 1.3 0.113E-06 0.437E-05
14,2 30.0 0.16E-06 0.490E-07 1.6 0.490E-07 0.442E-05
15.7 30.0 0.16E~-06 0.126E-07 2.1 0,126E-07 0.465E-05
17.3  30.0 0.16E-06 0.335E-08 2.6 0.335E-08 0.504E~05
18.8 30.0 O0.16E-06 0.519E-09 3.3 0.519E-09 0.559E-05
20.3  30.0 0.16E-06 0.778E-10 4.0 0.778E-10 0.600E-05
4.0 20.0 O0.l6E-06 0.540E-06 1.0 O0.540E-06 0.900E=05
6.0 20.0 O0.l6E-06 0.540E-06 1.0 0.540E-06 0.900E=05
7.0 20,0 0.16E-06 0.540E-06 1.0 O0.540E-06 0.900E-05
8.0 20.0 0.16E-06 0.528E-06 1.0 0.528E-06 0.880E~05
9.0 20.0 0.16E-06 0.516E-06 1.0 0.516E-06 0.860E-05
10,0 20.0 0.16E-06 0.480E-06 1.0 O0.480E-06 0.800E=05
11.2 20.0 0.l6E-06 O0.468E-06 1.0 0.468E-06 0.780E-05
12.7 20.0 0.16E=06 0.432E-06 1.0 0.432E-06 0.720E-05
14.2 20.0 0.16E=-06 0.384E-06 1.0 0.384E-06 0.640E=05
15.7 20.0 0.16E=U6 0.336E=06 1.0 0.336E-06 0.560E-05
17.2  20.0 0.16E-06 0.276E-06 1.0 0.276E-06 0.460E-05
18.8 20.0 0.16E-06 0.162E-06 1.1 0.162E-06 0.357E-05
20.3 20.0 0.16E-06 0.514E-07 1.5 0.514E-07 O.3505-05
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Table 9.5 (cont.) Estimated Exchange Coefficients

&
Ofin ATsub K/Ug a n HUp  (m)
(1/min) (K) (m) z¥=1.0 z¥=16.67
4.0 10.0 0.16E-06  0.540E-06 1.0. 0.540E-06 0.900E-05
5.0 10.0 0.16E-06 0.540E-06 1.0 0.540E-06 0.900E-05
6.0 10.0 0.16E-06 0.540E-06 1.0 0.540E-06 0.900E-05
7.0 10.0 0.16E-06 0.540E-06 1.0 0.540E-06 0.900E-05
8.0 10.0 0.16E-06 0.540E-06 1.0 0.540E-06 0.900E-05
9.0 10.0 0.16E-06 0.540E-06 1.0 0.540E-06 O0.900E=05
10.0 10.0 0.16E-06 0.540E-06 1.0 0.540E-06 0.900E-05
11.2 10.0 0.16E-06 0.540E-06 1.0 0.540E-06 0.900E-05
12.7 10.0 0.16E-06 0.540E-06 1.0 0.540E-06 0.900E-05
14.2 10.0 O0.16E-06 0.540E-06 1.0 0,540E-06 0.900E-05
15.7 .10.0 0.16E-06 0.528E-06 1.0 0.528E-06 0.880E-05
17.2 10.0 0.16E-06 0.504E-06 1.0 0.504E-06 0.840E=05
18.8 10.0 0.16E-06 0.456E-06 1.0 0.456E-06 0.760E=05
20.3 10.0 0.16E-06 0.360E-06 1.0 0.360E=06 O.600E=05
21.9 10.0 0.16E-06 0.288E-U6 1.0 0.288E-06 0.480E-05
4.0 3.0 0.16E-06 0.540E-06 1.0 0.540E-06 0.900E-05
5.0 3.0 0.16E-06 0.540E-06 1.0 0.540E-06 0.900E=-05
6.0 3.0 0.16E-06 O0.540E-06 1.0 0.540E-06 0.900E=05
7.0 3.0 0.16E-06 0.540E-06 1.0 0.540E-06 0.900E=05
8.0 3.0 0.16E-06 0.540E-06 1.0 0.540E-06 0.900E-05
9.0 3.0 0.16E-06 0.540E=06 1.0 0.540E-06 0.900E=05
10.0 3.0 0.16E-06 O0.540E-06 1.0 0.540E-06 O0.900E=05
11.2 3.0 0.16E-U6 0.540E-06 1.0 0.540E-06 0.900E-05
12.7 3.0 0.16E-06 0.540E-06 1.0 0.540E-06 0.900E=05
14.2 3.0 0.16E-06 0.540E-06 1.0 0.540E-06 0.900E=05
15.7 3.0 0.16E-06 0.540E-06 1.0 0.540E-06 0.900E-05
17.2 3.0 0.16E-06 0.540E-06 1.0 0.540E-06 0.900E=-05
18.8 3.0 0.16E-06 0.540E~06 1.0 0.540E-06 0.900E=-05
20.3 3.0 0.16E-06 0.540E-06 1.0 0.540E-06 0.900E=05
21.9 3.0 0.16E-06 0.528E~06 1.0 0.528E-06 0.880E-05
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Steam-Water Tests
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Steam-Water data based on steam Flowrate
at the bottom of the test tube
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Steam—-Yater Tests
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Figure 9.13 Steam-Water Flooding Data at
the Top of the Test Tube
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Figure 9.14 Pressure Drop Characteristics at
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Figure 8.22 Variation of Experimental and Predicted
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o CHAPTER 10

~E

S

NON-EQUILIBRIUM EFFECTS AND EMPIRICAL ANALYSIS

The difference between gas-liquid and
vapour-liquid counter-current interactions can often be
attributed to heat “and mass transfer (or condensation)
effects which can be significant (and even overWhélming),
depending on the ‘temperature difference between the
vapour (steam)iaﬁq the 1liquid (water). Thus, in order
to correlate the flooding conditions for steam-water, the

condensation effects must be separated and allowed for.

’fi has been reported by many investigators of
tests on other geometries, for example TIEN (1977) and
MEGAHED (1981), that air-water and steam-subcooled water
flooding data lie on the same curve if the amount of
condensed steam is allowed for. A comparison between
the air-water and the steam-water flooding data (with
condensed steam allowed for) clearly shows that this is

not the case here, Figure 10.1.

" visual observation proved that flooding took place
at the bottom of the test tube, therefore any comparison
between air-water and steam-water flooding data should
always be made on the basis of total steam flowrate (at
the bottom of the tube). Such a comparison is shown in

Figure 10.2 and indicates, as most investigators agree,
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including TIEN (1977) and MEGAHED (1981), that for the
same inlet water flowrate, more steam flow is required
for the' onset of flooding in steam-subcooled water
conditions than the air required in the corresponding
air-water situation. Also the steam flowrate increases
as the inlet water subcooling is increased. This may
appear contradictory ‘to a simple wunderstanding that
higher subcoolings will produce more condensation leading
to a thicker liquid film and so requiring less steam flow
for flooding. However, the steam condensation will
produce a rougher steam-water -interface and thus less
steam may be required to initiate flooding compared with
air over a smooth film, for a constant water injection
rate. A possible further explanation for this behaviour
(in-addition to the postulation described in Section 9.8)
is that, although-the steam flowrate is higher at the
bottom of the test tube than that of air flow, the steam
flowrate at the top of the test tube (allowing for
condensation) is less than that of air, dependent on the

inlet subcooling.

The wave formation, ~which is responsible for the
onset of flooding, is initiated at the top of.the  test
tube .and grows as it moves downwards, its growth being
affected by the air or steam flowrate existing along. the
whole length of the test tube. Therefore, for the same
flowrate of air and steam at the bottom of the tube the
wave growth is higher in the liquid-air.situation thanin

the subcooled liquid-steam case, since the - condensation
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decreases the steam flowrate. - This may also explain why
a greater steam flow is required to cause flooding when
the inlet water subcooling is increased, as the higher
the inlet water subcooling the greater the condensation

and so the opportunity for wave growth is reduced.

The subcooling effect ‘obtained from the
experimental results supports strongly the explanation
that the wave growth is-affected by the gas flowrate
along the whole length of the test tube and also suggests
that this effect . is' greater than the shear momentum

effects.

As mentioned above, the difference between
steam-water and air-water results is considered to be
isolated and represented by an equilibrium factor k, such
that

* *

k = Jgp = 35 - o (10.1)

There is some scatter in the experimental data, as
might be expected in this type of experiment. Hence, a
line was drawn for -each subcooling to represent the
experimental data reasonably well and - specimens can be
seen in Fiqures :10.3 ~and 10.4 for two different

subcoolings.

The amount of condensation at thermal equilibrium

conditions was determined from the energy (heat) transfer
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necessary to raise the liquid temperature to that of the

steam i.e.

. "M C_ AT ’
£ pf sub

Mge = fpf sub _ M Ja (10.2)
. hfg -

C_ AT
Ja = Jakob Number = —pf__sub (10.3)

h
fq

- A plot: of k versus jfin*Ja(pf/ps)l/z gives an
indication of the .non-equilibrium effect represented by
the factor k for all data, Figure 10.5. As can be seen,
k lis very small at low inlet water flowrates and
subcoolings indicating a small non-equilibrium effect.
Although in about 80% of the flooding data, the inlet
water flowrates almost reach the saturation temperature
at the -bottom of the test tube (the extractor), the
non-equilibrium effect is regarded to exist in the liquid
film, along the -whole test tube such that k>0 and
‘increases as the inlet water flowrates and subcoolings
increase. ~In other words, the non-equilibrium effect
does not depend on whether the inlet water flowrate
-reaches the saturation temperature :-at the bottom of the
tube or ‘not. . It depends: on non-equilibrium existing
along the whole tube. At low inlet water flowrates, the
inlet ». water - temperature ' reaches the saturation
temperature at a relatively short distance from the tube
entrance, (depending on . the inlet water subcooling) and
therefore would be very. small. For higher inlet water

flowrates 'the inlet water temperature takes longer to
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reach the saturation temperature (again depending on
inlet subcooling), and the non-equilibrium effect would
be greater and consequently k values higher, despite the
fact that the 1liquid f£film reaches saturation at the

bottom of -the tube under both conditions.

However, the non-equilibrium data which
incorporate a wide range of experimental conditions are
represented by a single correlation in terms of an

equilibrium factor, of the form:

k a{o.i9—0.66[jfin*Ja(pf/ps)l/zll/zlz'o
. ‘.- . p Y ‘ ] )
+0.0037 (Ja) 18015, *3a-fy1/2)2.16 (10.4)
. ps :
Equation (10.4) is an empirical correlation

-

characterising the effect of condensation on flooding and
suggests that k 1is mainly a function of inlet water
flowrate and subcooling. - It was established on the
basis of jfih*vto allow for fluid physical properties and

geometry effects.

To check the non-equilibrium correlation, values
of k were computed from equation (10.4) and compared with
experimental ~data - (i.e. k - values from reduced
experimental data), Figure 10.6. To incorporate the
effect of steam condensation and non-equilibrium effects,
the effective steam flowrate, “jSeff*' was obtained by
subtracting the condensation effect from the total steam

flowrate entering the test tube. ' That is-
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.

» ‘*' 9 ‘-n‘ -
Jgegs = Isp ~ k (10.5)

" S .
Substituting jSeff for jg in the wallis correlation,

gave the modified flooding equation

*_1)1/2 1/2

(3sm + 3% =c (10.6)
A better check on the non-equilibrium correlation (10.4)
was made when the modified £looding correlation, which
includes non-equilibrium effects, was plotted against the
air-water  flooding correlation, which represents the
limiting case of AT, = 0, Figure 10.7. As can be seen
from this plot, the steam-water data allowing for
noh-équilibrium effects, for all subcoolings, have
collapsed very successfully on to the air-water flooding
line. Although the non-equilibrium expression
incorporates the condensation effect and correlates the
present experimental data very well, it has some
limitation since it does not represent 8T p = 0
conditions as well as higher subcoolings. The non-
equilibrium correlation was derived from a range of
experimental data. Extrapolation of the «correlation
equation curves produced minimum turning points with
particular minimum values of k at particular values of
‘ATgub and jfiﬁ*' Beyond these points, the correlation
gave k values which increased as jfin*Ja(pf/ps)l/z tended
to zero, with a k intercept value of 0.0361. This |is

- v.
physically unreal as k should be zero at jfin*aa(?g:o,
s
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The turning points for all 9 subcoolings involved in the
test are tabulated in Table 10.1, in terms of k,

/2 .nq 5. " ;
and Jgip v and are plotted in Figures

Sein Jaleg/pg)"
10.8 and 10.9 for two different subcoolings. The part

of the non-equilibrium correlation with values of

172 below the turning points can best be

. *
Jgin Jalpg/pg)
represented by straight lines through the origin,

tangential to the correlation curves.

Assuming that

1/2

] *
x = Jgypn J2 (pe/pg) (10.7)

The k values represented by the correlation curves, up to
the turning points are functions of x (for a particular
subcooling) i.e.

k = £(x) ‘ » (10.8)
The straight lines, which predict k values for x values

between -zero ., and the . tangential points, can be

represented (again for particular subcooling) by

k1 = mx (10.9)

where m is the gradient of the line.

At the common.point, k = ky

f(x) = mx (10.10)
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and
d .
m = —(£(x)) . (10.11)
dx - -
where
d dk )
—(£(x)) =— = 0.1254 x" 0> 4+ 0.4356+756(aT_ )" 1-86x1-16
dx dx su
(10.12)

Hence, by an iterative procedure, the common points for
each AT, curve were determined. These common points
for all 9 subcoolings involved in the tests ‘are tabulated
in Table 10.2, in terms of k, x and jfin*' The
tangential lines to the correlation curves at these
points are shown in Figures 10.8 and 10.9 for two
different subcoolings. Figures 10.10 and 10.11 show a
combination of the straight 1lines which are valid up to
the tangency points together with the curves from the
correlation equation (10.4) which 1is wvalid from the
common point onwards. In order to determine precisely
these common points a correlation was obtained between
jfin* and Ja of the form

Sein = 2.0077x10+ 3.05 x 103 1n(Ja) (10.13)

This relationship is plotted in Figure 10.12,
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Summar

The nbh-equilibrium effect is isolated and
represented by the equilibrium factor k, <correlation
(10.4), which incorporates the condensation effect.
This correlation has  some limitation since its
characteristic produced minimum turning points with k
values increasing instead of » 0 as 0T b 0. Beyond
these points the correlation was found physically
invalid, and therefore replaced by tangential lines from
k=0, x= 0 to the correlation curves. The common
points between the correlation curves and tangential
lines are determined and correlated in equation (10.13)

*
as a function of jfin and Ja.
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ATsub k 1 3fin JalPE/Ps)/2 gt
80K 0.00052 0.07810 0.0131
70K 0.00065 "= 0.07677 0.0147
60K 0.00084 0.07521 0.0168
50K 0.00113 0.07272 0.0196
40K 0.00165 0.06910 0.0233
30K 0.00242 0.06327 0.0285
20K 0.00438 0.05327 0.0362
10K 0.00822 0.03493 0.0485

3K 0.01717 0.01303 - 0.0667
Table 10.1 Turning Points for Equation (10.4)

ATsub k igin Ja(PesPsy1/2 itin J,
80K 0.00053 1 0.08017 0.0135 0.1462
70K 0.00066 0.07946 0.0133  0.1282
60K 0.00086 0.07848 + 0.0132  0.1107
50Kk  0.00116 0.07704 0.0129  0.0921
40K 0.00167 0.07472 0.0125 0.0721
30K 0.00256 0.07081 0.0119  0.0552
20K 0.00445 0.06345 0.0107 0.0365
10K 0.00968 0.04852 0.0081 0.0178

3K 0.02236 °° - 0.02361 " 70,0041 ° 0,0067

Table 10.2 Minimum Condition for Equation (10.4)

PO PR
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-CHAPTER ELEVEN

CONCLUSIONS AND RECOMMENDATIONS

The conclusions from the research work carried out
are presented in "Section 11.1 and recommendations “for

future work in Section 11.2.

11.1 Conclusions

1. Visqal‘observation of“the counter-current flow ‘'and
flooding process were developed and quantitative and
qualitative information obtained, but further development
is needed. - The ‘observations revealed that, for the range
of flowrates involved in the tests, the flooding process
was always initiated at or near the flow removal sinter in

both air-water and steam-water systems.

2. The extraction method of the liquid film used proved
satisfactory (for the range of flowrates tested) as it
extracted about 95% to 100% of the water in air-water
tests, and about "98% to  100%'iof the water in the
steam-water tests. However, the extraction process could
be developéd further in order to reduce and eliminate the

amount of air or steam extracted with the water.
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3. The rate of air or steam extracted with the water was
found .to influence the flooding process in such a way
that, for the same A amount of inlet water flowrate and
subcooling, the higher the air or steam extraction rate
the lower the air or steam flow required to 1initiate
flooding. In other words, the flooding process in both
air-water and steam-water systems had a strong dependence

on the inlet and outlet condition of the liquid film.

4. In the air-water tests, increasing the inlet water
flowrate lowered the air flowrate to initiate flooding.
In the steam-water tests, a higher steam flowrate was
generally required to initiate flooding as the inlet water
flowrate increased. _ . This apparent conflict between
air-water and steam-water tests can be explained in terms

of condensation and non-equilibrium effects.

5. In steam-subcooled water tests, a non-equilibrium
effect existed along the whole test tube, and was affected
by, but not dependent on, whether or not the liquid film
reached the saturation temperature at the bottom of the

test section tube.

6. Vapour condensation on the liquid film had the effect

of inhibiting the wave growth and formation.

A a i il

7. It is suggested that the flooding is triggered by a
wave starting at the top and travelling to the bottom to
initiate flooding.
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8. | Air-water flooding data in a 54.75 mm diameter
stainless tube using 60 mm long porous wall injector and

extractor ‘'were well correlated, for high extraction rates,

by . L

P

Y Y, S
3,12 + 0.59 5.1/ = 0.8 | _ (11.1)

and for low extraction rates, by

*1/2 . *

3,7172 + 0.55 3,71/% = 0.76 (11.2)
The extrapolated air-water flooding characteristic to
match the extraction rate of steam-water data, was found

to conform to

. *1/2 L ox ' '
Ja +0.41 j. = 0.74 (11.3)

9. JThe non-equilibrium effects existing during the
counter-current steam-water situation were isolated and
found to depend on the water flowrate and the degree of

inlet subcooling.

10. An empirical analysis was presented for
counter-current steam-water data which yielded an

expression for the equilibrium factor given by
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k = [0.19-0.66(x)2/%12:0 4 350(aT_ )71+86(x)2-16
where - ' Lo
. x PEL1,
c -
11. A -~ diabatic 'counter-current 1liquid £film model

presented gave: reasonably good: prediction of the £film
thickness and proved ' that the' liquid film thickness was
dependent on three main parameters (i) liquid viscosity
(ii) interfacial shear stress and (iii) steam condensation

on the liquid film.

12. The tube wall experimental temperature measurements
near the flooding conditions were used to estimate the
effective heat transfer exchange coefficients 1in the
liquid film for a series of different water rates and
subcoolings and provided information about the turbulence
in the 1liquid film under wavy conditions prior to
flooding. It also enabled the liquid film temperature to
be evaluated at any position along the tube and at any

thickness across the liquid film,

11.2 Recommendations

1. The endoscope optical system should be further

developed to provide high speed video recordings of the
liquid film interface and the flooding process.
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2. The extractor system should be further developed to
greatly reduce or even eliminate the quantity of air or
steam being removed with the water and thus minimise the

exit effects on the flooding process.

3. The pressure difference measurement technique in the
steam-water system should be further developed to remove
the presence of the two-phase mixture in the system pipes

and connections.
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APPENDIX A

This appendix contains the calibration details for

most of the instrumentation used in the test facility.

Al AIR ROTAMETER CALIBRATIONS

The rotameters used for air flowrate measurements
were calibrated in accordance with "Calibration Data for
Metric Series Rotameters", provided by rotameters
manufacturing compahy. " The rotameter calibrations are

obtained from the following equations:

. . .
I = log kv (——)1/2 x 109 (A.1)
. w(o-p) ! .
. w(a,-P) 1/2
Fp = ky (—) (A.2)
T op
and L .
F o= £y S (A.3)

where £ 1is'a value selected from a chart applied at
constant I to produce RA mm on the rotameter scale.

Manufacturers Notations are:

ky and k2 are instrument constants which vary with

tube size

@ = weight of float (g)
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¢ = mean density of float (g/cm3)

p = density of fluid at working temperature and
pressure (g/cm3)

v = kinematic viscosity of £fluid at working
conditions (mz/s)

~ ' .~ F., = Theoretical flowrate (l/min)

T
F = Actual flowrate at working conditions (1l/min)

From Air Table, the properties of air at 1 bar and 15°C

are
p = 1.21 x 10~° g/cm’
g = 0.1478 st

- . Four types of rotameters were used to measure air
flowrates -during the experimental tests. The density of
duralumin in- all cases was 2.8 g/cm3. The relevant
float weights and tube constants for each rotameter are
given in Table A.l, whilst tables A.2 to A.5 give the
values of £ against Ry values for each tube. Applying
the least squares fit through the data for each tube, the

following equations were obtained:

Tube 47G

. 2 3 4
F=96.42+26:16R,+0.6424R,%-0.02468R,3+0.0004849R,*  (a.4)
Tube 35G
F-48703+14.28RA+0.1167RA2+0.0001306RA3+0.00000351RA4(A.5)
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Tube 35XG . _ '
F=28.72+8.623R,+0.1252R, %~0.004121R,%+0.00007225R, (a.6)

TUBE 24XG

2 3

4
F-13.59+4.153§A+0.08786RA -0.003392RA

+0.0000662RA (A.7)

where Ry is in mm and F is in 1l/min,

A2 WATER ROTAMETER CALIBRATIONS

As mentioned previously in Chapter 4, two types of
water rotameter.were used. The 47 metric series tube
was used to measure the supply water at relatively high
flow rates. The rotameter was calibrated in situ using
times collection in a .weighing device. For every flow
rate the reading of the rotameter was related to the
average volume flowrate collected. The measurements

listed in table A.6 giving the following correlation:

Qf = 9.691+3.007H+0.01184H%+0.0003281° (A.8)
where Q¢ is the water volume flowrate in l/min and H is
the rotameter reading in cm.  .The subsequent calibration
curve is shown in Figure A.l..

¥

Thefflowrate can pe read directly in l/min on the
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0 = 10'1.min rotameter’therefore no calibration equation
was required, although it was checked using the method

adopted in the calibration of the other rotameter.

A3 SECONDARY SEPARATOR CALIBRATION ,

e

1 The secondary separator was calibr;ﬁed by ‘filling
i} wiih water to a number of different 1levels and the
water then being drained off into a measuring cylinder,.
The measurements obtained are 1listed in Table A.7 and a
least squares line gave:

& .

v = 0.186475H + 1.388231 i (A.9)
where v is the 'volume in’ litres and H is the 1liquid
height in cm. The calibration curve is shown in Figure

-~ A P -

aA.2.7

A4 CONDUCTANCE MEASURING CIRCUIT CALIBRATION

N The principle of the conductance measuring
circuit, shown in Figure 4.3, is that by applying an
oscillating voltage to two elements in series, one a
known resistéhce and the other the unknown liquid £ilm
conductance, a measurement of the potential difference

across each element -will ' allow “the ' liquid film
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conductance to be:determined by Ohms Law,

I v, ) -
Cm— = - (A.10)
R, V

L P
In the caiibration of the conductance measuring circuit,
allowénce was made for amplification (A) and offset  (B)
in the éonditioning elements so that equation (A.10)
became
AL By

A B
L PVPO p

i |
C - ;_ (A.11)

The liquid film was then simulated by inserting
known resistors in its place, these resistors (R) and the
fixgd resistor (R;) being measured by a Wayne-Kerr
au;ométicAcomponént bridge (B 605). The oscillato£
supply voltqge (Vs)‘ was measured by a Solartron (7051)
digital voltmefer ~as was the circuit output voltages
(VLO’ Vpo)' ) }The voltages across the resistor (RL) and

simulated liquid f}lm was calculated’from Ohms Law,

v, - Vg (A.12)
o RL+R
and
R
V, = — V. . o A.13
PR +R S ( )

These voltages were  correlated with the output

voltages V; and Voo respectively. A least square line
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fit method was then applied to the data in order to

determine AL, A_, BL' B _. The calibraiton data is shown

p 1%
in table A.8 and the best fit line gives

v, = 0.3490V,, - 0.01060 (A.14)
v, = 0.3517v 5 + 0.01606 ﬁ | (A.15)
hence , : : -
‘a, = 0.3517v71 (A.16)
A, = 0.3490v7} - (A.17)
B, = 0.1606V (A.18)
"B, = -0.01060V (A.19)
Then . -
(0.3517v, + 0.01606)
c = 19.86 (A.20)
- (0.3490v, - 0.0106

where the conductance C is in us’and voltages V, , and Voo
are in volts.

To check the validity of the calibration, known
resistors were again used to replace the liquid film and
the measurement circuit used to-. calcualte those
resistors. The comparison between known and measured

values is listed in Table A.9.

AS FILM THICKNESS PROBE CALIBRATIONS

The probes and gap thickness were calibrated in
situ by inserting plugs of known diameter into the tube
section containing the probe, as shown in Figure A.3.

The test section was then filled with water and the
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liQﬁid ‘conductivity and”iwﬁrobe conductance measured
through the data acqu151t10n system by an Applesoft Basic

programme spec1a11y written for this reason.

The calibration data for the upper and lower
probes are shown in Tables A.10 and A.11 respectively.

The calibration equation for the upper probe was

§ = 6,137 - [37.64-3.906(~ -0.495)] (A.20)
: : e ... K .

and for the lower probe
¢ 1,2
§ = 5.986 - [35.83-3.546(— -0.063)]%" (A.21)
r

where 8§ in mm, C.in us.and.v.in us/mm.

A6 PRESSURE TRANSDUCER CALIBRATION

" The  differential  pressure transducer  was
calibrated using a mercury manometer, which was connected
in parallel, to indicate the pressure. The connection
lines were filled with water which was maintained at a
certain level in the two volume chambers.  Different
pressure forces were applied by changing the 'level of one
volume chamber with respect to the other. Accordingly,
the transmitter connected to the pressure transducer
produced different signals, which were collected through
the data adcquisition system by an Applesoft Basic
programme which_ﬁhad ‘been. written for this purpose.

Every voltage reading collected was related to the
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corresponding;pressure.indicated by the mercury manometer
reading. . The numerical details . of the data collected
are given in. Table A.12. A least squares line fitted to
the data gave the calibration characteristic shown in

‘Figure A.4 and the calibration equation is
P = 20.6230125V - 7.310256 (A.23)

where P is the pressure in mm Hg

and Vv is the pressure transducer output voltage in

VOltS .

FRaN A

A7 STEAM ORIFICE PLATE CALIBRATION ..

- The supply - steam. flow was . passed through the
orifice plate. to - the test faciflity. .-By .shutting off
the water extraction system and the draining valve, the
supply steam was passed directly to the steam discharge
condenser where it condensed and a weighed collection was
made. . The upstream pressure and temperature along with
the transducer voltage were noted over the period of the
timed .collection. - = The averages of the . measured
quantitites are listed on table A.13 and a least  squares

£it through the data gave,

. PV
m= 11,3857 — - 0.057195 (A.24)
S 3 _ , :
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where P is the upstream pressure (PSI)
VvV is the pressure transducer’s output voltage (V)

and T is the upstream temperature (K)

The calibration curve is shown in Figure A.S5.

A8 WATER TURBINE FLOWMETER CALIBRATIONS

\ There were two turbine flowmeters used in the test
rig; The first was used to measure the cooling inlet
water flowrate to the extractor system condenser, and the
other to measure the discharge water flowrate from the
extractor system. The calibration of each turbine
flowmeter was carried out by passing different water
flows through the meter and collecting and weighing these
over a time period. At the same time, the output pulses
produced by the turbine flowmeter were monitored by the
data acquisition system wusing an Applesoft programme
which had been written for this purpose. For each
flowrate, the average of the voltage readings was
associated with the corresponding average volunme
flowrate. The averages of the collected data are listed
in”tables A.14 and A.15, and a least square fit produced
the following equations for the two turbines

respectively.

(i) cooling water turbine flowmeter
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Q¢ = 2.899112v + 0.206657 (A.25)
(ii) discharge water turbine flowmeter
| Qg = 5.2504613V + 0.1193941 (A.26)

where Qf is the volumetric water flowrate
and V is the turbine flowmeter output voltage
The two calibration curves are shown in Figures (A.6) and

(A.7) respectively.

A9 THERMOCOUPLE CALIBRATIONS

The thermocouples used on the test facility and
connected to the data acquisition system were constructed
in two parts (i) the hot junction approximately 1m in
length Fonnected to a plug and (ii) a longer 1length,
containing a socket which was connected to the input
terminals of the conditioning circuits. The plugs and
sockets were of the same material as the thermocouple
wire.. The cold junctions were independently insulated
and contained within an oil filled flask surrounded by an

jce filled vacuum flask.

All the thermocouples were calibrated by inserting
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the hot junction into a"controlled temperature water
bath. The temperature of the water bath was measured by
a calibrated mercury thermometer. For the thermocouples
which could be removed from their location, the
calibration was carried out by inserting the thermocouple
into the water bath, noting the temperature on the
mercury thermometer ahd then recording the thermocouple
output voltage by the computer. A similar system was
used for the thermocouples fixed to the tube wall except
that temperature variations were accomplished by steam
heating of the tube wall. A computer programme was
written to accept and tabulate the calibration dta, then
to fit it with a least square curve. The calibration
‘results are listed in ‘Tébles A.16 to A.33 and some
calibraiton characteristics are shown in Figures A.8 and

A.9. The calibraiton equations of all the thermocouples
are listed in Table A.34.
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AND TUBE CONSTANTS

TUBE
TYPE
=)

47G

35G.
35XG
24XG

TABLE A.2

FLOAT
WEIGHT
(9)

6l1.48
27.71
27.71

8.96

K, TUBE
CONSTANT
(=)

2.30
1.50
1.50
0.865

CALIBRATION RESULTS FOR TUBE 47G

SCALE
READING
~(mm.)

0.7

35.3

67.0

97.3
126.0
154,0
181.0
208.0
232,0
256.0

K, TUBE
CONSTANT
(=)

4.355
3.330
1.997
1.735

FLOW
RATE
(1/min)

98.1
196.0
294.0
393.0
491.0
589.0
687.0
785.0
§83.0
981.0
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TABLE A.3
CALIBRATION RESULTS FOR TUBE 35G°

SCALE £ FLOW
READING VALUE RATE
(mm. ) (=) (1/min)
1.67 0.1 50.4
36.0 0.2 101.0
66.3 0.3 151.0
99.7 0.4 202,0
129.0 0.5 252.0
157.0 0.6 302.0
185,0 0.7 353.0
211.0 0.8 403.0
236.0 0.9 453.0
261.0 1.0 504.0
TABLE A.4
CALIBRATION RESULTS FOR TUBE 35XG
SCALE £ FLOW
READING VALUE RATE
(mm. ) (=) (1/min)
1.88 0.1 30.2
34,7 0.2 60.4 -
66.7 0.3 90,6
97.3 0.4 121.0
126.0 0.5 151.0
155.0 0.6 181.0°
183.0 0.7 212.0
211.0 0.8 242.0
238,0 0.9 272.0.
263.0 1.0

302.0
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TABLE A.>5
CALIBRATION RESULTS FOR TUBE 24XG

SCALE £ FLOW
READING VALUE RATE
(mm. ) (=) (1/min)
3.1 0.1 14.9
36.9 0.2 29.9
. 67.5 . 0.3 44.8
97.2 0.4 59.7
126.0 0.5 74.6
153.0 0.6 89.6
181.0 . 0.7 104.0
206.0 0.8 119.0
232.0 0.9 134.0
256.0 1.0 149.0
TABLE A.6

CALIBRATION CURVE OF WATER TUBE 47

SCALE MEASURED CALCULATED PERCENTAGE

READING FLOWRATE FLOWRATE DIFFERENCE
(cm.) (1/min) (1/min) (%)
0.75 11.85 11.86 0.05
4,20 22.19 22,18 0.06
6.4 29.21 29,19 0.05
9.5 39.40 39.47 0.17
12,4 49,35 49,28 0.14

14.5 56.37 56.40 0.05
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TABLE A.7
CALIBRATION RESULTS FOR SECONDARY SEPARATOR

LiQUID HEIGHT -.VOLUME OF LiQUID CALCULATED PERCENTAGE

IN SEPARATOR. . IN SEPARATOR VOLUME DIFFERENCE
(cm.) (L) (L) (%)
0.0 . 1.388 1.388 0.072
3.0 ’ 1.953 1.947 0.308
5.0 2.317 2.320 -0.087
6.9 2.637 2.674 -1.347
10.0 : 3.277 '3.252 0.768
15.0 | 4.157 4.185 -0.670
20.0 ‘ 5.149 5,117 0.625
25.0 6.050 6.050 0.016
30.0 6.992 6.982 0.143
35,0 7.942 7.914 0,353
40.0 8.874 " 8.847 0.305

43.5 9.442 9.499 -0.601
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TABLE A.8
RESISTANCE CALIBRATION RESULTS

MEASURED PROBE LOAD
RESISTANCE OUTPUT OUTPUT
VOLTAGE VOLTAGE
(k ) (V) (V)
5.01 0.928 8.933
47.06 4,839 5.062
89.45 6.407 3.515
184.80 7.865 2,077
339.40 8.720 1.234
380,20 8.843 1.112
541.30 9.163 0.798
TABLE A.9

CALCULATED
RESISTANCE

(Rg)
(k )

4.995
47.040
89.520

184.400
339.400
380.500
540,600

PERCENTAGE
DIFFERENCE

(D)
(%)

-0.2170
-0.0384
0.0783
-0.2150
0.0000
0.0707
-0.1290

CALIBRATION DATA FOR CONDUCTANCE MEASURING CIRCUIT

MEASURED PROBE LOAD

RESISTANCE OUTPUT OUTPUT
(k) (V) (V)
5.00 0.927 8.935

47.11 4.844 - 5,061
89.51 6.411 . 3,514
184.90 7.872 2.071
339.60 8.723 1.233
380.60 8.845 1.113

342.40 9.164 0.7997

CALCULATED
RESISTANCE

(Rg)
(k)

3.1580
-1.7960
1.2520
0.7444
-0.4497
0.4075
0.2973

PERCENTAGE
DIFFERENCE

(D)
(%)

0.313
1.680
2.227
2.770
3.034
3.076
3.188
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TABLE A.10
CALIBRATION DATA FOR THE TOP PROBE

FILM SPECIFIC CALC. SPEC. PERCENTAGE
THICKNESS CONDUCTIVITY CONDUCTIVITY DIFFERENCE
(mm. ) (mm.) (mm. ) (%)
0.205 1.296 1.128 14.900
0.465 1.739 1.900 -8.500
0.935 3.165 3.209 -1.360
1,275 4.048 4,084 -0.889
1.690 5.063 5.073 -0.198
2,000 5.801 5.754 : 0.815
2.490 6.756 6.730 0.294
2.895 7.537 7.444 1.250
3.400 8.213 8.217 -0.046
3.665 8.474 8.570 - -1.120
4,085 9.080 9.056 0.264
TABLE A.1ll

CALIBRATION DATA FOR THE LOWER PROBE

FILM . SPECIFIC CALC. SPEC. PERCENTAGE

THICKNESS CONDUCTIVITY CONDUCTIVITY DIFFERENCE
(mm.) ({mm.) (mm.) (%)
0.205 " 0.776 0.743 - - 4.390
0.465 1.543 1.572 -1.830
0.935 2.992 | 2.973 0.630
1,275 3.823 3.909 -2.210
2,000 5.760 5.688 1.270
2,490 6.800 6.722 1.160
2.895 7.366 7.474 -1.180
3.400 8.273 8.283 -0.167
3.665 8.643 8.649 -0.075

4,085 9.167 9.150 0.190
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TABLE A.12
PRESSURE TRANSDUCER CALIBRATION RESULTS

LIQUID HEIGHT VOLUME OF LIQUID CALCULATED PERCENTAGE

IN "SEPARATOR IN SEPARATOR VOLUME DIFFERENCE
(cm.) (L) - (L) (%)
0.495 3 2.918 2.810
0.637 .6 © 5.847 2.616
0.941 12 ~12.095 -0.786
1.336 20 . 20.242 -1.196
1.785 <30 . 29.501 1.691
2.303 40 40,184 -0.458
2.752 © 50 49,444 1.124
3.477 64 64.395 -0.614
3.945 74 . 74.047 -0.640
4,517 84 85.864 -2.171
4.912 94 © 93,989 0.011
5.297 - 102 101.929 0.069
5.562 4108 107.394 0.564
6.059 - 118 117.644 0.302
6.269 122 121.975 0.020
6.643 130 129.688 0.240
7.069 139 138,473 0.380
7.368 145 144.640 0.248
7.856 155 154,704 0.191

8.453 166 167.016 -0.609
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TABLE A.1l3
STEAM ORIFICE PLATE CALIBRATION DATA

UPSTREAM UPSTREAM  PRESSURE MEASURED
PRESSURE TEMPERATURE TRANSDUCER FLOWRATE
VOLTAGE

(P.S.I.) (K) (V) (kg/min)
9.8 141.4 0.088 0.766
10.0 141.6 0.107 0.853
10.4 142.1 0.137 0.986
9.9 142.3 0.177 1.121
10.1 142,5 0.224 1.269
10.7 ©143.1 0.258 1.386
11.6 143.9 0.288 1.488
14.9 144.0 0.325 1.691
14.6 -146.0 0.444 1.973
10.1 146.0 0.623 2.151
13.0 148.0 0.731 2.466
15.6 148.4 0.813 2.732
16.0 148.4 0.922 2.928
16.3 148.5 0,957 3.002

16.5 148.6 1.056 3.165
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TABLE A.l4
COOLING WATER TURBINE METER CALIBRATION RESULTS

MEASURED MEASURED CALCULATED PERCENTAGE
VOLTAGE FLOWRATE FLOWRATE DIFFERENCE
(V) (1/min) (1/min) (%)
0.297 1.054 1.067 ~0.219
0.651 2.076 2.093 -0.813
1.768 5.304 5.330 -0.488
2.226 6.621 6.657 ~0.526
2.854 8.477 8.477 0.000
3,157 9.359 9.358 0.010
3.711 10.963 10.961 0.018
4.146 12,208 12,222 -0.115
4.871 14.348 14,323 0.174
5.552 16.313 16.296 0.110
6.095 17.885 17.870 0.083
6.717 19.876 19.673 1.031
7.442 21.853 21.774 0.362
7.917 23.148 23.151 ~0.013
8.331 24.160 24,350 ~0.781
8.868 25.956 25.910 0.177
9.175 26.813 26.796 0.063
9.423 27.524 27.515 0.032
9.763 28.498 28.500 0.000

9.993 29.063 29.167 -0.357
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TABLE A.l1l5
DISCHARGE WATER TURBINE METER CALIBRATION RESULTS

MEASURED MEASURED CALCULATED PERCENTAGE

VOLTAGE FLOWRATE FLOWRATE DIFFERENCE
(V) (1/min) (1/min) (%)
0.503 2.731 2.760 -0.051
0.982 5.297 5.275 0.417
1.373 7.228 7.328 -1.365
1.606 8.565 8.551 0.163
1.973 10.484 10.478 0.057
2.117 11.279 11.234 0.400
2.413 12.810 12.788 0.172
2.792 14.888 14.778 0.744
3.172 16.578 16.773 -1.163
3,547 , 18.804 18,742 0.330
3.862  20.399 20.396 0.014
4.206 22.387 22,202 0.837
4,684 +24.561 24,712 -0.612
4.940 . 26.049 26.056 -0.027
5.444 28.668 28,702 -0.119
5.870 31.225 30.944 0.908
6.342 33.212 33.417 -0.611
6.905 36.376 36.373 0.000
7.609 40.038 40.070 -0.080

8.502 44.768 44.758 0.024
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TABLE A.1l6
CALIBRATION DATA FOR THERMOCOUPLE T,

MEASURED MEASURED CALCULATED PERCENTAGE
VOLTAGE TEMPERATURE TEMPERATURE DIFFERENCE
(V) (°c) (°c) (%)
1.083 12,8 12.7 0.787
l1.746 20.3 20,3 0.000
2.617 30.2 30.1 0.332
3.587 40.9 40.8 0.245
4,525 51.1 51.0 0.196
5.471 6l.1 61.1 0.000
6.269 69.4 69.4 0.000
7.255 79.4 79.4 0.000
8.291 89. 89.8 0.111
9,217 98,8 98.8 0.000
TABLE A.17

CALIBRATION DATA FOR THERMOCOUPLE T,

MEASURED MEASURED CALCULATED PERCENTAGE
VOLTAGE TEMPERATURE TEMPERATURE DIFFERENCE
(V) (°c) (°c) (%)

0.645 13.9 ‘ 13.9 0.000
1.421 23.1 23.0 0.434
2.301 33.1 33.1 0.000
3.271 44,1 44.0 0.227
3.847 50.5 50,4 0.198
4,347 56.1 55.9 0.357
5.632 69.7 69.8 : -0,144
6.171 75.5 75.5 0.000
7.138 8505 85.6 -Ooll7

8,271 97.3 97.1 0.205
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TABLE A.1l8
CALIBRATION DATA FOR THERMOCOUPLE T,

MEASURED MEASURED CALCULATED PERCENTAGE
VOLTAGE TEMPERATURE TEMPERATURE DIFFERENCE
(V) (°c) (°c) (%)
0.664 13.0 13.0 0.000
1.413 21.9 21.9 0.000
2.273 32.1 32,0 0.312
3.243 43,3 43,2 0.231
3.757 49,3 49,0 0.612
4,665 9.3 59.2 0.168
5.341 66.6 66.7 -0.150
6.008 74.0 74.0 0.000
7.129 86.1 86.1 0.000
8.432 99.9 99.8 0.100
TABLE A.1l9

CALIBRATION DATA FOR THERMOCOUPLE T,

MEASURED MEASURED CALCULATED PERCENTAGE
VOLTAGE TEMPERATURE TEMPERATURE DIFFERENCE
(V) (°c) (°c) (%)

0.634 12,0 12.0 0.000
1.418 21.4 21.3 0,469
2.250 31.1 31.0 0.322
3.251 42.4 42.4 0.000
3.753 48,1 48,1 0.000
4,251 53.6 53.6 0.000
5.459 66.9 66.7 0.299
6.096 73.5 73.5 0,000
7.365 86.7 86.7 0.000

8.671 99.9 99.8 0.100
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TABLE.A:20 . . . .. w
CALIBRATION DATA FOR THERMOCOUPLE T:

MEASURED MEASURED CALCULATED PERCENTAGE
VOLTAGE TEMPERATURE TEMPERATURE DIFFERENCE
(V) (°c) (°c) (%)
0.655 12,2 12,2 0.000
1.451 21.7 21.6 0.462
2.273 31.1 31.1 0.000
3.286 42.7 42.7 0.000
3.772 48.2 48.1 0.207
4.290 53.9 53.8 0.185
5.410 66.1 66.0 0.151
6.152 73.8 . 73.8 0.000
7.250 85.1 85.1 0.000
8.720 99.9 99,8 0.100
TABLE A.21

CALIBRATION DATA FOR THERMOCOUPLE T¢

MEASURED _MEASURED CALCULATED PERCENTAGE
VOLTAGE TEMPERATURE TEMPERATURE DIFFERENCE
(V) (°c) (°c) (%)

0.666 12.1 12.1 0.000
1.427 20.5 20.6 -0.486
2,235 29.5 29.5 0.000
3.307 41,6 41,2 0.970
3.781 46.5 46.3 0.431
4,327 52,3 52,2 0.191
5,427 63.9 63.8 0.156
6.245 72,3 72.3 0.000
7.399 83.7 84.2 -0.594

8.914 99.8 99.4 0.402
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TABLE A.22
CALIBRATION DATA FOR THERMOCOUPLE T

MEASURED MEASURED CALCULATED PERCENTAGE
VOLTAGE TEMPERATURE TEMPERATURE DIFFERENCE
(V) (°c) (°c) (%)
0.501 11.8 11.8 0.000
1.334 21.5 21.4 0.467
2.106 30.3 30.2 0.331
3.154 41.9 41.8 0.239
3.632 47.1 47.1 0.000
5.179 63.9 63.7 0.313
6,052 72.9 72.9 0.000
7.190 84.6 84.5 0.118
8.720 99,8 99,.8 0.000
TABLE A 23 .

CALIBRATION DATA FOR THERMOCOUPLE Tq

MEASURED “MEASURED CALCULATED éERCENTAGE

VOLTAGE TEMPERATURE TEMPERATURE DIFFERENCE
(V) (°c) (°c) (%)
0.544 12.3 12.3 0.000
1.366 21.8 21.7 0.460
2.168 30.8 30.7 0.325
3.228 42.3 42.3 0.000
3.698 47.5 47.4 0.210
4,242 53.3 53.2 0.187
5.253 63.9 63.9 0.000
6.142 73.2 73.1 0.136
7.307 85.0 84.9 0.177

8.852 100.2 100.1 0.099
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TABLE A.24
CALIBRATION DATA FOR THERMOCOUPLE Tq

MEASURED MEASURED CALCULATED PERCENTAGE
VOLTAGE TEMPERATURE TEMPERATURE DIFFERENCE
(V) (°c) (°c) (%)
0.659 12,4 12.4 0.000
1.468 21.9 21.7 0.921
3.301 42,3 42,3 0.000
3.754 47.2 47.2 0.000
4,287 53.2 53.0 0.377
5.280 63.7 63.7 0.000
6.152 73.0 72.9 0.137
7.302 84.9 84.8 0.177
8.814 100.1 100.1 0.000
TABLE A.25

CALIBRATION DATA FOR THERMOCOUPLE T10

MEASURED MEASURED CALCULATED PERCENTAGE
VOLTAGE - TEMPERATURE TEMPERATURE DIFFERENCE
(V) - (°c) (°c) (%)

0.625 12,5 12.5 0.000
1.402 21.8 21.7 0.460
2.146 30.3 30.4 -0.329
3.176 42.3 42.2 0.236
3.621 47.2 47.2 0.000
4,143 53.2 53.1 0.188
5.107 63.7 63.7 0.000
5.952 72.9 72.9 0.000
7.077 84.9 84.8 0.177

8.564 100.2 100.2 0,000
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TABLE A.26
CALIBRATION DATA FOR THERMOCOUPLE T;;

MEASURED MEASURED CALCULATED PERCENTAGE
VOLTAGE TEMPERATURE TEMPERATURE DIFFERENCE
(V) (°c) (°c) (%)
0.567 12.7 12.7 0.000
1.395 22.4 22.5 0.448
2.131 30.9 30.8 0.324
3.012 40.9 40.8 0.245
3.641 47.8 47 .9 -0.209
4,166 53.8 53.7 U.186
5.149 64.5 64.4 0.155
5.996 73.5 73.5 0.000
7.145 85.5 85.5 0.000
8.568 100.1 100.0 0.100
TABLE A.27

CALIBRATION DATA FOR THERMOCOUPLE T,,

MEASURED MEASURED CALCULATED PERCENTAGE
VOLTAGE TEMPERATURE TEMPERATURE DIFFERENCE
(V) (°c) (°c) (%)

0.527 12,3 12.2 0.819
l1.376 22,2 22.3 -0.449
2.025 30.1 29.9 0.668
2,985 41.2 41.1 0.243
3.547 47.6 47.6 0.000
4,217 55.2 55,2 0.000
4.903 62.9 62.9 0.000
5.721 72.1 72,1 0.000
6.817 84.3 84,1 0.237

8.262 99.6 99.6 0.000
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TABLE A.28
CALIBRATION DATA FOR THERMOCOUPLE T13

MEASURED MEASURED CALCULATED PERCENTAGE
VOLTAGE TEMPERATURE TEMPERATURE DIFFERENCE
(V) (°c) (°c) (%)
0.871 12.6 12.6 0.000
1.511 20.3 20.3 0.000
2,361 30.7 30.5 0.655
3.233 40.9 40,7 0.491
4,128 50.9 51.0 -0.,197
4,982 60.9 60.8 0.164
5.850 70.2 70.3 -0.426
6.593 78,7 78.7 0.000
7.204 85.8 85.4 0.468
8.497 99.2 99,2 0.000
TABLE A.29

CALIBRATION DATA FOR THERMOCOUPLE Ti14

MEASURED MEASURED CALCULATED PERCENTAGE
VOLTAGE TEMPERATURE TEMPERATURE DIFFERENCE
(V) (°c) (°c) (%)

1.131 12.5 12.5 0.000
1.726 19.6 19.6 0.000
2.588 29.9 29.8 0.335
3.627 42.1 41.8 0.717
4.463 51.3 51.3 0.000
5.341 60.9 6l.1 -0.328
6.128 70.4 70.3 0.142
7.168 80.9 80.9 0.000
7.970 89.4 89.4 0.000

8.855 98.6 98.5 0.101
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TABLE A.30
CALIBRATION DATA FOR THERMOCOUPLE Tis

MEASURED MEASURED CALCULATED PERCENTAGE
VOLTAGE TEMPERATURE TEMPERATURE DIFFERENCE
(V) (°c) (°c) (%)
0.956 11.1 11.1 0.000
1.834 - 21.7 21.7 0.000
2.533 30.1 30.0 0.333
3.537 41.7 41,7 0.000
4,191 49.2 49,2 0.000
5.412 62.9 62.8 0.159
6.116 70.6 70.5 0.141
6.959 79.6 79.6 0.000
7.737 87.8 87.8 0.000
8.845 99,3 99,2 0.100
TABLE A.31

CALIBRATION DATA FOR THERMOCOUPLE T16

MEASURED MEASURED CALCULATED PERCENTAGE
VOLTAGE TEMPERATURE TEMPERATURE DIFFERENCE
(V) (°c) (°c) (%)

0.675 11.1 11,1 0.000
1.371 19.0 18.9 0.529
2.195 27.9 27.9 0.000
3.321 39.8 39.8 0.000
4,210 48,9 48.8 0.204
5.110 57.8 57.7 0.173
5.952 65.8 ‘ 65.8 0.000
6.956 75.1 75.0 0.133
8.284 86.7 86.7 0.000

9.781 99.2 99.1 0.100
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TABLE A.32
CALIBRATION DATA FOR THERMOCOUPLE T17

MEASURED ° * MEASURED . CALCULATED PERCENTAGE
VOLTAGE TEMPERATURE TEMPERATURE DIFFERENCE
(V) (°c) - (%) (%)
0.776 11.2 11,1 ‘ 0.900
l1.561 20,4 20.4 0.000
2.602 . 32.6 e 32.5 0.307
3.446 42,2 42,2 0.000
4,562 54.8 54,7 0.182
5.495 65.0 65.0 _— 0.000
5.970 70.2 70.2 0.000
7.014 . 8l.4 81.3 . 0.123
7.844 90.1 90.0 0.111
8.799 99.8 99.8 0.000
TABLE A, =33 S

CALIBRATION DATA FOR THERMOCOQUPLE T8

MEASURED MEASURED CALCULATED. - PERCENTAGE
VOLTAGE TEMPERATURE TEMPERATURE DIFFERENCE
vy . (°c) ... (%c) : (%)

1.009 \ 14.7 ‘ : 14,7 0.000
1.431 19.2 , 19.2 0.000
2.156 . 27.0 \ 26.9 : - 0.371
3.077 ’ 36.8 36.5 - 0.821
30715 42.9 43.1 -0.465
6.729 73.5 73.2 0.409
7.479 ., 80.5 80.5 0.000
8.565 ' 90.8 ’ 90.8 0.000

9,477 99.3 99.3 0.000
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THERMOCOUPLE CALIBRATION EQUATIONS
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0.146191

6.362958

5.045472

74,407498

4,324521

'4,596831

5.984857

' 6.106876

4,784898

© 5,002559

5.991961

5.911193

2,011159

-1.195715

-0.666289

3.419812

1.819366

3.744495

+

11.776490V
11.882968V
12.113481v
12.128836V
12.125987V
11.352337V
11.738862V
11.580003V
11.697097V
12.073867V
11.909365V
12,065597V

12,303742v

.. 12,283726V.

12,438887V

11.561740V

" 12.107838V

10.995479v

0.1160658v2

0.1092592v2
0.1038098v2
0.1290816V2
0.1342778v?
0.0795628v?2
0.1123962v2
0.1074142v2
0.0999316v?2
0.1116786V2
0.1085042v?2
0.0867634V2

0.1007002v?2

0.1151167v2

0.1292127v2

0.1812599v2

' 0.1097483v2

0.0919899v?
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"APPENDIX B

AIR-WATER DATA
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APPENDIX B

In air-water tests, each particular test is given a

reference number consisting of 10 digits.

year respectively on which the test was carried out.
The fourth pair refer to the inlet water flow whilst
the last pair of digits correspond to the inlet air
flow. The definition of symbols used

are:-

Test No.

Test number

Water Volumetric flowrate, 1l/min.
Atmospheric pressure, bar. '

Inlet water temperature, °C.
Water conductivity, MSIEM/mm.

" Supply air volumetric flowrate, l/min.

Test section air volumetric flowrate,
1/min.

Test section air temperature, °C.

Extracted (leaked) air volumetric

flowrate, l/min.
Extracted (leaked) air temperature, ©°C.
Pressure difference, KN/m2.

Top (upper) film thickness, mm.

‘Bottom (lower) film thickness, mm.

Water mass flowrate, kg/min.

Supply air mass flowrate, kg/min.

Test section air mass flowrate, kg/min.
Extracted (leaked) air mass flowrate,
kg/min. '

Test section air density, kg/m3.
Extracted (leaked) air density, kg/m3.

‘Wallis liquid papameter.

Wallis air parameter.

The first
three pairs of digits correspond to the day, month and

in the tables
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Air-Water Data (Low Air Extraction Rate Tests)

0f = 4,000 1/ain

Pata = 11,0040 Bar

TEST MO THin L8 Qasup Qatst  Tatst  Qal Tal PD 111 L
1509850401 13,9  3.364 239,81 7.32 16,2 232,49 30,2 0.0499  0.4310 0.41%9
1609850402 13.9 3438 2717.72 44,38 18.1 233,34 311 0.0318  0.4573  0.4719
1609850403 13,9  3.821 31,12 138,30 18,1 232,82 31,3 0,0539 0.4804 0.5098
1609850404 13,9  3.399 487. 49 254,12 18,3 233,37 3.5 0.0942  0.5039 0.4822
1409850405 13.9  3.411 985.45 332,08 1B.2 233,37 317 0.1323  0.5444  0,4723
1409850406 13,9 3.4} $47.32 43393 18,3 233.37 32.1 0.1982  0.5450 0.4731
1609850407 13.9  3.812 790,08 I5L.59 18,3 23349 32,4 0.3037  0.5475  0.47%4
1609850408 13.8  3.623  915.20  680.89 18,3 234,31 32,8 0.2349 0.5385 0.5071
1609850409 13.8  3.453  1076.95  BAZ2.44  18.4 234,49 32,9  0.4132  0.5349  0,498%
1609850410  13.8  3.651 1218.97  9Bl.4b 18,4 235,31 32,9 0.4557 0.5344  0.5213
1609850411 13,8 3,865 1276.29  1040.41 18,5 235,18 331 0.M433  0.5499  0.4751
1609850412  13.9  3.853  1383.87  1127.49 18,3 235.18 33,2 0.4000  0.5A40  0.4704
1609850413 13.9  3.643  1431.30  1194,72 18,8 234,83 333 0.7857 0.5524  0.4721
1609850414 13,9 3,452 1928.07 1290.89 18,9 237,18 335  0.9153  0.5531 0.4802
1609850415 13,9 3.455  1547.12 1309.80 19.4 237,32 33,5 1.0154  0.5602 0.5028
1609850418  13.9  3.871  1365.26  1327.94 19,2 237.32 33.6  3.9330 0.5875 0.5237
TABLE B.1b
Air-Water Data (Low Alr Extraction Rate Tests)

Qf = 5,000 1/ain Pata = 1,0080 Bar

TEST NO Ttin NC Rasup Qatst  Tatst  Qul Tal PD " {3
1709850501 14,0  3.54 240.37 8.98 14,0 231,39 26,0 0.2138 0.4789 0.4521
1709850502 14,0  3.333 30177 . 49.70 14,4 232,07 28.4  0.1893  0.4782 0.4587
1709850503 14,0 3,350  3B9.63 15683 14 232.82 27,0 0.2639  0.4829 0,440
1709850504 14,0  3.551 45156 218.19 14,8 233,37 27.5  0.3012  0.4856  0,4552
1709850505 14.0  3.583 12,97 279.48 15,0 233.49 - 27.8  0,2973  0.4855 0.4532
1709850506 14,0 3,550  580.39 344,58 15,2 233.81 28,2 0.3241 0.4884  0.445%
1709850507 14,0  3.551 678,77 MMM, 5B 15,6 234,19 28,6 0.4277  0.4893  0.4411
1709850508 14,0  3.552 794,56  S0.64 15.8  233.92 29,2 0.4981 0.4910  0.4745
1709850509 14,0 3,550  B&2.,02 628,53 15,9 233.49 29,8  0.4858 0.4949  0.475%
1709850510 14,0  3.832  977.84  TAL.09 15,9 233,75 30,3 0.5044 0.5013 0.4832
1709850511 14,0  3.523 1078.02 843,72 16,0 23430 30.5 0.4539 0.5012  0.4801
1709850542 14,0  3.953 1119.30  BBA.81 15,0 234,49 30.9 0.4843  0,5007 0.4922
1709850543 14,0 3.557 11B0.19 945,70 16,2 23449 31,0 0.4318  0.5059 0.5103
1709850514 14,0  3.560 1331.03  1096.32 16,2 23471 31,2 0.5012  0.5129 0.3179
1709850545 14,0  3.564  1380.29 1145,34 16,2 234,95 31,4 0.B7I4  0,508h 0.5231
1709850518 14,0  3.567 1483.98 1228,97 14,2 235.01 31,5 0.9426  0.514S 0.5254
1709850517 14,0 3,567 IS1L.56  1278.44 16,3 235.12 3.6 1.2604  0.5207 0,534
1709850518 14,0  3.571 1520.54 1285.42 16,3  235.12 30,6 4,256 0,581  0.5829
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TABLE B.1c

fir-Water Data {Low Air Extraction Rate Tests)

of = 6.000 1/ain Pate = 11,0080 Bar

TESTNO  THn WO Dasup  Qatst Tatst QL Tl P07 'l

1709850601 14,0 3.563 244,75 9.04 15,0 23571 27,0 0.3319 0.5035 0.5719
1709850802 14,0 3,367  327.98 92,16 14,8 235.82 28,0 0.3341 0.8170 0,593t
1709850603 ~ 14.0  3.569  436.89 199,87 14,8 237.02 28.7 0.3470 0.4173 0.5913
1709850604 14.0  3.569  528.84  291.82 14.8 237,02 29.1 0.3558 0.4201 0.5842
1709850405 14,0  3.589  A10.39  J7A09 14,9 237,30 29.6 04738 0.8218  0.5849
1709850606 14,0 3,572 722.2%  A83.49 14,7 238,55 30.3  0.4972 0.4289  0.58%%
1709850607 14,0  3.576 B35Sl 596,28 146 239.23 30.8B  0.7552  0.8326  0.5005
1709850408  14.0 3,588  965.66 726,24 14,6  239.42 31,3 0.9947  0.4318  0.5073
1709850609 14,0  3.583 1045.03  B05.80 14,6 240,23 31,5 1.0352  0.8379 0.5959
1709850810 14,0 3.584  1161.82 921,23 14,7 240,39 31,7 1.1809  0.8414  0.5941
1709850611 14,0 3.585 1270.22 1029.47 14,7 240,55 31,8 1.1504 O0.0440 0.593%
1709850412 14,0  3.590 1354.80 1115.49 14,9 241,31 32,0 1,4037  0.4432 0,5983
1709850813 14,0  3.592  1456.43 121514 15,1 244,31 32,1 1.6385 0.4488  0.591%
1709850614 13,9 3.592 148B.46 1247.02 15,4 281,44 32,2 3.8884  0.4453 0.4283

TABLE B.1d

Air-Water Data {lLow Air Extraction Rate Tests)

. @f = 7.000 1/ain Pats = 11,0080 Bar
TEST NO T#in NC Qasup Qatst Tatst QL TaL PP T 1

1709850701  13.8 364 24351 L34 CIAS 236,07 25.0  0.5433  0.6895  0.63%2
1709850702 13.8  3.654 31523 7874 145 236,49 26,5 0.5857 0.4785  0.8419
1709850703  13.B  3.852 408,83  170.01 14,3 236,82 27.7 0.B465 0.6801  0.4395
1709850704 13.8  3.650 493,57 255,38 143 238,19 28.0 0.8966 0.8797 0.4344
1709850705 13.8  3.AMB 58293 324,38 A3 238.55 28,6 0.5305 0.6728  0.8324
1709850705 13.8  3.850  704.B4 485,92 142 238.52 29.0 1.0973 0.6785 0,433
1709850707 138 3.548  B81.82 622,79 15,0 239,03 29,3 1.1677 0.707 0,839
1709850708 13.8 347 AT.09 710,06 153 239.03 29,5 L1147 0.6711 0,835
1709850709 13.9  3.847 1092,30  BS53.27 15,7 239.03 29.8 4.0932 0.9  0.4314
1709850710 13,9 3.445 1195.68 956,56 158 239.12 301 1.2819 0.4723 0,632
1709850710 139 3.543 126740 1028.32 18,0 239.12 30.4  1.3720  0.6727 04344
1709850712 13,9 3.842 143034 120012 (4 239,22 30.4  LAGIL  0.8739 04315
1709850713 13,9 L45  LABTT7 122855 18,6 239,22 30,5 1.BIOA  0.6749 0,448
1709850714 13.9 . 3.A43  LISLTT 124555 16,6 239.22 30.5  S.1442  0.480  0.4530




TABLE B.le
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Tati{

OF = 8.000 1/ain

Pata s 1,0080 Bar

TEST NO THin Qasup Qatst fal Tal P2 17 T
1709850801 13.0  3.859 . 240.%4 8,33 17,0 232.81 29.0 0.7138  0.8814 0,484
1709850802 15.0  3.832  325.83  B2.81 15,7 243,02 29,4 0,9456 0.6852 0.4428
1709850803 15,0  3.837  A3%.13  195.86 15,0 243,29 29,7  1.1484  0.883%4 0,8712
1709850804 15.1  3.837  718.88  475.51 15,0 243,37 - 29.8 1.1948 0.4B82 0.477%
1709850805 13,1 3.637 782,68  339.03 15,4 243,85 30,3  1.3233  0,4899 0.473%
1709850806 15,0 3,838 93351  489.63 15,5 243,88 30.7 1.4539 0.4897 0.872%
1709850807 15,0  3.638 1030.17  78b.29 . 15,6 243.88 30.8 1.4521 0.8872 0.4701
1709850808 13,0  3.439 114484 900.28 15.8 244,58 30.9 1,451  0.6825 0,B488
1709850809 15.0  3.638 130405 1058.87 18,0 245,18  31.0  1.4549  0,6900 0,4559
1709850810 15.0  3.838 1375.31 1130.18 14,2 245.33 31.2  1.5062 . 0.4929 0,8503
1709850811  15.0  3.839 1417.28  1171.95 14,2 245.33  31.6  1.5254  0.4885  0,5594
1709850812 15,0  3.638  1MA&.47  1200.48 18,8 245,99 31,9  1.8577  0.4936 0,448
1709850833 15,0  3.437  1441.48  1215.41 14,6 245,07 32,3 1.9832  0.5954 0.5701
1709850814 15,0  3.639  1470.21 1223.90 16.4 244,31 324 5.1772  0.4931  0,4802
TABLE B.1f

Air-Water Data {(Low Air Extraction Rate Tests)

TEST NO
1809850904
1809850902
1809850903
1809850904
1809650903
1809850906
1809850907
1809850908
1809850909
1809850910
1809830911
1609850912

Ttin

15,3
15.3
13.3
15.3
15,3
13.2
13.3
15,3
15,3
15.3
15,2
13.3

¥

3.632
3.633
3.633
3.433
3.633
3.634
3,633
3.634
3.833
3,435
3,834
3,634

Qasup

209.09
311.99
398.71
43,40
883.27
740.78
941.47
1100. 03
1207. 66
1300.83
1382, 10

141,22

Batst
9.08
71.43
158,32
304,30
421.90
518.87
699,08
837.12
945.38
1057.5%
1138.08
1172.20

‘ Tatst

18,0
13.8
13.2
13.1
13.1
13.0
14.8
14,7
13.6
13.4
18,5
16.6

ry

Of = 9.000 Main  Pata= 1.0079 Bar

fal
240,01
240,58
240.39
241,10
.7
241,91
42,44
242,91
242,28
243,29
204,02
244,02

Tal

28.0
30.3
30.8
3.1
313
31,4
31.8
32,2
32.3
32.7
32,9
33.0

)

0.8852
1.3431
14118
1. 4431
1.4681
1,339
1.5327
1.4332
1.3874
1.3333
1.725%
4.8574

n

0.7129
0.7184
0.7166
0.7134
0.7174
0.7149
0.7132
0. 4984
0.7032
0.71%90
0.7223
0,7231

o

0.6801
0.4874
0.6843
0.6771.
0.6748
0.8742
0.6784
0.4832
0.6793
0.4824
0.4829
0.4933
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TABLE B.1g

Air-Water Data (Low Air Extraction Rate Tests)

B¢ = 10,000 1/ain Pata = §,0081 Bar
TEST NO Ttin W Qasup Datst Tatst  Qal Tal PD mn T

1809851001 15,0  3.833  245.76 9.56 15,0 236,20 29,0 0.B900 0,737 0.73%%
1809851002 15.0  3.438  29B.94 62,28 15.8 234,46 29.6 1.1906 0.7385 0.7331
1809851003 15.0  3.437 406,40 189,54 15,2 234,85 30.3  1.3503  0.7382 0.7353
1809851004 15,0  3.829  585.284 M8 34 15.3 236,92 30.6  1.3731 0.7381  0.7380
1809651005 15,0  3.812  730.B4 493,92 15,4 236,92 3.1 14279 0.7392  0.7394
1809851006 14.9  3.388  929.39 492,57 157 237,02 31.8 L4778 0.7418  0.7349
1809851007 14.9  3.577 1072.31  B35.29 15.8 237,02 32.0 1.8239 0,744  0.7404
1809851008 14,9 3.567 1206.63  989.4% 18,0 237,19 3.3 1,7006 0.7387 0.7384
1809851009 14,9  3.582 1301.41 1064.22 16.0 237,19 32.5 1.8851 0.7434 0.738)
1009851010 14,9  3.857 1327.73  1090.386 14,0 237,19 32,6 1.9841 0.7M9 0.7423
1809851011 14,9 3.556 1386.75  1129.43 16,0 237,32 32,7 2.1799  0.7495  0,74%9
1809851012 14,9  3.548 1397.82 '1180.50 18,0 237,32 32,7 5.0177 0.7527 0774

TABLE B.1h

Air-Nater Data (Low Mir Extraction Rate Tests)

0f = 11.197 1/ain Pata = 11,0067 Bar
TEST NO THin W Qasup Qatst  Tatst  QaL Tal PD T T

1909851101 13,3 %581 250.30 10,18 14,0 240,12 28,5 0,9308 0.8301 0.7844
1909851102 133 3575 319.80 79,58 15,2 240,22 29.0 11,2235 0.8383 0.8088
1909851103 13,3 3573 436,72 195.86 15,0 240.85 29,3 4.3739 0.8269 0,808}
1909851104 13,3 3,368 527,31  288.78 14,9 240.55 29,5 1.4549  0.8345  0.8044
1909831105 13,3 3.566 823,37  IB2.55 15.5  241.02 29,7  1.4415  0.BM43  0.8042
1909851106 13,3 3.565 701,48 480.14 15,7 241,34 29.8 1,458 0.8499  0.8037
1909851107 13,3 3.563  800.54 559,52 16,2 241,02 29.9 1.%417 0.8538 0.803%
1909851108 13,3 3.563 922,98  681.48 18,5 241,50 30.0 1,4089 0.8418 0,8027
1909851109 13,2 3.352 1078.94  837.22 16,8 241,72 30.1 1.8311  0.8714 0.B181
1909851110 13,2 3.562 1285.51 1043.40 16,8 242,11  30.2 1.4985 0.8922 0.83N7
1909851111 13,2 3.565 1315.83 1073.21 17,0 242,42 30.3  1.9209 0.8919 0,BA23
1909851112 13,3 3.386  1335.42  1093.20 18,9 242,42 30,3  5.4925  0.9047  0.9022




TABLE B.1i

Ratst
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of = 12710 1/ain

Tai

FD

Pats = 1,0083 Bar

TEST NO THin W Qasup Tatst  Qal 1) T
2009853201 13.5  3.586  255.07 10.95 14,0 245,12 30.0 1.0849 0.8839 0.851%
2009851202 13.5  3.590  301.78 94,30 14,1 245,48 0.2 1.2113  0.8891  0,B573
2009851203 13,5  3.400 448,99  173.47 14,2 245,82  30.3  1.4339  0.8950 0,B4%1
2009851204 13,5  3.592  593.01  3A9.68 15,0 245,33  30.5  1.4318  0.9171 0.87%9
2009858205 13.5  3.802 457,26  M11,59 1.3 245,47 30.8 31,6218 0.B992 0.8834
2009851206 13,6  3.808 732,38  S04.43 144 245,93  31.4  1,8260 0,8917  0.B489
2009851207 13.6  3.603 845,70  599.77 1b.5 245,93 31.6 1,704  0.881%9 0.877%
2009851208 13,4 3.402 942,94 694,39 18.6 244,55 31,7 1,743  0.9349 0.BBIS
2009854209 13,6 3.599 1024.46  777.55 16,8 244,91  31.9  1.7772  0.9339  0.B8990
2009851210 13,4  3.594  1169.60  922.49 17.0 244,91 32,0 1,B831 0.9278 0.9027
2009851211  13.6  3.5B4  1249,29 1002.15 17.1 247,44 32.1° 2,039 1.024)  0.89%9
2009851212 13,6  3.533 1310.41 1062.44 17,1 242,77 32,8  S5.1877  1.0597  0.9175
TABLE B.1)

comsccasew

Air-Nater Data .(Low Air Extraction Rate Tests)

TEST NO

2009851401
2009851402
2009831403
2009851404
2009831403
2009831406
2009831407
2009831408
2009851409
2009831410
2009851411
2009851412

Ttin

13.7
13.7
13.7
13.8
13.8
13.8
13.7
13.8
13.8
13.8
13.8
13.8

N

3.348
3.547
3.347
3.349
3349
3.3
3549
3.351
3.557
3.559
3.359
3.527

Dasub

256,87
.47
413.88
330.79
672,40
761,20
822,30
939.31
1138.04
1172.82
1211.97
1235.21

Qatst

9.29
70.54
164.97
301,61
122,91
St
372,79
748,51
885.89
920,93
980,24
1003.48

Tatst

14,0
13.8
15.8
18,0
18.2
16.4
18,5
18.4
16.8
17,0
17.1
17.1

Of = 14,229 1/ain  Pata = 1.0080 Bar

Qal

47,38
218.51
248.91
249.18
49,89
249,49
8.0
231,00
- 231,15
231,49
231,73
3173

Tal

29.1
2%.4
2%.7
29.9
30.3
0.3
30.8
31.0
31.2
3.3
313
31.3

PD

1.1843
1.3691
14438
1,3230
1.3949
1.3781
1,3503
1.7912
1,885
1.9487
2,0408
3.9292

m

0.9687
0.9303
0.9743
0.984%
1.0424
1.0439
1,008
10719
1.0903
1,0689
1,0972
11406

8

0. 9283
0.9467
0.9469
0.9374
0.9403
0.9404
0.9323
0.9308
0.9439
0.9532
0.93%8
0.9503




TABLE B.1k

fir-¥ater Data (Low Air Extraction Rate Tests)

444

0f = 15,735 1/ain

Pata = 11,0085 Bar

TEST NO Ttin W Qasup Datst Tatst  Qal Tal PD T TL
2309851504 13.8  3.5h2  260.B0 8,33 13.8 252,47 29,0 1.2528 0.9847 0,9791
2309851502 13.8  3.566 322,18 69.34 15,0 252,84 29,3 1.4810 11,0210 0.9787
2309854503 13.8  3.544 409,99 156,99 15,8 253.00 29.8 1.%810 1.0242 0.987%
2309851504 13,8 3,541 531,30  278.08 fh.0 253,22 30.0 1.5229 1.0119  0.9044
2309851505 13.8 3,557  643.03  389.81 18,4 253.22 30.3  1.606%  1.01%9  0.990%
2309851506 13.8 3,553  703.38 449,97 14,4 253,41 30.4  1.4319  1.0214  0.9841
2309851507 13.8 3,552  770.84  S517.23 14,5 253,41 30.5  1.8867 1.0274  0.9847
2309851508 13.8  3.550 845,08  §92.33 14,5 253,75 31,0 1.B913  1.00607  0.974%
2309851509 13.8  3.547  935.97 481,78 18,5 284,19 31,2 2.0747  1.098%  0.9925
2309851510 (3.8  3.945 110,55 944,83 14,5 254,72 31,3 2.1173  1.158%  0.98%94
2309851541 13,8 3.524 1198,38 943,86 18,7 254,72 3.5 2,3088  §.1BA0  0.9934
2309851512 13.8  3.533 1220.33  9A5.81 14,7 254,72 3.5 5.7392 1.0084 1.0248
TABLE B.11

Air-Water Data (Low Rir Extraction Rate Tests)

TEST NO

2409851701
2409851702
2409851703
2409831704
2409851703
2409851704
2409853707
2409831708
2409831709
2409851710
2409831711
2409851712

Ttin

14,8
14,8
14,7
147
14.6
14,8
147
LN
14,7
164
14,6
1.8

we

3,588
3.51
3.560
3.330
3.54
3.546
3527
3,528
3.922
3.519
3.508
3.4%8

Qasup

263,13
306.93
381,58
506,08
622,42
753,18
B84.72
W21
1051.54
1127.03
1153.83
1167.22

Qatst

1.19
30.82
123.29
249,67
386,24
496,30
627.7%
684,25
794,353
849.9¢
896.73
909.73

Tatst

16.6
18,3
16,5
16,3
18,4
18,4
18,4
16,4
18,3
18.4
18,5
18,3

Qf = 17.288 1/ain

QaL

253.9%
236.11
256,29
238,41
236,44
256,88
237,01
237,01
231.01
257.12
237,12
231,89

Tal

21.5
28,2
28,7
29,1
29.7
30.4
30.7
30.8
30.9
30.9
31.0
3.0

Pata = 11,0120 Bar

PD

1.29%1
1.3528
1.4949
1, 4438
1.4054
1.7430
1.8188
1.8312
1.9971
.21
2.3704
38491

m

1.1564
1.1808
1.1892
1.1892
1.1749
1.1832
1.1884
1.1683
1.1933
1.1834
1.1817
1.1993

T

1.0859
1.0981
1,0905
1.0905
1,0800
1.08359
$,0630
1,0893
1.0878
1.0843
1,0993
1.0938
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TABLE B.1a

Air-Water Data (Low Air Extraction Rate Tests)

Qf = 18.827 1/ain Pata = 11,0127 Bar
TEST NO THin W Qasup ‘Qatst  Tatst  Qal Tal PD | T

2409851801 13,9  3.528  249.31 10.18 18,1 259.33  27.9  1.3386 L0944 1,1507
2409851802 13.9  3.529  3id.bé 33.22 15,5 259.40 28,5 1443 L2274 1,1491
2409851803 13,9 3.523  379.50 120,06 5.6 259.44 29,3 1.5310  1.2757  1.1400
2409851804 13,9  3.520 542,81  283.30 15.9 2§9.51 29,7 1.7082 1.254] 1.1514
2409851805 13,9 3514 847.11 3BT.M4 16,2 259,67  30.3  1.4B34  1.2490 1,152
2409851806 13,9  3.509 787,03  527.02 16,2 260,03 30.5 1.8414  1.1907 1.1801
2409851807 13,9 3.509  B74.64  BMALGL1 167 260,03 30.9  §.B1B1  1.2152 1.1594
2409851808 13,9  3.506  947.13  6BA.97 167  260.18 31,1 18517  1.2001 1,1403
2409851809 13,9 3.504 1013.60  753.2% 188 260.31 31,2 5.9761  1.1945  1.1570
2409851810 13,9 3.500 1082.18 821,72 167 280.46 31,3 2,183 1.2347 11,1838
2409851811 13,9 3499 1125.8B2  BAS.17  17.1  280.65 314 2,3215  1.2438  1,1927
2409851812 13,9 3.489 1157.81  B9A.96  17.1 280,65 31,5 7.0819 1.2673 1,217

TABLE B.1n

pir-Water Data (Low Air Extraction Rate Tests)

0¢ = 20.374 1/ain Pata = 11,0134 Bar
TEST NO THin W Qasup fatst Tatst  Qal Tal PD 1) T

2509852001 13,9  3.534  287.40 8.55 15,9 259.05 252 1,3563 1.2698 1.1937
2509852002 13.9  3.529  324.38 b7.18 159 259,20 28,1 01,5227 1,309  1.1903
2509852003 13.§ 3510 39%.72 140,39 16,2  259.33 27,5 1,526 1.2951 1.1764
2509852004 13.9 3512 434,03 194,81 14,2 259.42 27.9  1.5992 1.294b  1.1894
2509852005 13,9  3.514 527,93 288.44  1B.5 259,51 28,6 1.4891 1.2970 1.1829
2509852006 13,9 3,507 839,20 37%.49 147 259,51 29.1 1,705 1.2703  1.1499
2509852007 13,9 3499 708,73 499.06 168 259.47 29,9 1,705 1.3040 1,1898
2509852008 13.9  3.498  B898.87  &37.87 17.1 260.80 30.3 1.9185 1.4 1, 1822
2509852009 13,9 3491 999.26  73B.16 17,2 261,10 30.5  1.9963 1.3254 11,1882
2509852010 13,9  3.489 1004.93  803.70 17.2 281.23 30.5 2.0105 1,304 1,181
2509852088  13.9  3.481 1096.96 83573 17.4 241,23 0.6 2.2226 1.3490 1,2100
2509852012 13.9  3.487 1110,02  BAB.33 7.4 281,49 30,7 7.8999 1.3950 1.2721




446

TABLE B.fo

Bir-Water Data (Low Air Extraction Rate Tests)

Qf = 21.929 1/ain Pate = 11,0127 Bar
TEST N0 Ttin ¥ Qasup Qatst  Tatst QL Tal PD m 8

2609852101 13,8  3.555  270.05 9.27 141 260,78 254 394 1.3397 L2187
2609852102 13.9  3.521  323.94 64,64 141 261,30 28,2 1.3222 L.3MA6 LAY7
2509852103 13.9 3,512 405,78 14437 14,3 21.40 28,5 1.5806  1,3526  1.2710
2609852104 13.9  3.502  527.B2 286,23 1A.5 281,59 30.1  LLSS17 L3177 12132
2509852105 13.9  3.491 632,54 370,72 17.0 261,82 30.3 1.6952  1.298% 1.2674
2609852106 13.8  3.492  B3L.31 57449 1701 282,02 30.7 1.B&42  1,3229 1.1B44
2609852107 13,8  3.495 94493 482,80 17,1 282,45 30,8 1.9034 1.3222 1.1909
2509852108 13.8  3.500 100213 73994 17.2 262,21 30.8 2.0574 1,320 1.2103
2509852109 13.8  3.500 105492 792,71 17,3 262,21 30.%  2.4321 14,3787 L.22712
2609852110 13.8 3,501 1078.35  815.86 17.4 262.49 311 2,2297 1.3826 1.1942
2609852111 13.8  3.502 1086.33  823.48 17.4  282.85 31,2 2,316 1.3955  1,2505
2609852112 13.8 3,502 1092.37  829.72 17.4 262.45 31,3 B.3839 1.4325 1.3491

TABLE B.1p

pir-Water Data {Low Air Extraction Rate Tests)

8f = 23,492 1/ain Pata = 1,0128 Bar

TEST NO Ttin W Rasup Qatst  Tatst  QaL Tal PD 1 L

2609852301 13,9 3.520  284.3b 6,03 14,1 258,33 29.0 11,3855 1.5001 1.2519
2609852302 13.9  3.520 31244 33.B8 18,4 258,56 30.1 1,493 1.5029 1,259%
2609852303  13.9  3.312  409.23  150.34 14.4  25B.89 30,7 1.bbA  1.5082 11,2592
2609852304 13,9 3510 523,93 284,82 146 259.11 313 1.6508  1.4893 1.31M
2609852305  13.9  3.50b  6B3.47 426,15 1.7 259,32 31,8 1.7093  L.4%22 1,322
2609852304 13.9  3.503 742,53  30L.15 18,8 259.40 31.9  1.7330  1.4942  1,3209
2609852307 13,9 3.502 67414 1463 169 259,51 32,1 4.TM9 1.5097 1,323
2609852328 13.9  3.500  977.39 717,88 14,9 259.51 32,5 1.9368 1.493F  1,2721
2609852309 13,9  3.490 101,48 7B1.9F 17,2 259.31 32,6 2.4181  1.5025  1.2597
2609852310 (3.9  3.488 1046.28  BOL.6S 17,4  259.43 32.4 2317 15191 1,922
2509852318 13.9  3.481 1073.51 815,71 17,4 259,80 32,7 2.5033 1.5754 1,309
2609852312 13.9  3.480 1090.17  B30.24 17,4 259.93 32,7 B.9988 1.57A% 11,3840
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TABLE B.lq

dle-Water Data (Low Air Extraction Rate Tests)

0f = 25,083 1/ain Pata = 1,0117 Bar
TEST NO THin W Qasup @atst Tatst  Qal Tal P2 7 L

2709852501 13,8  3.555  268.25 .10 14,5 25015 251  1,4393  1.6731  1.3213
2709852502 13.8  3.550 32232 80.91 142 28141 26,7 L5710 1.e959 1.3771
2709852503 13.8 3584 40192 14051 141 26141 27,4 16565 1.4881  1.3849
2709852504 13.8  3.529 52090 259,31 14,0 251,59 28,1 1.7858 1.4596 1.3484
2709852505 13.8  3.503  b3B.A9 376,67 15.2 280.82 28,4 1.7938  1.4831 1.3087
2709852506 3.8 3.511 730,10 ABG.17 15,3 26093 28.6 1.B212 1.4906 1.3378
2709852507 13.8  3.512 820,72 S58.72 14,3 262,00 28.9 1.9010 1.7378 1.3402
2709852508 13.8  3.517 926,08  483.87 16,3 262,21 29,2 2,0342 1.4958 1.3381
2709852509 13.8  3.510  95L.97  689.76 16,9 262,21 206 2.0628 17449  1,3532
2709852510 13,8  3.500 982,54 720,20 17.5 262,33 2%.8 21734 L33 137N
2709852511  13.8 3,500 1032.67  770.18 17,4 262,49 20,9 2.57%2 1421 1.3932
2709852512 13.8  3.499 105132 TBB.B3 17.7 26249 29,9 B.7917 1.7882 1.4324

TABLE B.1r

Air-Nater Data (Low Air Extraction Rate Tests)

af = 28,230 1/ain Pata = 11,0117 Bar
TEST NO THin W Rasup Batst Tatst  Qal Tal P 17 T

2709852801 13,7 .32 2L 6,73 145 284,51 26,2 14288 19152 1.483%
2709852802 13,7 3542 322,03 S7.31 14,2 264,72 28,7 1,5859 L9443 1.49%8
2709852803 13,7 3533 395,26 130.37 141 264,89 27,3 L4971 1.9590 1.4797
2709852804 13,7  3.513  S18.71 253,70 14,0 245,01 28.0 1.7782 1.9577 1.4919
2709852805 13,7  3.504 606,34 JALL33 15,2 245.01 28,3  1.B0S2 1.9428 1,5050
2709852806 13,7 3,502  &7b.14  AML,02 153 285.14 28,2 1.B129  1.94h4  1,5208
2709852807 13,7  3.503 74473 479,53 16,3  265.22 28,5 1.9319 1.9373 1.521b.
2709852808 13,7  3.505  788.8B0  32%.38 14,3 2b5.22 28.9 2,0438 1.9678 1,5427
2709852809 13,7  3.497  BAS.O1  §79.71  18.9 285,30 29.4  2.1019  1.9510  1,54%90
2709852010 13,7  3.493 896,69 631,25 17.3 28544 29,5 2.1AA0  1.9405 1.57%%
2709852811 13,7 3.492 ALY 090,19 17,4 265,44 29,7 2,887  1.9892 1,4049
2709652812. 13,7  3.487 982,23 496,71 17,7 285.52 29.8 B.8299 2.0073 1.6719




TABLE B.2
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Air-Water Flooding Data (Low Air Extraction Rate Tests)

TEST NO

1609850416
3009850414
1409850318
0110830414
1709830614
3009850412
1709850714
3009850411
1709850814
3009850813
1809850912
3009850911
1609851012
0110851014
1909851112
1909851110
2009851212
2009851412
2009851419
2309851312
0110851410
0110851510
2409851712
0110851810
2409851812
2509831910
2509852012
2509832110
2509852112
0210852210
2409852312
0210852410
2709852512
0310852310
0210852814
0310852712
27098352812
0410852811
0410852910
0710852911
0710853012
0710853112
0810853212
0810833310
0810833311
0810853410
0810853310
0810853412
0910853710
0910853711

1010853810
1010853910

of

4,000

4,500

5,000

5,300

6.000

6.500

7,000

7.500

8.000

8.500

9.000

9,300
10,000
10,443
1197
11,953
12.710
14.229
14.991
15,733
16,520
14.980
17.288
18,054
18.827
19,400
20.374
21,151
21.929
22,709
21.492
24,274
25.083
25.854
28,442
27.435
28.230
28.734
29.027
29,825
30.628
31.432
32,239
33.047
33,839
34,872
33.488
36,307
37.128
37,932
38.778
39.407

RIS

13.9
13.2

14.0.

13.8
13.9
13.4
13.9
13.5
15,0
13.5
15.3
13,5
14.9
14,7
13.3
13.3
13.4
13.8
13.8
13.8
13.7
13.3
144
1.7
13.9
13.7
13.9
13.7
13.8
13.8

13.9

13.9
13.8
13.7
14.1
14,5
13.7
LN
141
12,4
12,4
124
2.7
12.8
12.8
12.8
12.8
12.8
13.0
13,0
12.9
12.9

L1

3,871
3.594
3.971
3,604
3.592
3,602
3.643
3.59
3.639
3,404
3,834
3.589
3.548
J 564
3. 368
3,559
3.533
3.5
3.543
3.333
3.518
3.482
3.4%8
3374
3,489
3.490
3.487
3.510
3.3902
3,514
3.480
3.537
3.499
3,308
3.928
3.545
3.487
3,502
3.499
3,47
3.470
3,458
3.4
ALY
3.472
3.480
3.4%0
3,508
3319
3.1
3.493
3.486

Qasup&- Datst Taigi

1565, 28
1525.78
1520.34
1499, 44
1488. 44
1460, 48
1484.77
1464.23
1470.21
1429.13
1446.22
1414,83
1397.82
1369.83
1335, 82
1298.22

1310.41 .

1285.21
1236.12
1220, 33
1199.12
1188.02
1187. 22
1180.52
1197, 81
1146.14
1110.02
1124, 62
1092.37
1073, 14
1090.17
1054.73
103,32
1053. 87
1036.41
1025.18
962,23
970,20
30. 08
965.12
931,42
U592
923.88
200,44
895,14
Bal. 4t
857.03
849.70
837,03
842,14
836.70
825.81

1327.94
1291.95
1283.42
1259.92
1247.02
1239.83
1245.55
1221.22
1223.90
1189.91
1172.20
1170,81
1140.50
132,51
1093.20
1051.91
1062, 84
1003.48
983.07
965,61
942,94
932.53
909.73
919.87
896,96
884,21
848,53
863.13
829,72
813.22
830.24
194,24
789,83
787,85
171,43
139.11
96,71
706,70
b88.18
708,13
487,90
680,10
637.79
632,27
627,14
614.13
387,23
577,51
968,57
372,34
965,435
336,33

19.2.

16,0
18,3
16,7
15.4
§6.3
16,4
18.4
16.4
16.4
16.6
16,6
16,0
17.7
16,9
17.1
17.1
17.1
16.7
16.7
17.3
18.2
16.5
17.8
17.1
16.9
17.4
13.7
17.4
16.9
17.4
16.4
17,7
16.9
18.2
15.8
11

144

14.7
17,5
17,5
17,1
17.2
17,2
17,4
171
17.7
17.7
17.4
17,3
17,2
17.3

Qal

237,32
233.81
235.12
239.22
241,44
240,45
239.22
243,01
248,31
239.22
244,02
244,02
237,32
237,32
242,42
248,31
247.77
251,73
253,05
254,72
254.18
255.49
257,49
260,45
240,85
259.93
261,49
261,49
262,45
261,92
25993
250,49
262,49
265.82
254,98
266,07
245,52
254,50
281,92
263,99
283,22
265.82
254,07
268,19
249,00
267,28
249,80
272,19
270.48
289,80
271,05
270.48

Tal

3386
33.3

b

32,0
32.2
3.6
30.3
3.1
32.4
32.7
33.0
32.9
32.7
30.9
30.3
3.3
32.1
313
31,0
31,5
31
3.6
3L0
30,9
313
31,0
30.7
30.8
313
3.4
32.7
3.3
29.9
30.1
30,0
29.8
29.8
30,2
30.1
29.9
29.4
29,3
29.8
iR
30.0
29,7
29.5
2%.1
29,3
29,0
28.6
28,3

Pata

10040
10089
1,0080
1,0120
1,0080
1,007
10080
10068
10080
1,0087
10079
1,004
1.0081
1,0180
1,0087
1,0087
1.0083
1,0080
1.0080
1,0085
1,018
1.0141
1.0120
1.0183
10127
1.0134
1.0134
1,0137
1,0127
1,0120
1.0128
1.0120
L0117
1,0134
1,0120
10134
L0117
1.0054
1,0054
1,0047
1.0047
1,0047
1,001
1,005
1,081
10053
1,0053
1,0083
1,0047
1,0047
1,0051
1,0051

PD

3.933
3.388
4.289
4. 743
3.884
4437
3. 184
3.8682
.11
3,043
§.697
3.364
3.018
6,233
3.492
4.28%
5.188
3.929

5,794

3,739
8,207
4,595
J3.849
6.470
7.082
3.897
7.700
1,463
g.384
3,935
8.999
1.937
8.792
8.207
7.723
3.991
8.830
1,931
6,222
9.819
8.309
8.2%8
1,642
8.4%
9.282
8.779
8. 283
9.088
1.978
9.310
8. 488
9.553

1

0,387
0.340
0.568
0.591

0.845

0,484
0.488
0,875
0.693
0,689
0.723
0,729
0.753
0,843
0,903
0,982
1,080
1,141
1.110
1,009
1,133
1.159
1,199
1.189
1,267
1,299
1,393
1,428
1,433
1,544

1L.S74.

1,609
1,748
1,811
1,807
1.931
2,007
2,014
2,064
2,034
2,082
2,049
2,131
2,203
2,194
.34
2.411
2,440
2,392
2,823
2,678
2,834

118

0.324
0.334
0.383
0.399
0.826
0,436
0,433
0,883
0.480
0.480
0.45b
0.711
0.1
0.803
0.902
0.809
0.918
0.954
0.939
1,023
1.100
1.089
1,094
1,143
1217
1,203
1.2712
1,301
1.389
1,394
1.386
1.434
1.432
1.322
1,393
1.643
1.872
1,403
1,444
L4671
1,481
1,884
1,493
1,132
1,483
1,709
1,702
1749
1,173
1.731
1,793
1.780




TABLE B.3

P L]

Rir-Water Flooding Data (High Air Extraction Rate Tests)

449

TEST NO

1507870414
1507870514
1507870413
1507870716
1507870813
1507870914
1607871014
1807871114
1607871216
1607871413
16078713514
1707871712
1707871811
1707872009
1707872110
1707872312
2007872311
2007872710
2007872914
2007873114
2007873312
2107873411
2107873412
2107873710
2107873910

o¢

§.000

3.000

6,000

7,000

8.000

9.000
10,000
HAN
12,710
14,229
15.7535
17,288
18.827
20,375
21,929
23.492
23.063
21,433
29.027
31.432
33.047
4472
38,307
37.932
39.407

T¢in

L
4.1
14.0
141
1.3
14,2
14.4
14.4
14.3
14.7
14.7
14,4
14.7
14,7
14.8
14.8
15.0
14.9
13.2
13.1
13.0
147
1.7
1.3
143

N

3,401
3,605
3.593
3.330
3,727
3.529
3,383
3.498
3.498
3.492
3.333
3.313
3,819
3.389
3,356
3,540
3.542
3.587
3,583
3,334
3.342
3.540
33519
3,495
3.479

Qasup

1591.31
1545.73
1526.83
1488.80
1447.47
1392.32
1386, 46
1282.42
1230.27
1238.48
1204.04
1189.29
1134.97
112154
1092.33
1087.47
1059.22
1033.23
1002.38
939.27
918,44
886.98
849,469
848.88
813.72

Qatst Tatst

1270.36
1227,52
1211.31
1174.33
1134,30
1080.58
1056.35
975,59
9456.07
933,29
901.94
887.19
833.58
820.15
793,04
798.18
781.31
133.94
704,47
662,22
620.35
391.03
378,17
338.01
327.19

17.1
17,2
17.4
17,1
17,2
17.4
17.4
17.5
17.3
17,5
17,6
17.7
17,7
1.7
17,6
17,7
17.7
17.8
17.8
1.7
17.7
17.8
17.7
17.8
17.9

Qal

320.93
318,23
313,52
314,45
313.37
I
310.14
305.83
304,20
303.39
302.10
302,10
301.39
301,39
299.29
299,29
297.91
299,29
297,94
297,05
294,28
293,93
293,52
290,87
288,353

Tal

333
33.1
3.7
33.0
33.0
3.9
31,5
3
3.7
32.4
2.1
.4
31,3
30.9
30.8
314
31.8
3.4
30.8
30.3
29.9
29.3
28.9
29.0
28,7

Pata

1,0033
1.0032
1.0032
1.0032
1.0032
1.0032
1.0032
1.0032
1.0032
1.0032
1.0032
1.0029
1.0029
1.0029
1.0029
1,0029
1.0030
1.0030
1,0030
1.0030
1.0030
1,0032
1.0032
1,0032
1.0032

PD

34329
4.109
§.442
4349
£.931
3,423
5.332
3.730
3.330
3.821
6.212
5,738
6,814
1,981
1.917
8.301
8.991
9.298
1,640
8.439
8.743
9.351
9.288
9,880
9.133

i1

0,337
0.580
0,633
0.473
0.710
0.712
0,743
0.881
0.993
1.195
1.212
1.254
1,389
1,500
1.498
1,812
1,718
1,884
1.
2,188
2,299
2,328
.37
2,418
2,639

1L

0.321
0.549
0.412
0.632
0.460
0.708
0.730
0.873
0.992
0.99
1.018
0.947
1.139
1,301
1,290
1.373
1,552
1,633
1.392
1,633
1,870
1,630
1.499
1.742
1,803
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TABLE B.4

Air-Water Flooding Results (Low Air Extraction Rate Tests)

TEST NO N Téin  Masup Matst Tatst patst MNaL  Tal paL M Ja

1609850416  3.959 13.9 1.873 1589 19.2 L.195  0.271 336 1,140 0.0383 0,448
3009850414 4481 13,2 1.851 1,567 16,0 L.213 0,267 335 1.044 0,031  0.4369
1609850518 4,948 140 1,B45 1,580 163 .23 0.270 3.6 1,152 0.0478  0.4350
0110850414 5,445 13,8  1.824 1,533 1.7 1,215 0.276 32,0 1,155 0.0526  0.4249
1709850814 5,939 13.9 1,812 LS5IB 154 217 0,278 322 1.150  0.0574  0.422%
3009850412 6,441 134 1,795 1503 1.3 1,212 0.217 3Lb  1.451  0.0822  0.4191
1709850714 8.929 13.9 1,800 1510 186 1212 0,277 30,5 1,157  0.0889  0.4213
3009850411 7.430 13.5 L.I74 1.479 164 1,211 0.280 311 1,053 0.0718  0.4128
1709850814 7.898 15,0 1,782 1.483 b6 1,212 0,283 324 1149 0,073 0.414S
3000850815 B.421 135 1731 LML 1A L2110 0.274 327 047 0.0814  0.4022
1809850912 8.879 15,3 1,716 1421 166 1,212 0280 33.0 1,147 0.0858 0.3971
3009850911 9.412 135 1713 LMT  thg 1211 0.280 32,9  1.146  0.0909  0.395%
1809851012 9.875 149 1,898 1410 18,0 1215 0,273 327 1148 0,0954 0.3934
0110851014 10,318 147 167 1378 1.7 L217 0.276 30,9 1.184  0.0997 0.3842
1909851112 11,098 133 L.615  1,322 189 1,209 0,280 30.3 1,156 0.1072  0.3491
1909851110 11,847 133 159 1271 1701 1208 0,284 3L3 1,452 04145 0,350
2009851212 12,589 13.6 1,586 1.286 170 L.210 0.285 320 LI5S0 0.1214  0.3590
2009851412 14,088 13.8 1519 1214 47,0 1,210 0,290 31,3 1,153 0.4381  0.3391
2009851410 14,842 138 1.498  LI91 18,7 1212 0,292 310 1.155  O.1434  0.3324
2309851512 15,598 13.8  LAT9 170 187 1212 0294 315 1,153 0.4507 0,328
0110851810 16,359 13,7 L4861 L4913 1,219 0,298 314 1,162 0.1581 0.3197
0110851610 15.829 133 L.M3  1.433 18,2 1215 0,297 30,6 1,162 0.1826  0.31%
2409851712 17,085 146 1,421 1107 185 1217 0,298 31,0 1,159 O.1651  0.3088
0110851810 17.840 147 L4371  L.119 17.8 L2217 0,304 30.9  1.045 04724 0.3120
2009851812 18.835 13.9 1,407 1,090 87.1 1,216 0.302 31,5 1.158  0.180f 0.3038
2509851910 19,409 137 L39S 1,079 1.9 1217 0,302 31,0 1.181 0.1875  0.3003
2509852012 20,187 13.9 L34 LO31 174 1,215 0.304 30,7 1.1862 0.1949 0,287
2509852110 20.945 137 1385 1,083 137 1.231 0,304 30.8  f.182 0.2024  0.2942
2609852112 21,711 13.8 1,326 1,008 174 L2014 0.304 3.3 1159 0.2098  0.2809
0210852210 22.483 13.8 1,307 0.989 149 1,216 0,303 3f.4  §.058  0.2172  0.2754
2609852312 23,250 139 1.324 1,008 174 1214 0,300 327 L1548  0.2247  0.2811
0210852410 24,030 13.9 1.283  0.968 184 1,217 0,302 3.3 1.158 0.2322  0.2692
2709852512 24,814 138 L.274  0.9%8 17,7 1,212 0.305 - 29.9 1.183  0.2398  0.2588
0310852510 25,600 13.7 1,283 0,959 169 £.217 0309 30.1 .18 0.2473  0.2870
0210852614 26,360 4.1 1254 0,934 18,2 1.210 0.308 30.0 1,183 0.2547  0.2508
0310852712 27.149 145 1,253 0.928 158 1,222 0,310 29.8  1.185 0.2620 0,2580
2709852812 27.95 137 L.186  O0.B44 177 1212 0.309 29.8 1.183  0.2701 0,235
0A10B52811 27,931 1h1 1172 0.8A9 144 1218 0,307 30,2 1155  0.2699  0.2383
0OM0852910 28.720 1A 1,156 0.837 147 L2247 0.303 30,1 1155 02775 0.2333
0710852981 29.500 12,6 1.162 0.844 17,5 1.204 0,305 29.9 1,135 0.2860 0.234)
0710853012 30.39% 12,6 1145 0,828 17,5 1,204 0,304 29,6 1.1% 0.2937 0.231b
0710853112 31,194 12,6 1.438 0.818 177 1,203 0,307 29.5 f.157 0.3014 0.2289
0810853212 31989 127 LIM4 0793 17,2 1.206 0,308 29.8 1,156 0.3091 0.2217
0810853310 32.784 12.8 1,085 0783 122 1206 0310 29.7 1,135 O0.3188  0.213
0810853311 33.5%0 128 1,080 0756 174 1205 0311 30.0 1,155 0.3243 0.2113
0810853410 34,396 12.8 1.061 0.740 177 1,204 0,309 29.7 1.1  0.3323  0.2048
0810853510 35.206 12,8 1,032 0.707 17,7 1.204 0,312 29,5 1.157 0.3402 0.1978
0810853612 35,018 128 1,023 0.695 17,7 1.204 0315 291 1,159 0.3480  0.1945
0910853710 35,819 13,0 LOI1 0.685 17,4 1,205 0.313 29.3 1.157 0.3557  0.191%
0910853711 37,836 13.0 1,015 0,690 17,3 1,205 0,313 29.0 1.4%8 0.3536  0.1928
1010853810 38.483 129 1,009 0.482. 17,2 1.206 0315 28.6 1.160 0.3716  0.1904
1010853910 39,283 12,9 0.9% 0.870 17,5 1,205 0.314 28,3 1052 0,379  0.1874
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TABLE B.3

Air-Nater Flooding Results {(High Air Extraction Rate Tests)

TESTNO M Thin Maswp Matst Tatst Patst mL ot P Ja

1507670414  3.958 141 1,916 1,530 17.1 1208 0.366 33.3 1.041  0.0382 0.4284
1507870504  A.947 141 1,881 178 17.2 1,204 0,363 330 1441 0.0478  0.4138
1507870615 5.938 14,0 1,839 1459 170 1,204 0361 327 143 0.0574  0.4084
1507870746 6925 141 1793 LA 170 1,204 0,359 33,0 1.142  0.0849  0.3980
1507870815 7,912 14,3 L4335 172 1204 0,358 33.0 1142 0.0784  0.3825
1507870914 B.5903 142 1,675 1,300 7.4 1,203 0.357 319 1.046  0.0850 0.3542
1407871084  9.887 144 1.6 L2701 1740 1,203 0.35% 3.3 1147 0.0955  0.3%81
1507878114 10,071 144 1.SR2 174 175 1202 0.351 313 1,448 0.1070 0.3292
1507871216 12564 14,5 1503 1138 175 1,202 0.349 34T LM46  0.1214  0.3189
1507871415 14,059 14,7 1490 1125 1.5 1,202 0347 324 1444 0.13%8  0.3154
1507871504 15.566 14,7 LT LOB4  17.6 1,202 0.3 320 LS 0.1504 0,304
1707874712 17.085 146 1,429 0.086 17.7 1,201 0.3847 304 047 0.0851  0,2990
1707871811 18.801 147 1,383 1,001 -17.7. £.200 0.3% 3.3 L.148  0.4797  0.2809
1707872009 20,131 147 L.347 0.985 177 L2001 0346 30,9 1,149  0.1945  0.2784
1707872110 21.681 14,8 1313 0,953 17.6 1,202 T O340 30.8 1,150 0.2093 0.2574
1707872312 23.205 1B L31B 0.959 17,7 L201  O.343 304 LT 0,242 0,2690
2007872518 20,744 15,0 L2737 0.915 17,7 1.200 0341 318 1146 0.2391  0.2567
2007872710 27,093 1.9 1,241 0.881 17.8 1,200 0343 3.4 1047 02618 0.2474
2007872914 28,443 15.2 1208 0846 17,8 1.201 0,342 30.8 1,150 0.2787 0,237
2007873114 31,024 150 1,452 0.7% 1.7 1,200 0.342 30,3 1.152 0.2998  0.2233
2007873312 32.627 15,0 101 0745 17,7 1201 0,342 29.9 .53 0.3152  0.2092
2007873411 34257 147 1085 0710 17.8 1201 0.342 29.3  1.4%  0.3310  0.1992
207873812 35.672 147 LOAS  0.892 12,7 1202 0.340 28,9 1,457 0.3486  0.1942
2107873710 37,533 143 1,020 0.670 7.8 1.201 0.33% 29.0 1.157 0.3826  0.1880
2107873910 39.170 143 0.980 0.633 17,9 1201 0,334 28.7 1.158 0.3785 0.177




APPENDIX C

STEAM-WATER DATA
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APPENDIX C

The steam-water -data is given a reference number
consisting of 10 .digits similar to the air-water tests
described in Appendix B. The definition of the symbols
used in the tables are:-

Test No. Test number

Ofin j Inlet water volumetric flowrate, l/min.

WC Water conductivity, MSIEM/mm.

Tein Inlet water temperature, °C.

Tuo Wall temperature at water outlet, °C.

Mcyw Cooling water flowrate, kg/min.

To1 Cooling water inlet temperature, °C.

Tey . Cooling water outlet temperature, ©°cC.

D Discharge water temperature, °C.

Tg : Steam temperature, °cC.

Mssup Supply steam mass flowrate, kg/min.

vpl . Vacuum pressure before condenser, ins. Hg.

Vp2 Vacuum pressure after condenser, ins. Hg.

Patm Atmospheric pressure, bar.

PD Pressure difference, KN/mz.

TT 1 ‘Top (upper) film thickness, mm.

TL Bottom (lower) film thickness, mm.

Mein Inlet water mass flowrate, kg/min.

Mgg ‘ Steam flowrate at bottom of test section,
. kg/min.

Mgc Condensed steam flowrate, kg/min.

MgT Steam flowrate at top oﬁ test section,
~kg/min.

Mg, Extracted (leaked) steam flowrate, kg/min.

JEin Wallis water parameter (Top).

J;T » Wallis steam parameter (Top).

J; ' Wallis water parameter (Bottom).

J;B Wallis steam parameter (Bottom).

T, - T;; . Tube wall temperature, Oc.
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TABLE C.1a

Steas-Mater Data (Low Steas Extraction Rate Tests)

Inlet Water Subcooling = B0 K

TEST No  Qfin WC Téin Two Mcw Tel Te2 7D Hssup Ts VPI Pata PD 7T 1L

0507850401 4,000 3.904 19,82 80,00 4.068 14.01 5B.48 51.93 0.5704 99,58 1.3 0.9947 0,020 0.5624 0.400
0507850402 4,000 3.917 19.99 87.67 4.120 14.17 71.27 3.2 0,7689 99.57 1.4 0.9947 ~0.006 0,433 0.441
0507850403 4,000 3.924 19,97 96.08 4.103 14.25 75,48 67,39 0.8439 99,57 1.7 0.9947 -0.003 0,637 0.43)
0507850404 4,000 3.938 20,03 97,46 4,099 14.31 B87.45 72.14 0.9857 99,58 1.9 0.9947 -0.098 0.662 0.502
0507850405 4,000 3.951 20,16 97.90 4.127 14,45 91.74 79.13 §.1724 99.58 2.3 0.9947 ~0.077 0.488 0.313
0507850406 4,000 3.949 20,35 97.99 4.218 14.75 92,12 82.41 1.2949 99,40 2.8 0.9947 0,073 0.708 0,542
0507850407 4,000 3.973 20.35 98.09 4.144 14,87 92.25 83.29 1,405 99.40 3.0 0.9947 0.089 0.497 0.562
0507850408 4,000 3.979 20,34 98.26 4,188 14.4%4 92.73 83.81 1.4514 99,81 3.1 0.9947 ° 1,123 0.731 0.408
0507850508 5.000 4,222 20,74 75,38 4,172 15,06 54,80 34,98 0.6077 99.69 1.0 0.9947 0.061 0.748 0,529
0507850502 5,000 4.287 20,90 80,79 4,044 15.23 76.08 64.71 0,8979 99,47 2.8 0.9947 -0.118 0.757 0.520
0507850503 5.000 4,233 20,77 90.30 4.235 13.85 87,01 73,19 1.0703 99.65 2.8 0.9947 -0,133 0,753 0,381
0507850504 5,000 4,221 20,79 94.89 4,192 13.90 89.02 78.77 1.1707 99.44 2.9 0.9947 -0.167 0.754 0.384
0507850505 5.000 4,234 20,81 97.78 4,182 13.92 90,32 80.94 1,2623 99.47 2.9 0.9947 -0.131 0.759 0,384
0507850506 5.000 4,269 20.97 97.76 4.172 13.92 91.75 81.87 1.3323 99.68 2.9 0.9947 -0.148 0.784 0,389
0507850507 5.000 4,287 21,00 98.17 4,099 13.94 91.94 82,47 1.387% 99.68 2.9 0.9947 1.016 0.792 0,438
0507850401 6,000 4,281 20,93 80.91 4,004 13.61 62,81 55.91 0.7121 99,74 1.0 0.9947 ~0.044 0,753 0,434
0507850602 4,000 4,255 20,90 84,04 4,093 13.45 70.19 63,23 0.8864 99,76 2.0 0.9947 -0.198 0,740 0.4634
0507650403 4,000 4,253 20.90 94.71 4,128 15.71 74,02 49,17 0,9944 99,75 2.7 0.9447 -0.176 0.741 0,435
0507850604 &.000 4,251 20,89 96,33 4.239 13,77 83.99 72,67 1.1434 99.76 2.8 0.9947.-0.181 0,745 0,438
0507850405 4.000 4,259 21.92 97,33 4.198 13.87 B87.71 76,98 1.2419 99.75 2.8 0.9947 -0.143 0.749 0,473
0507850505 4,000 4,290 21,05 97.45 4,117 135.98 89.42 78.6% 1,3209 99.78 2.8 0.9947 -0.098 0,750 0,450
0507850407 6,000 4,297 21,07 97.58 4,121 13.99 91.42 79.08 1.3646 99.79 2.8 0.9947 2.134 0.807 0,733
0807850701 7,000 4,270 20,98 48.78 4.093 14,23 44.42 52,71 0.7223 99,464 1.0 0.9987 0.001 0,829 0,772
0807850702 7,000 4,296 21,06 62,10 4,134 17,40 48.61 61,56 0.8843 99,84 1,3 0,9987 0.000 0,834 0,784
0807850703 7,000 4,283 20.91 66,37 4,152 17,54 72,45 83.77 1.0112 99,43 1,7 0.9987 -0.031 0,824 0,784
0807850704 7,000 4,271 20.88 74.50 4,149 17.39 78.11 48.56 1,121 99.44 1.9 0,9987 -0.013 0.838 0.804
0807850705 7,000 4,257 20,78 82.22 4,172 17,39 82,41 71,47 1.2263 99.45 2.8 0.9987 -0.005 0.841 0,788
0807850706 7,000 4,223 20,52 88.81 4.297 17.40 85.58 72,42 1,3018 99,44 3.0 0.9987 -0.04S 0.838 0.79%
0807850707 7,000 4,140 20,47 91,88 4,338 17,45 85.08 73.56 1.3423 99,66 3.0 0.9987 2,387 0.875 0,845
0807850801 8,000 4,277 20.83 40.29 4,094 17,34 34.40 48,87 0,7001 99,44 0.0 1,0000 0.020 0.884 0,824
0807850802 8.000 4,241 20,88 47.30 4.01% 17.44 $2.469 58,435 0.8493 99.64 0.0 1.0000 0,023 0.864 0,802
0807850803 B8.000 4,272 20.92 51.37 4,010 17.47 65.49 81.20 0,9371 99.43 0.0 1,0000 -0.092 0.884 0.815
0807850804 8,000 4,283 20.95 S4.74 4,007 17,56 71.24 65.54 1,0814 99.47 0.0 1.0000 -0.051 0.892 0.840
0807850805 8,000 4,289 20.98 68.84 4,009 17.81 78,36 72,08 1,2372 99,43 0.0 1.0000 -0.014 0,885 0,857
0807850806 8,000 4,302 21,05 79.10 3,989 18,01 83.96 73.90 1.3094 99.47 0.0 1,0000 -0.011 0,890 0,843
0807850807 8.000 4,311 21,14 82,30 3.971 18.10 B4.57 74.90 1.3847 99,47 0.0 1.0000 ~0.005 0.897 0,654
0807850808 B.000 4,238 21,24 B4.45 3.978 18.18 87.41 73.82 1.4173 99,47 0.0 1.0000 3.149 0.925 0,902
0907850901 9.000 4,278 20,92 43.27 4,443 15.41 48.43 48,72 0.7115 99,72 0.0 0,9987 0,043 0.922 0.834
0907850902 9.000 4,281 20,95 48,13 4.389 17.08 33.27 56,00 0.8612 99,72 0.0 0.9987 0.043 0,934 0,818
0907850903  9.000 4,275 20,92 53.05 4,347 17.13 82,40 59.84 0,9753 99,71 0.0 0,9987 -0,020 0.929 0,844
0907850904 9.000 4,295 21,06 58.81 4,387 17.22 $2.23 41.91 1.0439 99,70 0.0 0,9987 ~0.049 0.918 0,837
0907850905 9.000 4,324 21,17 43.96 4,370 17.25 £3.13 £3.05 1.1107 99,70 0.0 0.9987 -0.080 0.913 0,845
0907850906 9,000 4.347 21,256 70.77 4.342 17.27 &5.54 44,50 1.1683 99,49 0.0 0.9987 0.114 0.898 0,853
0907850907 9,000 4,602 21,37 74.90 4,239 17.27 85,482 653.23 1,2339 99,73 0.0 0.9987 4.299 0.955 0.910
1107851001 10,000 4,034 20,02 44,79 3,784 17,80 47,54 45,44 0,7447 99,45 0,0 1,0067 0.063 1,008 0.919
1107851002 10,000 4,058 20.14 48.39 5,805 17.72 52.05 53.12 0.942% 99,44 0.0 1.0067 0,020 1,012 0.913
1107851003 10,000 4,239 20.47 31.94 5.807 17.73 52,22 56.34 1,0143 99,48 0.0 1.0067 0.014 1,021 0,937
1107851004 10,000 4,103 20,12 53.88 5.739 17.71 53,99 58,03 1,0830 99.49 0.0 1.0087 ~0.020 1,013 0.937
1107851005 10,000 4,289 20,70 59,85 5.813 17,71 54.62 58,28 1.1434 99,49 0.0 1,0087 -0.004 1,020 0.927
1107851006 10,000 4,241 20,41 62.13 3,695 17,43 53,34 58.32 1.2104 99,71 0.0 1,0087 -0.011 1,013 0,949
1107851007 10,000 4,252 20,89 84.80 5.950 17,40 56.10 58,91 1,2128 99.71 0.0 1,0087 4.751 1,073 1,007
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Stean-Nater Data (Low Steaa Extraction Rate Tests)

TEST No

1807850401
1807850402
1807850403
1807850404
1807850403
1807850404
1807850407
1807830408
1807850409
1807850410
1807850301
1807850502
1807850503
1807850504
1807850503
1807830504
1807850307
1807850401
1807850502
1807850603
1807850404
18078306035
1807850604
1807850407
1807850608
1807850609
2207850701
2207850702
2207850703
2207850704
2207850703
2207850704
2207850707
2207650801
2207850802
2207850803
2207850804
2207850803
2207850806
2207850807

Inlet Water Subcooling = 70 K
Bfin WC THin Two Mcw Tel Tc2 TD Mssup Ts VPl Pata PD TT L

4,000 5.233 30.47 B9.14 3.378 15.81 B81.28 72,16 0.7011 99.4
4,000 5,237 30.75 94.36 3,333 13.91 83.80 74.12 0.7711 99.7
4,000 5,235 30,44 97.00 3.258 15.Bb 64.54 75,82 0.8334 99.7
4,000 5,240 30,44 97,89 3.271 13,91 87.43 77.91 0.9359 99.7
4,000 5.289 30,77 98.05 3.310 13.94 90.39 79.1B 0.9932 99.7
4,000 5.303 30,72 98.19 3.289 15.89 91.78 80,38 1.0701 99.7
98 1 7

7

7

7

b

b

7 9960 -0.012 0,520 0,371
0
i
!
2
4
4,000 5.311 30.74 98.25 3.274 13.90 92.29 81, +1382 99. 4
3
5
8
{
1

0

0.9960 -0.100 0.512 0,334
0.9960 -0.059 0.440 0,394
0.9940 -0.017 0.480 0,382
0.9950 -0.018 0.494 0,392
0.9660 ~0.024 0.714 0.380
0.9950 -0.010 0,738 0,399
0.9950 0.011 0.720 0,397
0.9960 0.072 0.728 0.414
0.9940 0.967 0.761 0.489
0.9%60 0,027 0,387 0.424
0.9760 0.024 0.589 0.424
0.9960 -0.062 0.593 0,433
0.9960 -0.138 0.461 0.477
0.9660 -0.131 0.497 0.423
0.9660 0.110 0,737 0.418
0.9960 0.970 0.789 0.486
0.9980 0,057 0.517 0,475
0
0
0
0
0
0
0
0
1
l
1
!
{
1
!
1
!
l
!
1
!
1

4,000 5,297 30,71 98.19 3.266 15.92 92.33 83.00 1.1991 99,
4,000 5,289 30.70 98.26 3.253 13.94 92.40 83.87 1.2459 99.
4,000 5,275 30,44 98.71 3.212 15,956 93.20 84.93 1.3159 99,
5,000 5,252 30,55 91.92 3.699 13.26 75.12 49,21 0.7719 99,
5.000 5,258 30,35 94.34 3.729 13.43 79.29 70.32 0.8549 99,
5.000 5,271 30,59 97.45 3.B12 15.34 B83.53 71.45 0.9613 99.45
5.000 5,296 30,44 97,71 3.709 15.99 87.75 73.72 1,0512 99,43
5.000 5,302 30.65 97.81 3.757 15.80 B8.4b 75.51 1.1255 99,44
5.000 5,308 30,67 97.89 3.829 14.16 89,74 78.93 1.1977 99.87
5.000 5,312 30,67 98.03 J.847 14,23 90.80 79.21 1,2704 99,67
6,000 5.3b6 30,80 82.42 3.B43 15,02 45,44 4.4 0,7472 99.49
6.000 5.315 30.58 88.09 3.820 14.11 69.72 66.82 0,8039 99.49
6,000 5,321 30.43 93.29 3.8135 14,15 73,49 48.11 0,8420 99.48
6,000 5,378 30.83 §3.29 3.810 16.18 74,37 49,85 0,9129 99,49

10

72

72

16

15

0

9940 ~0.001 0,841 0.544
<9940 ~0.008 0.404 0,507
99560 -0.002 0,476 0.498
3940 -0,009 0.774 0,502
9960 -0.093 0.778 0,492
9960 -0.092 0.801 0.537
9960 0,071 0,861 0,817
9940 1.244 0,497 0.57%
«0000 0,030 0,475 0.551
+0000 -0.067 0,734 0,571
+0000 -0.033 0,777 0,413
+0000 -0.083 0,793 0.437
+0000 0,061 0,823 0,457
+0000 0,098 0.880 0,729
0000 5,388 0.782 0,472
+0000 0.039 0.778 0.458
+0000 -0.050 0.823 0,464
+0000 -0.038 0.847 0,711
+0000 -0.031 0,874 0,484
+0000 ~0.049 0,873 0,703
+0000 ~0.043 0.894 0,49
+0000 3.701 0.958 0.772

3.8
3.8
3.9
3.9
3.9
3.9
4.0
1
4.1
1.2
3.9
3.9
3.9
1.0
4,0
L1
4.2
3.4
3.3
3.8
3.7

6,000 5,382 30.80 95.08 3.819 14.21 77,48 70.58 0,9581 99,70 3.7
6.000 5.391 30.88 97.24 3.834 15.29 80,71 71.49 0.9934 99.72 3.9
6.000 5,405 30,90 97.77 3.787 14.39 85.38 73.20 1,0594 99.72 4.0
6.000 5,414 30.93 97.81 3.694 15,32 87,70 76,06 1.1224 99,75 4.0
6,000 5,423 30.95 97.93 3.667 18.49 90.40 78,20 1.2014 99.78 4.1
0.0
0.0
0.0
0.0
0.3
0.4
0.3
0.0
0.1
0.1
0.0
0.0
0.0
0.0

000 5,105 30.24 63.38 3,931 16,18 68.25 67,02 0.8173 99,44 0.
00 5,118 30,35 73.50 3.983 14.30 75.38 49,94 0.9593 99,48
00 5.213 30.34 79,82 3.927 15.35 B0.94 70,44 1,0381 99.6
000 5,227 30.33 84.95 3.995 16.22 85,88 72,78 1.1039 99.b
000 5.261 30.41 89,10 4,171 15,24 86,39 73,32 1.1493 99.6
000 5,272 30.40 92.79 4.009 14.25 88.43 75.44 1,2384 99,4
000 5.279 30,42 94,47 4.108 16,20 90.13 74,49 1.2862 99,4
b
b)
b
b
b
b

9
7
7
9
9
000 5.287 30.43 56,04 3.492 14.47 67,95 62,81 0.8300 99.41
0 9
3
s
)
1

0 .
0 .

00 5,292 30,45 50,08 3.467 16,53 72,55 65,59 0,9443 99,
000 5,311 30,50 47.99 3.417 16.38 77.00 70.33 1.0600 99,
000 S.317 30,54 74.93 3.398 14.38 80.586 73.97 1.1593 99,
000 5,329 30.58 80.04 3.387 14,32 B5.89 75.43 1,2284 99,
000 5,336 30.39 87.09 3,303 14,38 88.20 78.81 1,2822 99,47 0,
000 5,349 30.59 92,43 3.470 15,23 90.18 80.42 1.3250 99.47 0,

7l
7l
7.
7‘
7.
7.
1.
8.
a.
8'
8.
8.
8.
el
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TABLE C.1b (Continue)

Stean-Water Data (Low Stean Extraction Rate Tests)

Inlet Water Subcooling = 70 K

TEST No  Q@fin WC Tfin Two Mew Tel T2 TD Mssup Ts VP Pata PD T 7L

2207850901 9.000 5,094 30.10 48.09 3.520 17,34 63.38 60.89 0.8079 99,38 0.0 1,0000 -0.041 0,887 0.715
2207850902 9.000 5.110 30,18 53.98 3.323 17.24 85,32 64.21 0.9132 99.58 0.0 1.0000 0,019 0.848 0.734
2207850903  9.000 5.144 30,25 58,27 3.516 17,08 70.10 69.43 1.0428 99.59 0.0 1.0000 -0.013 0.872 0.711
2207850904 9.000 5.158 30.29 62.48 3.307 15,84 73.76 71.74 1.1531 99.51 0,0 1.0000 -0.024 0,861 0.770
2207850905 9.000 5.179 30.29 68,12 3.3527 14,43 78.73 73.43 1.2438 99.60 0.0 1,0000 0,024 0,857 0,804
2207850906 9.000 S5.185 30.31 77.71 3.700 14.03 BA.34 75.92 1.3342 99.40 0.0 1,0000 -0,242 0,883 0.834
2207850907 9.000 5.189 30.32 87.88 3.951 135.73 89.40 79.43 1.4094 99.61 0.0 1,0000 5,114 0.989 0.909

+0000 0,109 0.884 0.763
+0000 0,041 0.894 0,775
+0000 -0.013 0.904 0.773
0000 -0,017 0,925 0.828
+0000 -0.301-0.934 0,843
+0000 -0.294 0,961 0.883
0
9
9

]
b
b
b
b
2207851001 10,000 5.021 30.07 49.02 3,989 13.63 52.04 50,53 0,8033 99.3
2207851002 10,000 5,065 30,10 54,60 5.943 13,44 57.91 33,90 0.9673 99.5
2207851003 10,000 5.073 30.12 59.96 8,031 13.37 65.72 61,92 1.1043 99.6
b
b
b
b
H]
3

2207851004 10,000 5,062 30.09 85.15 6.262 13.50 £8.59 64,29 1.213% 99,
2207851005 10,000 5,034 30.02 71.08 4.274 15,45 72,71 84,99 1.3159 99.
2207851004 10,000 5,021 30,03 77,33 4.301 15,42 74.93 48,72 1,3902 99,
2207851007 10,000 5,010 30.03 B4.76 6.381 13,41 79.38 £9.54 1,451 99,
3908851101 11,197 5,374 30.73 46,10 4,730 18,39 30.71 49.39 0.6736 99.
1908851102 11,197 5,382 30.74 51.33 4,724 15,56 54.19 54,23 0,7955 99.
1908851103 11.197 5,399 30.81 57.3b 4.737 16,76 3B.35 55.47 0.B714 99.6
1908851104 11,197 5.428 30.91 63.93 4.771 16.82 61.07 57,33 0,9503 99.4
1908851105 11,197 S.441 30.95 69.66 4,885 15,92 63,58 b0.44 1.0693 99.4
1908851106 11,197 5,462 31,02 73.48 4.892 17,03 44,15 61,78 1.1873 99.4
1908851107 11,197 5.480 31.14 79.55 4.886 17,03 65,71 52,48 1.2092 99,4
1908851201 12,170 5,216 30.23 43.97 4,946 17.83 51,48 48,94 0,4958 99.4
6
b
)
7
7
1

0000 3,384 1.033 0,936
9973 0,024 1,014 0.724
8973 ~0.044 0.978 0,753
.9973 -0.024 1,010 0.794
9973 ~0.025 1,057 0.776
9973 -0.028 1,063 0,818
9973 0.038 1.073 0.877

9
9973 2,707 1,235 1,013
9973 0.109 1,087 0.849
9973 0,068 1.082 0.833
9
9
9

1508851202 12,710 5,234 30,18 48,78 4,976 17,92 54,08 51,50 0,811 99,
1908851203 12,710 5.237 30,20 51,48 4,980 18,04 55,34 53.18 0.9143 99,
1908851204 12,710 5,241 30.22 54,02 4,956 18,08 56,82 54,84 0,9801 99,
1908851205 12,710 5.249 30.20 59,60 4,955 18,13 57,85 54,15 1,094 99,
1908851206 12,710 5,286 30,30 64,31 4,947 18,20 59.50 58.97 1.1547 99,73 0,
1908851207 12.710 5.281 30,23 49,41 4,905 18,23 41,20 £0.48 1.2137 99,73 0.

l
1
i
!
1
l
!
l
!
i
|
!
1
!
0
0
0
0
0
0
0
0
090
0.9973 -0.099 1.047 0.877
0.9973 -0.026 1,109 0,938
0.9973 -0.079 1,121 0.912
0.9973 0,118 1,143 0,926
0.9

913 4,879 1.239 1.084

0.0
38 0.0
90.0
1 0.0
0 0.0
0 0.0
10.0
70,0
9 0.0
0 0.0
0.0
10.0
4 0.0
4 0.0
9 0.0
8 0.0
10.1
0 0.0
10.0
3 0.0
2 0.0
7 0.0
8 0.0
8 0.0
9 0.0
0 0.0
3 0.0
0.0



TABLE C.ic

456

Steaa-Nater Data (Lou Stean Extraction Rate Tests)

TEST No

2307850401
2307850402
2307850403
2307850404
2307850405
2307850404
2307850407
2307850408
2307850501
2307850302
2307850503
2307850504
2307850305
2307830304
2307850507
2307850508
2307850401
2307850402
2307850403
2307850604
23078505405
2307850606
2307850607
2307850701
2307850702
2307850703
2307850704
2307850703
2307850704
2307850707
2407850801
2407850802
2407850803
2407850804
2407850803
2407850806

2407850807 -

Inlet Water Subcooling = 40 X

Qfin WC THn Two Mow Tl Te2 TD Msup Ts WL Pata PD T TL

1,000 6,223 40,24 89,50 4,122 16,73 79.84 53.80 0.7910 99,64 .
0005.220 10,21 0,75 4,100 16.78 B2.59 7,00 0.9271 99.86 1.5 10135 0.0 0484 043¢
4,000 6,228 4023 97,38 4,087 16,85 87.25 69,54 10134 99,67 2.2 1.0133 0,049 0. 885 0.428
1,000 5,233 40,29 97,57 4,089 18.55 91,22 75,08 12123 99.67 2.5 1.0133 ~0.081 0,855 0.430
1,000 6,241 40,30 9773 4,220 16,63 9248 79,63 13220 99.67 2.8 1.0133 ~0.007 0.859 0. 442
4,000 6,245 40,31 97,99 4,217 16,49 92.79 B1.14 1,3850 99.70 3.0 1.0133 0034 0.428 0.454
1,000 6,242 40,31 98.04 4,231 18,87 93,08 82,74 1.4307 9971 3.2 1.0133 0.012 0.638 0.4
11000 £.251 40,34 98.25 4,203 18,40 73,31 65.95 14523 99,70 3.2 10133 0420 0,428 0.83¢
51000 6,112 39,36 90,7 4,468 15.99 50.58 69,13 0.8113 99,64 2.0 1.0135 0048 0,57 o 412
3000 6,162 39,92 93,92 .47 16,08 62,49 69,90 0.853 99.04 2.1 00133 01038 0. 153 0. 4B
St 4153 .54 9314455 112 8030 70.71 0918 .45 2.3 LI -0.034 0,885 0,457
» . . . . . . ‘523 1.0420 99 66 » . V.
3000 5.205 40,00 7,75 4.349 16,55 69,9 75.71 11878 9945 2.9 10133 -0.008 0303 0. 4
5,000 6,211 40,05 97,73 4,458 18,57 91.93 80,50 1,298 9968 3.4 10133 -0.030 0.689 0.474
5,000 6.210 40,06 97,74 4,452 1859 92,39 82,04 13444 99,69 4.5 1.0433 0,025 0.715 0,453
5,000 6,214 40,06 97,90 4,488 1687 92.71 83.06 14304 99.72 3.8 1.0133 0.741 0.720 0.528
5000 6,226 40,26 91,99 4,352 16.00 75,73 64,87 0.7788 99,67 2.0 10133 0,052 0,453 0.501
5,000 6,252 40,35 9604 4,359 1611 85,82 71,07 0.9488 99,89 2.8 1.0133 -0.003 0.488 0.842
G000 .23 0.3 .01 038 16,28 109 T0E8 11168 9067 3. Lot -0,005 0,713 0,528
. L 81,08 1,1905 99,86 3,9 1,013 0,013 0,487 0.53
1000 6,231 40,30 97,60 4,368 16,10 92.29 B4.43 1.2735 99,88 A.3 10133 0120 0.4%6 0491
1000 6,213 80,21 .06 4,50 16,10 92,78 BS.77 13858 99,08 3.2 1.0135 001 0715 oo
6000 5,203 40,13 97.88 4,36 16,50 92,40 B3.98 14098 99, 0 g:g oS 0ut%0 g';;f e
7.0 6195 39.95 76,71 4,535 15.38 72.35 67,03 0,794 99,73 0.0 1.0133 -0.017 0642 0.5t
7000 6.150 39,70 81,88 4,342 15.39 80,11 72,75 0.9283 99.75 0.0 10133 0,063 0.703 0.54
7000 8,129 39,58 88.72 4,549 1552 B9.52 77,90 11011 99,78 0.0 10133 -0.070 0491 0579
70 431 .3 T12 434 .33 0,80 .05 LIS 9077 0.0 1,013 -0,102 0,695 0.5%0
b1 95.95 .35 15.31 91,14 62,22 1,2783 99.78 0.8 1.0433 - )
71000 6,181 9,52 96,7 343 15,32 92,00 LSS 1.9303 1979 002 3 133 0t ¢rmy duok8
7000 6136 T9.41 9741 4,302 15,41 92,23 BS.90 1.3602 99,80 0.0 1.013% 2948 0.138 0400
37000 6,100 39,59 60,40 4,777 15.20 59.91 61,59 0.7110 99,60 0.0 1.0155 0,078 0.778 0.433
8,000 6152 39.59 69,41 4.779 1518 65,91 45,83 0.8478 9951 0.0 1.0133 ~0.095 0.790 0.71
8000 6.151 39.59 74.30 4,788 15,15 73.98 6798 0.9551 99,60 0.0 1.0133 ~0.10b 0.778 0.472
B.000 4145 39.54 B4.72 4,821 15,13 62,02 71,63 1,1230 9961 0.0 10133 ~0.092 0,785 0,842
B.000 6,189 39,44 9044 4,857 15.19 B7,58 75.32 12658 99,53 0.0 1.0133 0,030 0.721 0,881
8,000 6,183 39,41 52,44 4,787 15,13 89,28 80,08 1, 3489 99,64 0.0 10133 0.011 0.729 0,890
B.000 b.172 39.51 94.52 4,830 15,20 89,36 82,07 1,3947 99,85 0.0 1.0133 2.948 0.803 0.774
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TABLE C.ic (Continue)

Stean-Nater Data {Low Steas Extraction Rate Tests)

Inlet Water Subcooling = 40 K
TEST No  Bfin WC Téin Two Mew Tel Te2 TD MNssup Ts VPl Pata PO TT 1L

2407850901 9,000 6,235 40.27 67,85 4,886 15,38 62,46 61,32 9
2407850902 9.000 4,231 40.25 77,02 4,937 15,35 73.58 477 1
2407850903 9.000 6,227 40.21 83.05 4,912 16,33 82,05 71.3 9
2407850904 9,000 6,221 40.20 B5.83 4,911 18,38 B7.41 77,5 t
2407850905 9.000 6,214 40.17 89,16 4,884 15.21 89,05 79.4 3
2407850906 9,000 5,210 40.15 91,59 4.917 16,59 90.39 81,49 1.4403 99,65
2407850907 9.000 6,205 40,15 93.72 4,898 14,43 90.91 82,67 1,4705 99,63
2707851001 10,000 8,311 41,26 85.13 4,759 18,10 62,21 61,95 0.7348 99,67
2707851002 10,000 6,318 41,26 §8.76 4,741 18,27 $8.20 £7.52 0,8941 99,8
2707851003 10,000 6,330 41,41 72,67 4,730 18.24 73,52 70,46 1.0084 99,89
2707851004 10,000 6,339 41,44 78,51 4,726 18.54 83,71 73.70 1.1528 9,70
2707851005 10,000 6,360 41,38 83.37 4,498 18,53 87,10 76.27 1,2333 99.70
2707851006 10,000 6,377 41,40 88.71 4,703 18,47 88,11 77,71 1,2907 99,74
2
9
!
8
0
0
!
2
9
{
)
5

3 0133 0,053 0.840 0.660
.}
S
b
b
6
b
]
b
b
7
7
)
2707851007 10,000 4,380 41,40 50,48 4,712 18.85 89.25 78.23 1.3314 99.7
3
b
]
]
b
b
b
6
1
7
1
7

0
0133 0,005 0.834 0.456
«0133 -0.034 0,830 0,455
«0133 ~0.031 0.839 0,480
+0133 -0,043 0.842 0,703
0133 -0.198 0.847 0,701
]
0
0

7709 99,
.9988 99.

.2988 99,

+3043 99,

0
60
2 1.1293 99,
11
i1
91

0133 4,844 0.929 0.770

+0 1,0053 -0.054 1.052 0.750
+0033 -0.114 1.025 0.748
«0033 -0,120 0.978 0.748
+0033 -0.189 1,003 0,778
«0033 -0.163 1,033 0.772

1
1
1
{
1
1
1
1
1
{
1
l
1,0053 ~0.126 1,043 0.790
l
!
1
!
l
{
!
!
1
1
l
i
1

0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0 1,0053 3.879 1,083 0,899
0.0 1,0087 0.359 1,063 0,778
0.0 1,0087 -0,023 1,043 0.748
0.0 1.0087 -0.089 1.023 0.767
0,0 1,0087 -0.074 1.042 0.780
0.0 1,0

0.0
0.0
0.0
0.0
0.0
0.0
0.0

+0087 -0.018 1,059 0.79%

2808851101 11,197 6,183 39.95 41,09 5,120 15,87 59,63 58,46 0,7558 99,
2808851102 11,197 8,174 39.92 7,38 5.334 15.91 62,99 60,55 0,8699 99,
2808851103 11,197 b.188 39.84 71,81 5,385 16,15 £5.48 b1.94 0.9486 99,
2808851104 11,197 6,181 39.80 73,84 5,551 14,07 68,45 84,14 1,0234 99,
2808851105 11,197 6,155 39.79 77,00 5.552 15,18 70,20 85,36 1.1092 99,
2808851106 11,197 6,129 39.57 79,
2808851107 11,197 6,137 39.46 83,
2808851201 12,710 6,181 39.70 5L,

690 16.18 70,11 84,21 1.1572 99, 0087 0,035 1.071 0.830

678 15,20 71,49 64,77 1.1910 99, +0087 3.790 1,142 0,921

639 16.28 54.87 50,04 0,7057 99,

813

B4 5

43 «0080 0.073 1,234 0.838
63 5,628 16,37 57.43 55.51 0,8509 99,

87 3

LR

9 3

0
0
0
0080 0.039 1,220 0.849
0
0

1
2808851202 12,710 6,186 39.72 S6.
2808851203 12,701 6.172 39.74 &0.
2
3

(817 15,43 60,85 59.23 0.9491 99,
630 16,44 62,34 41,82 1,0448 99,
831 18,44 84,03 53,07 1.1043 99.75

.0080 0,008 1,208 0.904
0080 0,029 1,214 0.890

2808851204 12,710 6,181 39.81 é2.
2808851205 12,710 6.190 39.82 &3,



TABLE C.1d
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Stean-Water Data (Low Steas Extraction Rate Tests)

TEST No

2507850401
2507850402
2507850403
2507850404
2507850403
2507850406
2507850407
2507850408
2507850409
2507850301
25078503503
2507850302
2507850504
2507850503
2507850508
2507850507
2507850508
2507850401
2507850602
2507850403
2507850504
2307850403
2507850405
2507850607
2507850408
2607850701
2607850702
2407850703
2607850704
2607850703
2607850706
2607850707
2607850801
2607850802
2507850803
25607850804
26078508035
2607850804
2407850807

Inlet Water Subcooling = 50 K

@fin IC"IIfin Twa  Mew Ted Tc2 TD Mssup Ts VPL Pata PO TT 1L

0,000 7,153 50,09 97,35 4,534 22.35 79.54 71,80 07343 99.87 2,

6000 7,452 0,08 15,70 4,770 22,53 81,25 76,08 0.9723 99,68 2.4 10133 0.026 0.803 0.0
1,000 7,154 50,00 98.78 4,783 22,34 92,01 77.91 1.0519 99,87 3.0 1.0133 0.000 0.491 0.417
1.000 7147 43.93 98,76 4,757 22,36 92,24 B0.21 1.1856 99.88 3.1 1,013 0,006 0.507 0.428
4,000 7149 49,93 96,83 4,755 22.29 92,44 82,09 1.2547 99,89 3.2 1.0133 ~0.024 0.482 0.41
1,000 7,101 49,87 98,71 4,743 22,26 92,85 8365 1,3487 99.90 3.3 10133 -0.032 0.495 0. 431
1,000 7,140 49,91 98.79 4,781 22.43 92,60 84,46 14008 99,89 3.4 1.0133 ~0.028 0,525 0. 453
1,000 7.121 49,87 98,82 4,771 22.49 92,5 B5.25 1.4527 99.89 3.4 10133 0.125 0.537 0.431
1,000 7.119 49,88 98.99 4,762 22.59 92,87 85,00 1,5008 99,90 3.4 1.0133 0.779 0.595 0.470
5.000 7,335 50,44 93.58 4,907 22.05 73,34 6768 0,6999 9978 1.9 10120 0.038 0.442 0.430
5,000 7,275 50.37 97.99 4,912 22,49 86,58 72.31 0.9239 99.80 2.4 1.0120 0,097 0.452 0,450
5,000 7.277 50.35 98,01 4,837 22,92 B7.85 73.91 0.9763 99.78 2.5 10120 -0.096 0.522 0.425
5,000 7,253 50.32 98.29 4,738 23.04 89,94 75,49 1,0440 99,77 2.8 1.0120 ~0.082 0,512 0,437
5,000 7,265 50,37 98,67 4,901 23.03 9193 B1.51 1.1376 99.77 3.0 10120 0.047 0.505 0.429
5000 7,276 50,38 98.89 4,894 23.09 91,99 82,04 1.2270 99,76 3.2 1.0120 0,033 0.506 0.447
5000 7.290 50.39 98,43 4,888 23.11 92,30 83,85 1,3417 9976 3.3 10120 0.020 0.839 0. 449
5000 7.312 50,40 98.70 4,768 23.18 92,73 B4.94 1.4221 99.78 3.3 1.0120 0.833 0.72b 0.538
5,000 7,036 49.80 80,54 4,477 2241 7176 £7.40 0,705 9974 2.2 1.0120 -0.010 0.498 0,435
5000 7,058 49,83 92.81 4,355 22,49 82,02 7052 0.8230 99.73 2.6 1.0120 -0.078 0.501 0. 430
5,000 7,071 49,89 98.43 4,308 23.51 §7.17 73.89 09456 99,72 2.8 1.0120 ~0.087 0,537 0.451
b0 1.5 4.5 1.6 4050 2363 0,98 5.3 0,884 9974 2.8 1,010 -0.089 0,523 0.439

1000 7,151 49,97 98.72 4,287 23,73 91.40 79,84 11018 99.75 2.9 10120 0008 0,557 0.4
5.000 7,179 50.00 98.71 4,309 23.58 92.31 82.52 1.2469 99, 01032 0,945 0.1
1000 7,102 50,02 078 £.300 25,91 92,67 6458 13045 9978 3.8 1 o1t so13f orenn o b
4000 7,195 50,07 96,95 4,512 73,75 92,93 B5.55 1,366 99.75 3.1 1.0120 0912 0.782 o0 348
7.000 7,380 50,36 85,00 4,478 20,48 70.60 £7.84 0.6849 99.79 2.0 10040 0,113 0,896 0. 178
Tt .31 3033 L4 419 15,3 8062 7282 BT 9077 2.3 1,000 0.013 0,599 0.478
000 7,366 50,34 95.83 4,378 19,14 84,51 7347 09765 99.79 2.9 1. )

21200 7,318 50.26 97,86 4435 19,42 9900 63,20 11252 19,82 070 10000 <0018 3 008 3 o
2000 7.308 50,23 T067 AATS 1694 91,73 86,65 1.2340 59,82 0.0 1.0040 -0.080 0,611 O A0t
7.000 7.259 50.26 97,84 4,513 18.79 91,63 87,45 1,2855 99,83 1.0 1.0040 0,051 0.635 0.538
2.000 7,244 50,26 97.79 4,395 19,18 91,92 87,49 1.3435 99,84 2.0 10040 1089 0,781 0.830
8000 7.376 50,49 83.81 4,279 20.78 58,61 65.81 0,430 99,60 1.3 10040 0,069 0.691 0.529
8.000 7,367 50,49 86.31 4,282 20.72 75.54 4935 0.7658 99,41 1.4 1,000 0,073 0. 487 0,318
8000 7.382 50.54 92.11 4,237 20.50 81,45 73.85 0.9302 99,60 1.4 10040 0,005 0.701 0,459
8,000 7,410 50,85 94,33 4,221 19,71 87,56 78,48 10591 9962 1.5 1,040 ~0.047 0,899 0.5
8,000 7.421 50,73 95.79 4,203 19,40 91,30 85,04 1,1448 99.41 2.0 1,0040 0.028 0.723 0. 10
D000 7419 50.77 57,48 4,165 2043 91,63 6,30 1.2327 99,61 2.0 1.0010 0014 0,758 0" £
1000 7,426 50,79 97.50 4,203 20,51 91,89 68.20 1.3019 99,61 2.0 1.0040 1.272 0,844 0.8
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TABLE C.1d (Continue)

Stean-Water Data (Low Steam Extraction Rate Tests)

Inlet Water Subcooling = 50 K
TESTNo Qfin WC Téin Twa MNew Tel Te2 1D Mssup Ts VPL Pata PD TT TL

2607850901 9,000 7.458 50,98 78,29 4,539 20,87 69,84 64,84 0.5459 99,
2007850902 9.000 7.447 50.84 82,71 4,549 20.73 75,75 49.93 0,8058 99,
2607850903 9,000 7.451 50,85 88.19 4,413 20.77 82.40 77.39 09929 99,
2607850904 9,000 7,501 50.81 93.77 4,439 20,81 85,59 82,56 1.1487 99,
2607850905 9,000 7,425 50,79 95.49 4,565 20,80 B7.49 85,25 1,2294 99,
2607850908 9,000 7.403 50.78 94,20 4,545 20,78 68,45 B7.32 1,2914 99,
2508850907 9.000 7,470 50,90 94,71 4.539 20.94 90,05 85.32 13,3452 99,
2608850901 10,000 7.262 50,32 68.42 4,591 21,52 74,39 £5.51 0,7293 99.73 0,

62 0.0 1.0040 0,083 0.809 0.438
61 0
60 0
630
630
b0
650
130
2608851002 10,000 7,288 50.37 73.33 4,371 21.88 B4.52 74,82 0.9497 99.72 0.
730
ILRY
130
730
130
7590
130

01
0 1.0040 0,099 0,795 0.44%
01,0040 0,048 0,805 0.483
0 1.0040 -0,068 0,812 0.492
0 1.0040 0,013 0.835 0.700
0 1.0040 0,011 0.834 0,748
01,0040 2,925 0,930 0.847
0 1.0027 0,023 0,873 0.843
01,0027 -0.168 0,862 0,435
0 1,0027 ~0.088 0,840 0,453
0 1.0027 -0,043 0.879 0,581
01,0027 -0.103 0.890 0,484
0 1.0027 -0,059 0.901 0.741
0 1,0027 1.415 0.981 0,858
01,0093 -0.098 0.894 0,752
0 1.0093 0,210 0.917 0.745
0 1.0093 -0.213 0,913 0,483
0 1,0093 -0.264 0,923 0,785
0 1.0093 -0.125 0,915 0.783
01,0093 -0.078 0.942 0.836
0 1.0093 4,223 1,062 0.982
<0 1,009 0,019 0,947 0.802
0t
01
0t
01!
01!
01
01
01
01
01
01
01
01
01
00
01
01
01
01
01

2608851003 10,000 7,339 50,56 79.75 4,564 21,49 88.54 79,44 1,1179 99,
2608851004 10,000 7,312 50.48 86,45 4,564 21,40 89,82 84,08 1.2265 99,
2508851005 10,000 7,314 50.47 50.73 4,544 21.13 90,43 85.86 1,2813 95,
2608851006 10,000 7,319 50,47 93.92 4,585 21,10 90,43 84,61 1,3338 99,
2408851007 10,000 7,322 50,47 95,85 4,555 21,11 90,42 87,78 1,3841 99,
2608851101 11,197 7,190 50,22 §7.87 4,856 18.73 67,22 b4.47 0,7227 99,
2508851102 11,197 7,319 50,43 73.09 4,884 18,77 73.38 69,09 0,8815 99,
2508851103 11,197 7.485 50,62 77,00 4.837 18,87 79.21 72.44 1,0114 99,7
2507851104 11,197 7,397 50.54 81,80 4,842 18,57 88,48 77.14 1.1922 99.7
2507851105 11,197 7,514 50,78 85,02 4,849 18,73 89,22 82,89 1,3392 99.7
2507851108 11,197 7,453 50,50 88,12 4,844 18,85 B9.41 84,32 1,4209 99.7
2507851107 11,197 7,431 50,43 90,95 4,833 18,99 89.41 85.59 1,476 99.7
2507851201 12,710 7,429 50.41 80,71 4,809 18.52 &1,90 59.82 0,6094 99,5
2507851202 12.710 7,507 50,51 45.89 4,812 18.53 84,72 £3.91 0,754 99,5
2507851203 12,710 7,524 50.87 §9.27 4,886 18,59 70.23 68.11 0.8932 99.3
2507851204 12,710 7,498 50,54 74,30 4,788 18,84 78,47 72.55 1,0743 99.5
2507851205 12,710 7,516 50,75 80.92 4,859 18,57 83.43 74.00 1,1859 9.5
2507851206 12,710 7,523 50,76 85.52 4.8 18.83 85,41 75.54 1,2729 99,6
2507851207 12,710 7,535 50.77 88.49 4,842 18,49 87.59 76.38 1.3157 99.5
2507851401 14,229 7.210 50,08 59,98 4,828 13,33 62,43 58.62 0.4754 99.7
7
7
7
7
7
7
b
7
7
b
7
7
7

+0093 -0.103 0,948 0,828
0093 0,124 0.970 0,838
0093 -0.160 0.983 0.8335
0093 0.776 1.003 0,835
0093 4.991 1.183 0.997
0053 -0,110 1.144 0,873
0033 -0.040 1,150 0,845
+0053 -0,218 1.174 0,935
+0033 -0.188 1.172 0.9%8
0033 -0.197 1.188 0,940
0033 -0.089 1,207 0.947
0053 3.803 1,297 1.010
0033 0,033 1,281 1,001
«0000 0,003 1,297 1,030
+0053 0,031 1,287 1.009
0033 0,056 1,268 1,028
+0053 -0.002 1.307 1.053
0053 0,101 1,349 1,092
0033 3.378 1,421 1,208

0
0
0
0
0
0
0
0.
0.
ol
o.
0

ol
2507851402 14,229 7,127 49.90 &b.14 4,702 13.71 47,44 48,11 0,9424 99.73 0,
2507851403 14,229 7,120 49,9 70.38 4,883 13.40 73.03 70.92 1.0747 99.74 0
2507851404 14,229 7.173 50.05 74.88 4,713 13.40 77.43 72.09 1.1573 99.75 0
25076851405 14,229 7,149 50,05 768.83 4,743 13.74 79.03 73.27 1.2180 99,76 0
2507851406 14,229 7,165 50.04 83.87 4,504 13.58 B82.57 74.31 1,299 99.77 0
2507855407 14,229 7.159 50,03 84.47 4,471 13,54 B3.09 74.87 1.2983 99.78 0
2507851501 15,755 7.567 50.98 57.24 4,841 18,14 38.47 57.99 0.6084 99.49 0
2507851502 15,755 7,573 50.99 81.17 4,843 14,13 64,56 62,15 0.7829 99.71 0
2507851503 15,755 7.430 51.00 63,13 4,860 16,21 71.11 85.74 0.9522 99,70 0
2507851504 15,755 7,651 51.09 68,37 4.877 14,31 74,97 68,25 1,0855 99.49 0
2507851505 15,755 7,444 S1.04 72,21 4,807 14,45 78.37 70.37 1.1577 99.70 0
2507851506 15,755 7,703 51.08 73.43 4.817 14,32 77,64 70,43 1.2034 99,72 0,
2507851507 15,755 7.672 51,00 78,25 4.813 16,25 76.37 70.99 1.2404 99.72 0,

2
1
0
3
3
A
3
3
2
3
1
3
3
3
b
3
3
3
3
3
5
9
0
1
7
9
0
1
0
3
4
L
b
7
8
9
{
0
9
0
2
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TABLE C.le

Stean-Water Data (Low SteS;JEiiractibghRate Ieiti)

Inlet Water Subcooling = 40 K

T;S

TESTND  Ofn M THn Mew Tl Tc2 D Mesup Ts VPL Pata
2907850401 4,000 7.995 59.48 92.30 4,292 21,42 84,89 71,73 0.6787 99,62 2,1 0.9940
2907850402 4,000 B.005 59,56 97,81 4,270 20,52 92,55 80,14 0,8959 99,62 2.3 0.9940
2907850403 4,000 8,011 59.50 97,83 4,203 21,44 9290 BL.24 0,9587 99,54 2.5 0.5940
2907850404 4,000 8.115 59,89 97,59 4,199 21,27 93.11 83.84 1.0972 99,84 2.4 0,9940
2907850405 4000 8,121 59,89 97,77 4,160 21.03 93,13 BS.73 1,2012 99,8 2.5 0,994
2907850405 4,000 8,001 59,43 97,82 4,001 21,19 93.27 B4.14 1,3485 99,69 2.7 0.9980
2907850407 4,000 B.004 59,48 97,98 4,077 21,31 93,13 89,53 14524 99,89 2,9 0,940
2907850408 4,000 8,012 39,54 98.08 4,162 21,25 93,37 89,98 15138 99,70 3.0 0,990
2907850501 5.000 8,247 60,54 95,32 4,300 20,28 78.45 71,83 0,6109 §9.75 2.3 0,990
2907850502 5,000 8,258 60,82 97,31 4,305 20,50 87.81 75,56 0,7343 99,73 3.1 0.9940
2907850503 5.000 8,270 60.72 97,34 4.312 21,36 90,11 77.56 0,849 99,76 3.2 0.9960
2907850504 5,000 8.296 40,79 98.07 4,299 20,92 90,55 80,64 0.5945 99.74 3.3 09960
2907850505 5,000 8,289 60,80 98,08 4,244 20,54 90,86 84,27 1.2662 99,73 3.4 0.9960
2907850506 5,000 B.296 60,81 97,98 4,251 20,21 91,97 B5.67 13897 99.74 3.4 0,960
2907850507 5.000 B,308 60,64 9B.24 4,247 20,20 52,54 B6.86 14353 99,79 3.4 09940
2907850401 8,000 B.175 50,39 93.04 4,545 1844 77,95 71,71 06651 99,68 2.1 0,9960
2007850802 6,000 8,185 60,43 96,32 4,530 18,83 §7.22 76,05 0.8366 99,74 2.3 0,9960
2907850803 6,000 8134 60,40 §7.16 4,431 1848 89,77 79.81 1,0100 99,73 2.9 0,9940
2907850604 6,000 8,157 60,33 §7.26 4,287 18,76 90,65 B1.4b 1,1263 99,75 3.0 0,990
2907850505 6,000 8,183 60,40 97,87 4,331 18.79 92,34 83.29 1,318 99,76 3.0 0.9940
2907850506 6,000 B, 187 60,35 §7.92 4,330 18,93 92,26 84,50 1,3803 99,76 3.0 0,9980
2907850807 6,000 8,179 60,4 58.07 4,304 18.85 92,19 87,83 1.4317 99,77 3.0 0.9940
2007850701 7,000 B.214 60,59 89,80 4,23 20.77 80,58 71,85 0.8553 99.71 2.0 0,9940
2907850702 7,000 8,225 60,67 92.06 4,225 20,91 84,63 73,84 0.7705 9971 2.0 0,9940
2907850703 7,000 8.231 60,57 95.22 4,258 20,57 88,37 75,04 0,8352 99,70 2.0 09940
2907850704 7,000 8,237 60.72 9564 4,297 21,01 90,50 77,95 0,9138 99,70 2.0 0,940
2907850705 7,000 8.238 £0,52 95,93 4,097 21,10 91,23 84,22 1,0753 99,69 1.0 0,990
2907850706 7,000 8,235 60,6 97,25 4,230 21,24 91,53 88,00 1,2528 99,49 2.0 09940
2907850707 7,000 8241 £0,7 97,25 4,237 21,04 91,82 88.20 13374 99,73 2.0 0.9940
2907850708 7000 8,253 60,69 97,71 4,186 20,09 91,90 88,89 1,395 99,74 2.0 09940
3007850801 B.000 7,882 59,43 85,86 4,449 18,34 79.86 71,13 0.5812 99,63 0.0 1.0013
3007850802 8,000 7,937 59,57 £9.09 4,438 18,40 84,16 76,04 0.BA3L 99,83 0.0 10013
3007850803 8,000 7,941 5956 93,63 4,397 18.57 84,92 B0.13 1.0003 99,62 0,0 1,0013
3007850804 8.000 B.001 59,64 95,47 4,450 18,04 90.43 82,43 1.1401 99.64 2.0 10013
3007850805 8,000 7,984 59,57 97,07 4,478 18,44 90,95 84,90 1,3060 99,65 2,9 1.0013
3007850806 8,000 7,973 59.51 97,72 4,435 18.13 91,19 88,00 1,3753 99,64 3.0 10013
3007850807 B.000 7,944 59,44 98.03 4,444 18,20 91,72 B9.05 1,420 99.87 3.5 1.0013
3007850901 9,000 8,072 59.87 84,30 4,419 20,07 75.23 70.81 0,4762 99,63 0.0 1.0000
3007850902 9,000 8,081 59.87 91,23 4,457 20,21 79.71 73,93 0.7905 99,47 0.0 1,000
3007850903 9,000 8,087 59.85 95,53 4,533 20,86 82,32 77,44 1,0199 99,47 0.0 1.0000
3007850908 9,000 8,093 5991 97,03 4,445 18,62 90,42 B4.46 11499 99,44 0.0 1,000
3007850905 9,000 B.096 59,90 97,23 4,416 19,54 90,89 87,22 1.2570 99,87 0.0 1.0000
3007850905 9,000 B.121 59.95 97.40 4.431 19,48 91,32 88.05 1.3187 99,5 0.0 1,0000
3007850907 9,000 8129 59,98 97.50 4,429 19,49 91.99 89,20 1,3724 99,48 0.0 1.0000
3007851001 10,000 8,044 59.78 B0.55 4,411 20,54 7106 8844 0,8550 99,74 0.0 1.0000
3007851002 10,000 8,031 59,62 88,87 4,431 20,97 78.79 72,77 0.8076 99,74 0.0 1,000
3007851003 10,000 8,017 59,53 93.31 4,435 21,14 B5.29 75,11 0,9363 §9.73 0.0 1.0000
3007651004 10,000 7,994 59,43 95.82 4,423 20.12 90,05 82,58 11494 99.74 0.0 1.0000
30.0785105 10,000 7,991 5.4 95.87 4,411 20,85 90,35 B3.45 1,101 99,73 0.0 1.0000
3007851005 10,000 8,003 59,56 98.07 4,401 21,21 90,72 84,85 1,2206 99,72 0.0 1,000
3007851005 10,000 7,997 59,51 97,03 4,441 21,32 91,00 88,44 1,2646 99,72 0,0 1,000

P I N
=0.016 0.471 0,400
0.137 0.472 0.410
0,128 0,444 0,401
0,033 0.458 0.418
0,163 0.470 0,409
0,079 0.433 0,402
0.133 0,450 0.434
0.721 0,373 0.473
0.303 0.472 0.44
~0.066 0.478 0.441
=0.049 0,488 0,430
=0.043 0.331 0.439
=0.044 0,347 0,460
=0.019 0.541 0.043
0.672 0,457 0,540
0.080 0.540 0,439
0.039 0,337 0.411
0.119 0.487 0.428
0.168 0.573 0.451
0.162 0.384 0.448
0,227 0.435 0,444
1,243 0,701 0,332
0.230 0,720 0,533
0.131 0,728 0.574
0.133 0,744 0,574
0.129 0,744 0,577
0.120 0,748 0.574
0,109 0.780 0,370
0.071 0,790 0,570
1,841 0.874 0.434
0,017 0.705 0,507
0.021 0,735 0.334
0.104 0.724 0,501
0.024 0,725 0.504
0.141 0,793 0,334
=0.014 0.776 0,355
1.259 0.856 0.432
=0, 069 0.879 0,525
0.022 0.845 0,392
0.058 0.897 0.410
0.088 0.890 0,544
0,060 0.897 0,583
0.070 0.904 0,593
093 0.970 0,462
A3 0,868 0,517
1 0.871 0,568
0.873 0.428
875 0.403
88 0,837
863 0.441
830 0.709

2.
0.0
0.0¢
0,004
0.002 0,
0.003 0.
0.124 0,
=0,023 0,
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TABLE C.1e (Continue)

Steaa-Water Data (Low Steas Extraction Rate Tests)

Inlet Water Subcooling = 40 K

TESTNO  Qfin NC THin Two ﬁiu Tel Te2 TD Mssup .Ts WPl Pata PFD T 1L

3007851007 10,000 7,989 59,51 97,57 4.399 20.40 91.37 87.43 1.3283 99.75 0.0 1.0000 1,227 0,924 0.782
3007851101 11,197 8.115 £0.07 75.06 4.427 20.77 73.50 £8.42 0.6559 99,59 0.0 1.0000 0.084 0,963 0,580
3007851102 11,197 8.131 $0.10 82,00 4,387 21.15 79.85 74,05 0.8337 99.57 0.0 1.0000 ~0,020 0,989 0.b44
3007651103 11,197 8,149 40,20 88,75 4,432 20.27 89.91 79.19 1.0374 99.43 0.0 1.0000 0.070 0,970 0.453
3007851104 11,197 B,139 80,11 93.58 4.417 20.07 90.57 83.80 13,1573 99.40 0.0 1.0000 0,088 1.014 0.731
3007851105 11,197 B.142 60.14 95,43 4,417 20.83 90.89 88.50 1,2714 99.60 1.0 1,0000 0.057 1.014 0.735
3007851106 11,197 8,132 60.12 94.33 4.410 20.76 90.40 BB, 10 1,3309 99.41 1,2 1,0000 0.102 1.025 0,732
3076851107 11.197 8,125 40,13 94.85 4,403 20,83 90.72 B8.77 1.3839 99.43 1.3 1.0000 3,157 1,076 0.851
3007851201 12,710 8,214 50,57 72,43 4.939 15,12 72,00 6b.41 0.86423 99.60 0.0 0.9973 -0.187 1,12} 0,488
2008851202 12,710 8,221 &0.53 80,79 4,833 14.86 77.07 71,55 0.8568 99,63 0.0 0.9973 0,041 1.114 0,724

2008851203 12,710 8,259 60.72 84.13 4,830 14.87 84,55 75.83 1.0242 99,
2008851204 12,710 8,243 40.55 B&.11 4,781 15,97 89.78 BO.41 1,2101 99.
2008851205 12,710 8,238 80,53 B9.44 4,930 14,43 90,81 B83.01 1,3173 99.
2008851206 12,710 8,228 40.58 92.71 4,933 14,93 91.30 B&.10 1.4070 99.
2008851207 12,740 8,233 60.57 93.33 4,933 14,84 92,23 8. 45 1.4733 99,
2008851401 14,229 8,175 40,22 49.54 3.001 18,76 69.86 64.39 0.4028 99,
2008851402 14,229 8,183 60.27 74,13 4.802 17.09 77,18 69.39 0.8274 99,
2008851403 14,229 8,202 £0.35 78.50 4.814 17,29 B1.45 74.15 0.9987 99,
2008851404 14,229 8,210 40,37 82,70 4,933 17.10 84,40 77.47 1,1562 99.
2008851405 14,229 8,254 40,45 84,02 4,912 17.45 89.19 78.47 1,2209 99.
2008851405 14,229 8,283 40,77 90.23 4.898 17.78 90.01 79.B3 1.2773 99,
2008851407 14,229 8,295 40.85 91.19 4.887 17.78 90.72 80.75 1,305 99,
2008851501 15,755 8,290 60,82 73.49 4,909 17.93 71.95 43.47 0.4183 99,
2008851502 15,735 8.312 80.97 77.40 4.911 12.93 73.55 & 0.4970 99,
2008851503 15,755 8,319 40.96 84,80 4,914 17,94 77,25 & 0.8312 99.

0.9973 -0.005 1,085 0.739
0.9973 0.038 t.116 0.784
0.9973 0.059 1.108 0.797
0.9973 -0.028 1.140 0.782
0.9973 1,768 1.310 0.876
0,9973 -0.083 1.182 0.798
0.9973 0.156 1,200 0,802
0.9973 0.140 1.152 0.83?
0
0

9973 0.121 1,202 0,821
9973 0,137 1,213 0.841
<9973 2,384 1.302 0,989
<9940 0.194 1,312 0,828
9960 0,187 1,286 0.809
9960 0,183 1,326 0.854
9960 0,181 1,301 0.881
7950 0,073 1.318 0.874
9960 0,147 1,381 0,898
9960 2,984 1.493 0,982
<0047 0,080 1.370 0.840
.0087 0,004 1,383 0,874
+0047 -0.0035 1.400 0.889

0

0

0
3 0
8 0
0
0
0
0
1
}
{
1,0067 0,014 1.379 0.928
l
!
1
!
l
!
!
1
!
1
l
)\
l
l
l
!
!

60
b1
83
b0
b3
60
60
63
b3
63
bt
59
&3
b4
63
b4
b4
b9
97 69
.30 70
2008851504 13,755 8.321 60,96 84.29 4.924 17.97 79.88 71.57 0.9343 99.49
2008851505 15.755 8,336 81.01 89.42 4,920 17.91 83.58 74.23 1,0706 99.49
2008851504 15,755 8,342 &1.11 90.02 4.912 17,77 B3.92 76.46 1.1266 99.48
2008851507 15.755 8.357 b1.13 91.22 4,921 17.78 85.02 77.19 1.145% 99.69
2108851701 17,287 8.082 59.86 70.15 4,875 153.52 67.10 62.04 0.4011 99,51
2108851702 17,287 8.034 59.71 74.74 4,881 13,30 70.72 6A.54 0,7130 99,41
2108851703 17,287 8,041 59.65 77.53 4.918 13.50 73.41 £4.80 0.8224 99.42
2108853704 17,287 8,053 59.74 B80.32 4.888 13.49 75,76 48,96 0.9273 99,40
2108851705 17.287 8,079 59.81 B3.12 4,864 13,31 77.26 70.00 1,0172 99.40
2108851706 17,287 8,083 59,74 83,87 4,999 153.37 78.76 70,32 1.0967 99,51
2108851707 17,287 8.059 59.75 87.34 4.923 15.33 79.12 71.04 1.1331 99.42
2208851801 18.827 8,294 40.92 £7.89 5.048 15.28 85.17 1.2 0.5829 99,40
2208851802 18,827 8.288 40,91 71.77 3.045 18,26 88.71 83.71 0.4919 99,51
2208851803 18,827 8,278 £0.90 76,31 5.022 16.24 72,25 £8.12 0.8708 99.44
2208851804 18,827 8,275 40.91 77.47 4,984 18,15 74.88 48,42 0.9510 99.462
2208851805 18,827 8,285 60.95 78.93 4.978 15.20 75.35 69,24 1.0207 99.84
2208851804 '18.827 B.295 60,98 B0.91 4.982 13,22 75,43 49,81 1,098 99.4%
2208851807 18,827 8,319 41.01 B3.45 4.930 18,23 77.25 70,23 1,1299 99.64
2208852001 20,374 8,325 1.00 63,91 3.090 14.40 84,51 40,82 0.5909 99.81
2208852002 20,374 8,338 41,09 69.78 5,088 14,38 67,68 42,43 0.7140 99.51
2208852003 20,374 8,335 61,03 71.4b 4.989 14,22 70.78 64,27 0.7883 99.43
2208852004 20,374 8,347 b1.11 73.22 4.996 15.20 71.85 45.81 0.B983 99.62
2208852005 20,374 8,359 81,13 74.24 5,067 16,16 72,01 84,90 1.0365 99.44
22088520056 20,374 8,333 61,08 76,33 4,931 18.17 74,30 4B.74 1.1092 99,84

0067 0,017 1,389 0.914
0087 0,143 1,397 0,958
0067 3,764 1.523 1,088
0053 0,002 1,435 0,904
0053 0,091 1.445 0.874
0033 0,107 1.449 0.933
0053 0.113 1,444 0,922
0033 0,149 1,454 0,973
0033 0,298 t.464 0.997
005 1,582 1.187
57 1,334 0.930
59 1,339 0.9%9
12 1,376 0.9%
2

|°
0
.l
«122 1,369 1,039
118 1,394 1,033
11 1,387 1.0
<930 1,743 1,194

3
0
0
0
0033 0
0
0
3

1
9



TABLE C.1¢

462

Stean-Nater Data (Low Stean Extraction Rate Tests)

Inlet Water Subcooling = 30 K

TEST No Ofin WC T#in Twe Mew Tc! Tc2 TD Mssup Ts VPl Pata
3107850401 4,000 B,938 69,78 94.48 4,211 18,97 79.85 74,85 0.7123 99,47 2.8 1.0100
3107850402 4,000 B.944 49,90 97.57 4.210 18.77 §0.74 79.41 0.8841 99.49 3.0 1,0100
3107850403 4.000 9,045 70.33 97.75 4.177 18,55 91.78 B1.11 0.9458 99.49 3.0 1.0100
3107850408 4.000 9,093 70.52 97.89 4.218 18,64 92.14 BA.92 1.0975 99,49 3.0 1.0100
3107850405 4.000 9.115 70,43 97.98 4,250 18.33 92.54 85.85 1.3110 99.48 3.0 1.0100
3107850405 4,000 9,122 70.45 99.07 4,228 18,55 92,40 B84.43 1.4215 99.71 3.1 1.0100
3107850407 4.000 9,129 70.48 98.13 4.254 18.83 92,75 B4, 43 1.4549 98,64 3.1 1,0100
3107850408 4,000 9,141 70,47 98.27 4,237 18.90 52,33 84,88 1.4811 99.78 3.1 1.0100
3107850501 5.000 8,977 49.84 97.08 4,260 20.72 BA. 04 73,90 0.7088 99,78 2.8 1,0100
3107850502 S.000 8.991 49,94 97.90 4,219 20.956 91.37 79.27 0.9393 99.74 2.9 1.0100
3107850503 5.000 9,037 70.15 97.93 4,236 20.93 92,45 B1.02 1.0944 99.76 3.0 1,0100
3107850504 5.000 9.042 70.19 98.04 4,233 20.58 92,42 83.79 1.2434 99.79 3.0 1.0100
3107850505 5.000 9,065 70,24 98.00 4,253 20.92 92.49 84,89 1,2994 99.78 3.0 1.0100
3107850504 5.000 9.072 70,25 98.1B 4.233 20.96 92.52 85,75 1.3393 99.79 3.1 1.0100
3107850507 5.000 9.079 70.32 98.31 4.217 21.0% 92.49 84.48 1.3879 99.83 3.1 1.0100
3107850401 &.000 B.983 49,81 97.38 4,293 21.14 78.83 70.20 0.6414 99,68 2.7 1.0100
3107850502 4.000 9,007 70.04 97,73 4,279 21.37 89.04 75,17 0.8811 99,78 2.8 1.0100
3107850503 4.000 9,012 70.10 97,78 4.246 21,46 91.92 82.47 1.0301 99.80 2.9 1.0100
3107850604 4.000 9.029 70,33 97.83 4.267 21.55 92,21 84,72 1.1824 99.78 3.0 1.0100
3107850405 £.000 9,034 70.38 97.94 4,287 21,16 92,43 84.44 1.2596 99.78 3.0 1.0100
3107850606 6,000 9.041 70,35 98.13 4,255 21.32 92,32 B4.94 1,3193 99.80 3.1 1.0100
3107850507 4.000 9.044 70.39 98,29 4,249 21.4% 92,03 87,09 1.3812 99.81 3.1 1.0100
3107850701 7.000 8.925 69.57 4.4b 4,293 21.64 0,37 74,03 0,6875 99.45 2.2 1,0100
3107850702 7.000 8,929 49.57 97.97 4.277 21.41 90.87 75,00 0.7503 99.54 2.3 1.0100
3107850703 7.000 B.948 49.4b 97.93 4,262 21,34 91.70 79.87 0.8921 99.46 2.5 1.0100
3107850704 7.000 8,943 69.41 97,99 4,262 21.34 91.70 B4.30 1.0615 99.4% 2.0 1.0100
3107850705 7.000 B,954 49.44 98,00 4,286 21.49 B4, 41 B7.54 1,1894 99,63 2.9 1.0100
3107850706 7.000 B,954 £7.50 97.91 4,250 21.28 91,835 89.47 1.2587 99.47 3.0 1.0100
3107850707 7.000 8.948 49.59 97.89 4.258 20.93 92.10 89,29 1.3344 99.48 3.0 1.0100
3107850708 7.000 B.933 69.57 98.10 4,257 20.95 92.11 90.04 1.3655 99.70 3.0 1.0100
3107850801 8,000 8.947 49.71 91.41 4,280 20.94 81.37 75.04 0.8801 99.73 0.0 1.0100
3107850802 B.000 B.986 69.68 93.463 4.307 21.54 90,41 80,49 0.B8835 99,75 0.0 1.0100
3107850803 8.000 8,973 49.71 97.71 4,244 21.44 91,54 B4, 41 $.0433 99,74 0.0 1.0100
3107850804 8,000 8.980 49.80 97.95 4.223 21.42 91,54 87,51 1.1095 99,75 0.0 1.0100
3107850805 B.000 B,977 69.75 97.95 4,220 21,41 91,53 89.04 1,1855 99.79 0.0 1.0100
3107650806 8,000 8,982 49.75 97.96 4,229 21.44 91,55 89.24 1.2037 99.74 0.0 1.0100
3107850807 8,000 8,973 £9.78 98.39 4,238 21.45 91,76 90,32 1.3099 99.77 0.0 1.0100
3107850901 9,000 9.114 70,54 92,82 4,239 21,00 79.79 72.84 0.4178 98.73 0.0 1,0100
3107850902 9.000 9,121 70.54 94,32 4,245 21.45 90.49 79.84 0.8628 99,78 0.0 1.0100
3107850903 9.000 9,137 70.59 97.70 4,255 21.40 90.94 84.50 1,0036 99.79 0.0 1.0100
3107850904 9.000 9,140 70.81 97,73 4,281 21,59 91.18 84,78 1.100% 99.79 0.0 1.0100
3107850905 9,000 9,150 70.65 97.74 4,287 21,41 91.49 89.91 1.1793 99.79 2,2 1.0100
3107850904 9.000 9.153 70,43 97.84 4,249 21,42 91,48 89.44 1.2862 99.79 2.5 1.0100
3107850907 9.000 9.145 70.47 97.98 4,236 21,76 91.4% 89.90 1.3249 99.81 2.9 1.0100
0107851001 10.000 8,905 69,45 84,18 4,089 18,33 77.13 74,50 0.4530 99.74 0.0 1.0100
0108851002 10,000 B.912 49,47 93.01 4,105 18,50 89.53 82,42 0.7980 99,74 0.0 1.0100
0108851003 10,000 8,898 49.43 97.47 4.104 1B.71 90.49 84,77 1,0191 99.73 0.0 1.0100
2503851004 10.000 8,887 £9.43 97.73 4.180 18,85 91.13 87,94 1,1242 99.79 3.0 1.0100
2508851005 10,000 8,901 49.43 97.71 4,222 18.83 90.94 88.93 1.2043°99.78 3.3 1.0100
2503851005 10.000 8,915 49.48 97.77 4,231 18.94 90.99 88,93 1.2541 99.77 3.5 1.0100
2508851007 10,000 8,929 £9.59 98,51 4,233 19.05 94,25 89.28 1.2485 99.79 3.4 1.0100

POTT T

0.042 0.451 0,354
0,096 0.434 0,391
0.009 0,487 0,418
0.079 0.440 0,428
0.087 0.471 0,424
0,132 0,489 0,448
0.176 0.489 0,430
0.328 0.372 0,501
0.043 0,494 0,427
0.047 0,485 0.433
0,095 0.495 0.437
0,003 0.306 0,470
0.020 0.491 0.469
0.121 0.564 0,493
0.835 0.576 0.533
0.156 0.550 0,516
0.043 0.356 0,504
0.004 0,348 0,522

0,071 0.532 0,514

0.011 0.549 0,549
0,113 0,385 0,536
0,744 0,568 0,405
0.023 0.581 0,503
0.024 0,582 0,509
0,031 0.561 0.538
0.031 0,374 0,538
0.034 0,581 0,548
0,003 0.514 0,403
+027 0,427 0,580
.493 0,703 0,458
4 0,495 0.621
0.694 0,443
0.695 0,831
708 0,436
o712 0,660
742 0,430
.838 0,720
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TABLE C.1¢ (Continue)

Stean-Water Data (Low Steam Extraction Rate Tests)

Inlet Water Subcooling = 30 K

TEST No  Qfin NC Téin Two Mew Tel Te2 1D Mssup Ts  vPl Pats
2508851108 11.197 8,974 £9.81 88.354 4,223 19.21 77.45 73.97 0.6%18 99,68 0.0 1.0300
2508851102 11,197 8,974 49.84 91,44 4,111 19.75 89.03 79.58 0.8008 99.49 0.0 1.0100
2508851103 11.197 8,981 49.8B 93.57 4.114 19.01 90.85 67.92 1.0175 99,49 0.0 1.0100
2508851104 11,197 8,993 49.87 98.44 4,115 19.21 90.88 £38.01 1.0493 99,72 2.0 1.0100
2508851105 11,197 9.002 69.92 97.18 4,115 19.30 90,99 88.37 1.0997 99.74 3.4 1.0100
2508851104 11,197 B.990 49.82 97,53 4,118 19.43 91.09 B9.00 1,1540 99.73 3.4 1,000
2508851107 11.197 8.994 £9.91 97.91 4,192 19.76 91.14 B9.1% 1.2348 99.73 3.4 1.0100
2508851108 11.197 B.982 49.82 98.12 4,170 19.58 91.28 89.2% 1.2849 99.73 3.9 1.0100
2508851201 12,710 9.055 70.36 83.55 4.839 15.12 78.94 74,31 0.4759 99.80 0.0 1.0100
2508851202 12,710 9.043 70.41 90.38 4,849 15.21 BO.40 79.31 0,B024 99,58 0.0 1,0100
2508851203 12,710 9,049 70.45 93.99 4,833 14,13 83.40 82.45 0.9413 99.58 0.0 1,0100
2508855204 12,710 9,074 70.44 95.00 4,857 14,03 87,40 85.33 1.1354 99.61 0.0 1.0100
2508851205 12.710 9.079 70.44 97,55 4,849 14,00 90.47 85.05 1,2514 99.44 0.0 1.0100
2508851206 12,710 9.093 70.44 97.89 4,647 15,01 91.71 87.23 1.3372 99.44 0.0 1.0100
2508851207 12,710 9,149 70,75 98.03 4,832 15,03 92.42 88,51 1.3991 99.68 0.0 1.0100
2508851401 14,229 9,010 70.02 80.70 4,843 13.99 74.78 75.01 0.8753 99.70 0.0 1.0100
2508851402 14,229 9,028 70.10 B4.77 4,843 14,28 83.97 78.84 0.8094 99,71 0.0 1.0100
2508851403 14,229 9,033 70.20 91.51 4,802 14,31 B9.25 83.84 1.0495 99.70 0.0 1.0100
2508851404 14,229 9,037 70.13 93,79 4,799 15,17 91.57 88.92 1,157 99,69 0.0 1.0100
2508851405 14,229 9,041 70.17 96.47 4,774 14,11 92,01 B7.85 1,2717 99.49 0.0 1.0100
2508051406 14.229 9,031 70.09 94,85 4.781 14,04 92.11 88.17 31,3325 99,70 0,0 1,0100
2508851407 14,229 9,025 70.10 94.93 4.784 14,04 92.29 88.34 1.3776 99.59 0.0 1.0100
2508851501 15,754 9,059 70.34 78,82 4,504 14,35 74,656 74,76 0.8761 99.59 0.0 1.0100
2508851502 15,754 9,084 70.32 84,72 4,817 14.54 79.91 74.98 0.8181 99.50 0.0 1.0100
2508851503 15.754 9,053 70.25 92.50 4,826 15,41 82,24 79.2]1 0.9025 99.41 0.0 1.0100
2508851504 15,754 9,034 70,15 93.13 4,404 14,77 85.71 82,40 0.9944 99.41 0.0 1.0100
2508851505 15,754 9.028 70.13 95.43 4,409 15,06 87.81 B4.02 1,1434 99.59 0.0 1.0100
2508851504 15,754 9,015 70.01 95.55 4,610 17,06 89.52 84,93 1.,2114 99.40 0.0 1.0100
2508851507 15.754 9.033 70.18 95.11 4,594 17.10 91.51 85.12 1,2483 99.462 0.0 1.0100
2508851701 17,287 8,977 £9.48 88,23 4.858 15.77 72.45 £9.81 0.4543 99.462 0.0 1.0100
2508851702 17.287 B8.955 49.83 90.40 5,001 56,04 78.99 76.32 0,7795 99.47 0.0 1.0100
2508851703 17,287 8,981 £9.77 92,47 5,029 18.15 £5.88 77.54 0.8849 99.47 0.0 1.0100
2508851704 17,287 8.975 69,73 93.77 5.046 18.4b 89.82 79,27 1.0314 99,85 0.0 1.0100
2508851705 17.287 B.943 89,69 94,87 5,023 14,43 91.00 81.87 1.1122 99,47 0.0 1.0100
2508851706 17,287 8,980 49,78 95,07 5.025 18.70 91,34 82,46 1,1923 99,49 0.0 1.0100
2508851707 17,287 8,987 69.78 93.87 5.019 14,71 91.46 82,954 1.,2401 99,49 0.0 1,0100
2508651801 18,827 8,949 69.71 77,53 4,789 14.29 75,54 70.25 0.4311 99,57 0,0 1,0100
2508851802 18,827 8.983 49.85 83,78 4,683 18,32 75.87 72.82 0.7938 99.43 0.0 £.0100
2508851803 18.827 8.992 69.90 88,48 4,875 18,39 78,77 73.52 0.884% 99,85 0.0 1.0100
2508851804 18,827 B.99B 49.93 91.21 4,877 14,44 79.94 77.35 0.9877 99.44 0.0 1.0100
2508851805 18,827 8,994 £9.91 92,39 A4.875 16.46 81,89 78,02 1.0319 99.47 0.0 1.0100
2508651804 18,827 8,998 49.94 93.33 4,821 14,52 83,01 79.83 1.1094 99.44 0.0 1,0100
2508851807 1B.827 9.009 69.96 93.90 4,831 14,50 B83.11 BO.BA 1.1422 99,47 0.0 1,0100
2508852001 20.374 8.994 70.04 77,43 4,825 14,00 70.18 70.25 0.4432 99.57 0.0 1.0100
2508652002 20.374 9,011 70.07 B3.43 4,833 146,12 72,52 71.16 0.7321 99.58 0.0 1.0100
2508852003 20,374 8,995 70.02 B4, 33 4,847 14.24 73.51 71.98 0.8721 99.41 0.0 1.0100
2508852004 20,374 8,987 69.98 B7.5b 4,876 18,32 73.72 73,76 0,9110 98,562 0.0 1,0100
2508852005 20,374 9,017 70.10 89.32 4,871 14,30 75.85 75.38 0.9870 94.42 0.0 1.0100
2508852005 20,374 9.004 70,07 90,57 4.882 15,23 76,93 76.93 1.0319 99.84 0.0 1,0100
2508852007 20,374 8,987 £9.97 91.462 4,881 14,30 77.89 77.39 1.0784 99,49 0.0 1.0101

" PD

m n

0,020 1,000 0.713
0.098 0.981 0.735
0,052 0,996 0,743
0,059 1.008 0.728
0.072 0,997 0,707
0.033 1,011 0.780
0.009 1,034 0,793
0,743 1,191 0,860
0.002 1.129 0.732
0,002 1.172 0.754
0.001 1,193 0.729
0,010 1,163 0.740
0.010 1.171 0.781
0.012 1.186 0.800
0,334 1,283 0.870
0,044 1,298 0.733
0,037 1.277 0.794
0,023 1,291 0.818
0.068 1.414 0.797

0,096 1.270 0.796
0,294 1.314 0,800
0,796 1.407 0,898
0,055 1.412 0.889
0.081 1.397 0.910
0.004 1,410 0.885
0.032 1.427 0.893
0.009 1.435 0,880
0.180 1.435 0,897
0,540 1,508 0.974
0.107 1.517 0.925
0.088 1.489 0,924
0.083 1,490 0,897
0.058 1,447 0.911
0.283 1.504 0.950
0,249 1,310 0.987
0,985 1,397 1,081
0.118 1,822 0,973
0.147 1,638 0,949
0.113 1.630 0,972
0.113 1,448 0.9%9
0.182 1,451 0,974
0,234 1,687 0.989
0,135 1,739 1,120
0.171 1.718 1.012
0.131 1,728 1,02
0.133 1794 1,018
0,273 1,788 1,101
0,240 1,795 1,073
0,356 1,820 1,184
0.031 1.894 1.214
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TABLE C.1g

Steas-NWater Data (Low Steaa Extraction Rate Tests)

Inlet Water Subcooling = 20 K
TESTNa Qfin  WC TéHin Two Mcw Tel T2 TD Mssup Ts VPL Pata PD 1T TL

2504850401 4.000 10,158 79.80 97.49 4.177 20.54 84,75 79,08 0.4124 99.59 2.2 1.0107 0,054 0,428 0,343
2504850402 4.000 10.148 79,72 97,79 4.109 20.48 92.45 €8.28 0.7951 99.45 3.0 1.0107 0.080 0.429 0.343
2504850403 4,000 10,182 79,80 97.96 4.119 19.93 92,70 88,65 0.8733 99,44 3.1 1.0107 -0,005 0.449 0.422
2504850408 4,000 10.185 79.80 98,10 4,117 19.92 92,71 88.47 1.0243 99,44 3.1 1.0107 0,098 0.492 0.411
2504850405 4.000 10,179 79.80 98.17 4.117 20,14 92,75 B8.77 1.2314 99.64 3.1 1.0107 0.132 0,483 0,342
2506850406 4,000 10.174 79,75 98.24 4.113 20,08 93,04 69,07 1,4032 99.45 3.1 1.0107 0,181 0.455 0,432
2504850407 4.000 10,170 79,73 98.42 4.112 20.32 93.14 89,38 1.4485 99.84 3.2 1.0107 0,475 0.549 0.520
2504850501 5.000 10.214 80,13 94.74 4,113 19,95 83,98 75.74 0.5704 99.40 2.0 1.0107 -0.039 0,380 0.433
2504850502 5,000 10,229 80.13 97.93 4,109 19.87 91,567 84.09 0.8540 99.37 2.0 1.0107 -0.004 0.389 0.449
2504850503 5,000 10,223 80.10 98.03 4,103 19.84 91,93 86.77 0.9027 99.41 2.3 1.0107 -0.005 0,601 0.473
2504850504 5.000 10,214 80.13 98.25 4,102 19.83 92,12 87.00 1.0746 99.40 3.8 1.0107 -0.029 0,401 0,473
25046850505 5.000 10,210 80,17 98.32 4.080 19.93 92.44 87,58 1.2492 99,42 3.3 1,0107 0,027 0,594 0.447
2504850504 5.000 10,201 80,07 98.29 4.086 19,93 92.67 £88.17 1,3854 99,64 3.3 1.0107 0,250 0,533 0,452
2504850507 5.000 10,212 80,11 98,35 4,105 19.84 92,78 88,72 1,4312 99,43 3.3 1.0107 0,030 0,542 0,507

0107 0,349 0. 849 0,370
0107 0,059 0,648 0.507
0107 0,043 0,864 0,311
0107 0,020 0.673 0.301

2504850508 S5.000 10,217 80,10 98,43 4,087 19,63 93.14 89,04 1,4442 99,62 3.
2504850601 6.000 10,180 79.88 97.35 4.112 19,83 84,58 73.84 0.5733 99,39 2
2506850402 4,000 10,187 79.91 97.18 4,100 19.77 88,34 83,40 0,7533 99,
2506850403 4,000 10,193 79.91 98.15 4.090 19.48 91,48 83,34 0.9014 99,

2504850404 4.000 10,150 79,90 98.14 4,114 19,62 92,55 84,87 1.0762 99,57 3.0 1.0107 -0.019 0,480 0.495
2506850505 4.000 10.197 79.93 98.22 4,112 19,61 92.55 87,44 1,1393 99.40 3.1 1.0107 0,034 0.495 0.491
2505850406 4,000 10,206 79,93 98,36 4,111 19.58 92,60 88,10 1,2912 99,83 3.0 1,0107 0.086 0.854 0,311
2504850407 4.000 10,215 80.00 98.43 4,093 19.80 92,44 89,28 1.3501 99.42 3.0 1.0107 0.704 0.7562 0.594
2504850701  7.000 10,353 80.70 97.95 4.121 19,33 B3.47 73.91 0,4185 99.47 1.9 1,0107 0,079 0,749 0,536

2504850702 7,000 10,369 80.82 98,00 4,122 19,53 89,40 78.75 0.7847 99,
2506850703 7,000 10,380 80,86 98.03 4,124 19,54 91,47 80,97 08719 99,
2505850704 7,000 10,374 80,81 98.15 4,143 19,32 92,07 83.93 1.0472 99,
2506850705 7,000 10,365 80,78 98,38 4,114 19,34 92,44 BS.07 1.2645 99,
2506850706 7,000 10,355 80,74 98.55 4,138 19,17 92,50 87.50 1.3009 99,
2506850707 7,000 10,339 B0.73 98.77 4,130 19,40 92,56 89,93 1,3315 99,
2505850801 8.000 10,311 80,50 92,81 4,445 17,91 85.92 75.49 0.5747 99,
2506850802 B8.000 10,298 80,59 96,08 4,497 17,91 88,71 B7.92 0,8922 99,
2505850803 8.000 10,292 80,57 97.45 4,503 17,98 88.90 88.21 0.9475 99,
2505850804 B.000 10,290 80,62 97,71 4,503 18,11 89,09 88,47 1,0662 99,
2506850805 8,000 10.289 80,59 97.93 4,523 18,31 89,58 89, ;
8
1
3
7
1
3

!
!
)
!
!
1
$
!
!
!
!
!
$
1
)
1
!
!
!
1,0107 0,023 0,783 0.33b
1.0107 -0.020 0,743 0,331
1,0107 0,046 0.792 0,374
1.0107 0,093 0.828 0,598
1.0107 0.104 0.742 0,582
1,0107 0.8677 0.794 0,452
0,9960 0,079 0.824 0.3%
0.9960 0,081 0.799 0,408
0.9960 0.044 0.833 0.59%
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0

3
3
3
3
)
0
0
1
0
0
9
.8
2
0
.0
ll
ll
lo
0
0
0 0.9940 0,047 0.835 0,423
0 0.9960 =0,013 0.819 0,834
2 0.9960 -0.041 0.779 0,454
3 0.9960 -0.041 0.793 0.473
2 0.9960 0,973 0.894 0.747
0 0.9950 0.071 0.900 0.548
0 0.9960 0,043 0,904 0,602
0 0.9940 0.028 0,923 0,419
30,9960 0,011 0,942 0.423
70,9940 -0.014 0,931 0,458
8 0.9960 0,097 0,948 0,474
8 0.9940 1.279 0,965 0,733
0 0.9973 0,030 0.974 0.639
0 0.9973 0,010 1,005 0,850
70,9973 -0,010 1,007 0.434
00,9973 0,080 1,023 0,642
70,9973 0.004 1,023 0,708
? 0.9973 0.071 1.038 0,493
? 0.9973 1,082 1,047 0.774

82
83
§3
03
33
23
11
32
33
63
03
03
13
00
30
22
23
03,
43
3
3
0
!
2
3
3
3
3
0
3
3
3
3
3
3

«2887 99,

3311 99,84 3,

2504850807 8.000 10.290 80,40 98.31 4.489 18.41 90.17 89,
2504850808 8.000 10,997 80.485 98.46 4,343 18,29 90.73 89,
2504850901 9.000 10,377 80,87 91.87 4,322 18.07 83.78 74,
2504850902 9,000 10,334 80.76 96.33 4,500 18,10 89,14 87,
2504850903 9,000 10,342 80,76 97.49 4.309 18.22 90,90 88.71 1.0851 99,

0

0

!

!

1

|
1.3839 99,
0
0
8.711
2506850904 9,000 10,331 80,85 97.85 4.499 18.13 90.47 89.73 1.1738 99,
9.85 1
|
1
0
0
0
!
1
l
1

3928 99.

9191 99,

{
7.9
8.2
8.6
9.2

2504850804 8.000 10,267 80,40 98.18 4.493 18,42 90,07 89.7
9.7
.7
b.8
1.9 5
)

2504850905 9.000 10,338 80,58 97,97 4.510 18.33 90.93 89,85 1.317% 9,
2504850905 9,000 10,385 80,79 97,95 4,516 18,82 91,03 B9.83 1,342 99,
2504850907 9,000 10,374 80,80 98,18 4,483 18,25 91,83 90,54 1,3762 99,
2505851001 10,000 10,193 79.95 93.48 4,551 18,40 85,31 77,81 0.5781 9,
2504851002 10,000 10,188 79,93 95,55 4,498 18.47 87,72 84,74 0,7729 99,
2504851003 10,000 10,175 79,90 97.53 4,442 18,53 89,80 85.40 0.9139 99,
9
0
0
0

2504851004 10,000 10,159 79.78 97,72 4.486 18.12 90.23 89.17 1.0481 99,
2504851005 10,000 10.150 79,73 97.97 4.462 18.18 90.74 90.04 1.1720 99,
25046851006 10,000 10,148 79.80 98.34 4,482 18.29 90.87 90.23 1.2972 99,
2504851007 10.000 10,175 79.84 98.58 4.447 18.30 91.09 90.94 1,3473 99,

83
54
81
M
0
17 .
o4 ,
5

3
3
3
]
b
]
)
]
]
]
1
7
T
]
)
]
b
2013 99,4
b
8
1]
bt
M
83
H
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Y]
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83
63
bé
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b8
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n
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TABLE C.1g (Continue)

Steaa-Water Data (Low Steas Extraction Rate Tests)

TEST Na

2504831104
2504851102
2504851103
2506851104
2504851103
2504851108
2506851107
2504851201
2506851202
2504851203
2506851204
2504851205
2505851206
2506851207
2504851208
2504851401
2506851402
2504851403
2506851404
2504851405
2506851406
2506851407
2506851501
2504851302
2506851503
2504851504
2506851505
2506851506
2506851507
2504851701
2504854702
2504851703
2506851704
2506851705
2506851706
2506851707
2506851801
25046851802
2506851803
2506851804
2506851805
2506851804
2504851807
2506852001
2506852002
2504852003
2506852004
2506852005
2506852006
2506852007

Inlet Water Subcooling « 20 X

Qfin  NC THn Two CN Tl Tc2 TD Mssup Ts  VPL Pata

11,19710,254 80,32 90,45 4,198 17,45 85.72 79.59 0.5845 99,59 0.0 0.9973
11,19710.264 80,40 97,28 4,195 17,63 87,77 85,77 0.7481 99,50 3.0 0,9973
11,19710,258 80,41 97,50 4,198 17,61 89,00 88.13 0.8301 99,63 3.0 0,9973
11,19710.273 80,43 97,75 4,177 17,70 89,54 89,00 0.9548 99,84 3.5 0.9973
11,19710.281 80,42 97.91 4,163 17.74 89,97 89,26 1,0769 99,45 3.5 0,9973
11,19710,291 80,47 98.21 4,209 17,43 91,17 89,67 1,2411 99,48 3.4 0.9973
11,19710.277 80,31 98.53 4,149 17,48 90,94 91,47 1,3147 99,71 3,7 0,9973
12,71010,297 80,40 89,54 4,172 17,41 85,22 80,42 0.5635 99,64 0.0 0,9973
12.71010,289 80,42 92.68 4.140 17,54 68,82 87.73 0.7471 99.63 0.0 0,9973
12,71010.258 80,31 95.78 4,133 17,48 69,59 88,57 0.9248 99,45 2.0 0,9973
12.71010,25¢ 80,29 94,72 4.123 17,60 89,79 BB,54 09881 99,65 2,0 0,9973
12.71010.273 80,43 94,89 4,150 17,53 89,91 89,58 1,0531 99,87 2.0 0,%973
12,71010,285 80,45 97,70 4,104 17,73 90,09 89,64 1.1640 99,67 2.3 0,9973
12.71010,299 80,47 98,29 4,042 17,48 90,45 89,75 1,243 99,89 2.4 0,9973
12.71010.294 80.44 98,78 3.992 17.70 91.01 91,71 1.3044 99,72 2.5 09973
14,22910.157 79,79 94,09 3.998 17,40 85,48 81,04 0.5428 99.49 0.0 0,9973
14,22910.162 79,80 96,55 4,001 17,45 87,73 84,71 0.7833 99.48 0,0 0,9973
14,22910,176 79,87 97,44 4,008 17,56 89,10 87,38 0.8843 99,84 0.0 0,9973
14,22910.185 79.89 97,64 3.991 17,50 69.51 88,66 0,9901 99.54 0.0 0,9973
14,22910.197 80.00 97.93 3.992 17,47 89,94 89,09 1,0913 99.67 0.0 0,9973
14,22910,209 79.99 9B.14 3.921 17,73 90.5b 90.25 1.1768 99.48 0.0 0.9973
14,22910,201 79.91 98.38 3.910 17,80 91,07 91,70 1.2763 99.70 0.0 0.9973
15,75510,327 80,65 89,00 4,591 18,75 85.35 79.42 0,6507 99,48 0.0 1.0080
15,7510, 313 60,58 90,05 4,661 17,12 89,45 81,52 0.8567 99.48 0.0 1,0080
15.75510,297 B0. 46 91,25 4,852 17,16 91,22 B3.95 0,9447 99,47 0.0 1,0080
15,75510.294 80.49 94.54 4,629 17.31 91,21 84.50 0.9948 99,46 0.0 1.0080
15.75510,290 B0.45 96,74 4,850 17,25 91,50 85.20 1,0381 99,68 0.0 1,0080
15.75510.270 80,40 97,69 8,622 17,31 91,72 86,27 1,1613 99.45 0.0 1,0080
15,75510,285 80,43 97.93 4,660 17,23 91,82 86,75 1.1998 99,47 0,0 1.0080
17.28710.220 80,12 86,11 4,593 14,90 83,04 76.83 0.5975 99.40 0.0 1.0080
17,28710.244 80,23 91.71 4,410 14,98 85.75 79.04 0.7147 99.52 0.0 1.0080
17,28710,254 80,23 93.88 4,475 17,20 87,51 80,52 08829 99,61 0.0 1.0080
17,28710,260 80,22 95.58 4,845 17,21 88,54 81.31 0.9775 99,6 0.0 1,0080
17,28710,241 80,14 96,01 4,652 17,22 89,80 62,09 1.0224 99,49 0.0 1.0080
17.28710.229 80.11 95,32 £.649 17,21 89.95 82,84 1.0745 99.49 0.0 1.0080
17.28710.214 80,07 96,44 4,624 17,36 90,65 63,57 L. 1116 99.49 0.0 1,0080
18.82710,093 79,50 89,51 4,800 17,00 81,45 75.99 0.5529 99.55 0,0 1,0080
18,82710.110 79,58 93.75 4,826 17,11 84,94 76,97 0,7572 99.48 0.0 1,0080
18.82710,138 79,74 94.85 4,476 17,21 67,75 78.13 0,832 99.71 0.0 1,0080
18.82710.129 79.72 95.22 4,489 17,4 89,04 79.85 0.9136 99,73 0.0 1.0080
18,82710.121 79,68 95.12 4,864 17,47 89,45 80.53 0,9723 99.48 0.0 1.0080
18.82710,216 79,68 95.71 4,872 17,72 90.18 81,77 1,0227 99.49 0.0 1.0080
18,82710,211 79.88 96,02 4,650 17,45 90,50 81,95 1,0668 99.70 0.0 1.0080
20.37410.267 79.71 88,20 4,885 16,50 80,52 74,94 0,5984 99,65 0.0 1,0053
20.37410,260 79,47 93.85 4,858 16,45 83.77 75.55 0.4938 99,45 0.0 1.0053
20.37410,277 79,79 94,64 4,689 17,17 85,11 76,25 0,8158 99,47 0.0 1.0053
20,37410,289 79.85 94.43 4,689 17.12 68,63 78,92 0.8433 99.47 0.0 1, 0053
20.37410,268 79,71 94.50 4,674 17,32 68,49 80,07 0.9074 99.45 0.0 1,0053
20,37410.253 79.49 94,83 4,630 17,37 68,69 80,55 0.9841 99.48 0.0 1.0053
20,37410.247 79.49 95,18 4,650 17,40 88,78 81,38 1,0288 99.48 0.0 10053

PRI T

0,091 1.004 0,731
0.084 0.954 0,751
0.001 1,003 0,745
=0.003 1.015 0,748
-0.003 1,108 0.772
0,163 1,095 0.790
1,513 1,168 0.843
0.068 1,182 0,743
0.030 1.182 0,763
0.016 1,210 0.750
015 1.253 0,730
002 1,275 0.758
1,273 0.778
+323 0,805
362 0.832
350 0.788
330 0,793
330 0.811
330 0.834
37 0.678

0.
0.
0.01
0.8
1,507
°0.°1
=0.004
0.00
0.011
0.043
0.083
1,388
0.117

6
4
8 1L
BN

1
1
1
|
1
1.
1.3
1.387 0.852
1,455 0.922
1,327 0.832
0.082 1,353 0,875
-0.008 1,384 0,871
0.087 1,404 0,887
0,119 1,407 0,500
0,142 1,399 0,881
109 1,538 0,978
096 1,423 0,919
100 1,373 0,976
3 1440 0,974
4 1,453 0,984
0233 1,453 0,984
0,286 1,544 1,031
4,349 1,581 1,181
0,127 1,427 0,954
0.124 1,630 0,972
0,193 1,605 0,959
0,193 1,578 1,021
0.221 1,600 1,057
0,284 1,633 1,170
5,503 1,690 1,274
0,096 1,528 1,014
0,085 1,545 1,074
0.221 1,584 1,084
0,323 1,587 1,184
0.308 1,495 1,234
0,333 1,706 1,297
6,676 1,780 1,414

2

$s
0.
0.10
0.2t
0.22
0.23

o2
2



TABLE C.ih

Steaa-Nater Data (Low Steaa Extracti;n Rate Tests)

466

TEST No

0304850401
0304850402
0304850403
0304850404
0304850405
0304850404
0304850407
0304850408
0304850409
0504850301
0506850502
0504850503
0506830504
0504850503
0504850504
0504850507
0504850508
0506850401
0504850502
0506850403
0506850604
0308000403
0506850806
05048504607
0504830608
0704850701
0706830702
0704850703
0706850704
0704850705
0706850708
0704850707
0704850804
0704850802
0706851823
0706850804
0704850805
0706850804
0706850807
1006850901
1005000902
1004850903
1006850904
1004850903
1004850906
1006850907
1004850908

1104851001 10,000 11.257 90.57 97.07 5.193 17,37 85.01 80.44 0.7909 99,
1104851002 10,000 11,253 90,57 96.71 S.171 18,39 86,27 82,80 0.8767 99,7
1104851003 10,000 11,249 90,57 97,44 5.200 17,48 86,50 86,82 1,0235 99,7
1106851004 10,000 11,244 90,48 97,64 5.206 17,47 86,97 67, 1
1104851005 10,000 11,242 90.48 97.49 5.202 17.49 87,21 87,
1104851004 10,000 11.245 90.49 98.04 5.192 17,49 87.43 88,
1104851007 10,000 11,248 90,52 968.58 3.173 17,33 87,48 88,

Inlet Water Subcooling = §0 K

GHin  NC Téin Two Mw Tl T2 TD Mssup Ts VPl Pats PO TT TL

4,000 11,170 89,74 97.05 4,79 17.12 75.34 0 0.5178 99.7
4,000 11,174 89,88 97.44 4.587 17.47 77.80 70.41 0.7178 99.7 0147 0,034 0,379 0,308
790 1

68.4 0147 0,058 0,387 0,371
70.4

4,000 11,148 89,75 97,83 4,402 17.53 79.56 72.87 0.8§22 99. 0147 0,024 0.375 0,384
75.7
B

2.0
23
2.5
4.0

— G s s

1

2

3

4,000 11,173 89,88 97,99 4.432 17,63 82,12 75.72 1,0073 99,75 4.0 1.0117 0.005 0,391 0,349
4,000 11,175 89,84 97,94 4,483 17.88 B85.54 78.15 1.2585 99,73 4.5 1.0147 -0,039 0,458 0.354
4,000 11,177 89,85 98.05 4,724 18.14 88,30 80.54 1,4331 99,75 4.0 1,0147 -0,058 0.448 0,34
4,000 11.178 89,82 98,15 4.781 18.22 89.31 B1.47 1,4947 99.76 4,0 1.0147 -0.037 0.482 0,347
4,000 11.180 89,87 98.18 4,715 18.27 89.75 82.54 1.5281 99.77 4.0 1.0147 0.131 0.479 0,395
4,000 11,182 89,84 98,25 4.719 18,34 90,55 83.49 1,5601 99,78 4.0 1.0147 0,500 0,532 0.448
5,000 11,219 90,08 97.99 5.575 22.72 49,14 62,43 0,7338 99.77 3.0 1,0120 -0.005 0.411 0.414
5,000 14,210 90,03 98,06 5,557 22.79 70.467 85,54 0.9024 99.77 1.0120 0,011 0,425 0,402
5,000 11,214 90,03 98,19 5.571 22.84 73.49 47,90 0.9839 §9.77 +0120 -0,033 0.421 0,408
5,000 11,214 90,08 98,21 5,583 23.08 77,15 49.75 1.0934 99,79 0120 -0.074 0,415 0,408
0
4

3

331

3
5,000 11,220 90,10 98.17 5,579 23.04 83.23 76,00 [.2857 99.80 3.4 1.0120 -0.080 0,421 0,389
5.000 11,231 90,16 98.28 5.393 22.99 88,42 82,23 1.3831 99.84 3.7 1,0120 -0.301 0,424 0,400
5,000 11,225 90,13 98.40 5.531 23,17 89,85 82.55 1.44657 99.85 3.8 1.0120 0,010 0,400 0,444
]
201
3
3
!

5,000 11,222 90,18 98,43 5.499 23.13 90.59 82,78 1.4858 99.8% +0120 0,500 0.484 0,493
$,000 11,223 90,15 98.57 5.384 24,23 49.9b 82,83 0.5083 99.59 2.

0120 0,079 0,303 0.435
6,000 11,219 90,14 96,61 S.411 24,28 71.71 £5.65 0.7543 99.40 3.
4,000 11,227 90,14 98.71 5,443 24,25 74.89 6B.43 0.9073 99.4b
5,000 11,218 90,03 98,77 5.425 24,31 78.61 70.34 1,0§32 99.44
6,000 11,212 90,05 98,75 5.397 24.34,79.93 73.80 1.1149 99,
6,000 11,209 90,03 98.72 5.352 24.99 85.02 77,88 1.2330 99,
6,000 11,211 90,16 98.70 5.224 24.89 89,58 81.89 1,328 99,
6.000 11,208 90,07 98.80 5.252 24.88 90.44 82,79 1,3494 99,

3.56 0

.85 0

1890

0120 0,032 0,504 0.440
1,0120 0.027 0,309 0.436

+0120 -0.030 0.490 0,442

!

)

{

!

i
3 1,0120 -0.078 0,307 0,433
1,0120 -0,042 0.481 0.436
1,0120 -0.060 0.498 0,435
1.0120 0.121 0,526 0.486
1,0173 0,007 0,343 0,489
5.0173 0,004 0,324 0,432
1.0173 0,012 0.340 0.474
1.0473 0.041 0,334 0,440
1,0173 -0.006 0,397 0,47
1,017 0,022 0.575 0,476
1,0173 0,770 0,448 0,532
1,0173 0,034 0.609 0,472
1,0173 0,007 0,583 0,480
1,0173 0,036 0,603 0,481
!
!
1
!
!
!
!
!
!
!
l
!
!
{
!
{
!

7,000 11,151 89,78 97.19 5,214 20,27 72.19 &3,

7.000 11,385 B3.B0 97.18 §

7,000 11,176 89,88 97,19 5.364 20.32 80.49 71.49 0.9093 99,
7,000 11,187 89,94 97.3b 5.220 20,31 B85.02 73.49 1.0019 99,
3
3
)
3

7 3096 99,
7
7
)
7,000 11,188 89,91 97.54 5.184 20,53 86.11 81,48 1,1279 99,
7
7
]

+208 20,35 75.30 45,84 0.7640 99.

80
19
)
19 .

i

3

3

|

7

8

0

0

0

3

0

3

8

9

0

i

2

3

B

0
7.000 11,192 89.94 97,63 5.232 20,50 87.14 85,40 1.2921 99,74 4.}
0
0
0
0
0
0
0
0
0
0
0
0
0
0
!
2
¢
0
0
B
0

7,000 11,197 89.98 97.47 5.243 20.48 69,03 87,70 1.4422 99,

3
b
]
8

O =i N O~

&
b
]
7
&
7
7
7
7
7
7
8,000 11.152 B9.41 96, b
8,000 11,159 89,68 95,63 5.137 18.58 80,11 78.08 0.8007 99.4
8,000 11,183 89,46 95,72 5,080 18,47 85,29 B3.32 0.9311 99.4
6
7
7
7
b
]
)
3
]
b
]
b
7

b
7

8

!

8

2

2

3

2

'

5

L34 18,11 75,41 73,08 05304 99,69
b

7

8,000 11,169 89,74 95,53 5,060 18,59 87,48 84,53 1.1137 99,49
0

3

5

0

!

0

9

0

2

3

7

!

!

]

!

0173 -0.054 0,639 0,462
+0173 -0.033 0,623 0,49
0173 0.000 0.438 0,521
0173 0,397 0,747 0,562
0188 0,101 0,699 0,554
0146 0,032 0,736 0,339
0186 0,008 0,722 0.528
0145 -0,043 0,733 0,538
188 0,023 0,721 0,541
0148 -0,078 0,745 0.518
0146 0,010 0,749 0,510
0146 0,592 0,832 0.598
0160 0.060 0,731 0,533
0180 0.034 0,711 0,552
0180 0,074 0,739 0,553
6 0180 0,033 0,746 0.577
91,2209 99.73 0180 0,068 0,750 0,804
8 1.3187 99,75 4.2 1.0180 0,300 0,777 0,414
41,3350 99.73 4.2 1.,0180 1,543 0,882 0.710

A
}

Il

i

3

3

3

3

3

4

4

§

0

0

0

3 0.

8.000 11,471 89,74 96,63 5,009 18.33 88,04 87.51 1.2593 99,70 2,
8.000 11,175 89.73 96,72 5.033 18,33 88.58 87,44 1,3281 99.73 3.
8,000 11,184 89,88 97,10 5,048 18,31 88,79 88,19 1.3783 99,75 3
9,000 11,225 90.12 96.50 4,956 14,81 79,91 75.31 0.2174 99.40 ¢
9.000 11,222 90,10 96,77 A.933 14,63 82,09 77.15 0.8595 99.81 0
9.000 11,219 90.1! 96,98 8,950 14,48 84.59 79.04 0.9377 99.40 ¢
9.000 11.214 90.08 97.04 4,934 14,87 87,52 B84.92 1.1024 99.59 0
9,000 11,204 90,05 97,20 4,930 17,25 89,135 88,00 1,2213 99.40 3
9,000 11,198 90,02 97.19 4,934 17,25 69,43 88,75 1.3042 99,42 4
9.000 11,195 90,01 97,25 4,941 17,29 89,49 88.42 1,3592 99.43 ¢
1
0
2
3
3
4
A

9,000 11,194 90,00 97.53 4.972 §7,24 89,87 B8.5b 1.4257 99,

1.0999 99,74 3,

7
§
!
3
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TABLE C.1h (Continue)

Steas-Nater Data (Low Steaa Extraction Rate Tests)

TEST No

1004851001
1004851102
1004831103
1006851104
1006833103
1004851106
1008851107
1106851201
1106851202
1104851203
1104851204
1106851203
1106851206
1106851207
1104851401
1104851402
1104851403
11056851404
11046851403
1104851406
1104851407
1206851301
1204851502
1206851503
1206851504
1204851303
1206851508
12068351307
1404851701
1404851702
1406851703
1406851704
1404851703
1406851708
1406851707
1406831801
1404851802
1406851803
1404831804
14046851803
1404831804
1406831807
1706852001
1706852002
1706852003
17046832004
1704852003
17046852004
1704852007
1704852101
1704852102
1704832103
1706852104
1704852105
$704852106
1704852107

Inlet Water Bubcooling s 10 K

17.28711.185 89,88 97.27 5.51%4 18,99 B4.B4 BI.90 0.6321 99, 0087

19 1,249 0.7082

Qfin  WC Téin Two Mew Tl Te2 TD Mssup Ts VPl Pata PP IT N

11.19711.269 90.57 98.3¢ 5.170 18, 10 79,355 76,32 0.7037 99.48 0.0 1.0153 0,074 0.881 0,425
11.19711.258 90.45 98,15 5,312 17.91 84,47 78,87 0.9141 99.49 3,0 1.0153 0.048 0.882 0,413
11,19711.254 90,45 97,92 5.151 1B.14 BB.77 BI.47 1.0748 99.49 3.5 1.0153 0.052 0.882 0.632
11,19711,247 90,33 98,41 5.311 18.12 89.93 84.78 1.1784 99.72 4.5 1,0153 0.055 0.87S 0.61%
11.19711,239 90,34 98.21 5.343 18,09 90,10 Bb.50 1.2318 99.70 4.5 1.0153 0.020 0.B589 0.408
11,19711,234 90.3b 98,25 ¥,337 18.07 90.12 87,04 1,2954 99.71 4.4 1,0153 0.008 0.898 0,424
11.19741.230 90,38 98.42 5,329 17.86 90.82 B88.19 1.3383 99.71 4.5 1.0153 1.876 0.988 0,570
12,71011,256 90,47 98,03 4,901 19,05 82,74 79.18 0.5379 99.72 0.0 1,0140 0.214 0.954 0.458
12.74011,250 90.42 97.91 4.883 19,27 87,73 82,75 0.7014 99.74 2.0 1,0160 0,100 0.940 0.877
12.71011,253 90.45 97.48 4.845 19.44 87,97 88,31 0.8811 99.77 3.0 1,010 ~0.008 0.983 0.478
12,71011.238 90,25 97.89 4,856 19.52 89.01 89.44 0,9702 99.79 4,3 1.0180 0.051 0.982 0.87%
$2,71011,234 90,26 98,04 4,824 19.43 89,23 89.78 1.0394 99.83 4.4 1.0140 0.197 0.974 0.472
12,71011,222 90.20 98,04 4.842 19.45 89,23 89.83 1.2329 99,82 4.5 1.0180 0.274 0,959 0,880
12,71011,217 90,21 9B.32 4.934 19.24 89.80 90.47 1,284% 99.83 4.5 1,0140 1.597 1.002 0.7%9
14.22911.282 90.74 97.38 4.798 19.42 88,95 80.44 0.46530 99.59 0.0 1.0180 ~0.044 1,008 0.89%
14.22911,277 90.72 97,35 4,785 19,53 90.00 83.47 0.8321 99.41 0.0 §.0140 -0.077 1,021 0.461
14,22941.265 90.43 97,83 4,784 19.07 90.77 B89.561 1.013b 99.57 1.0 1,0160 ~0.043 1.049 0,449
£4,22911,264 §0.49 97.88 4.802 19.59 90,83 89.56 1.0733 99.40 2.1 1.01560 0,080 §,044 0,877
14,22911.269 90,69 97.84 4.758 139.41 90,461 89.97 1.1398 99.41 2.9 1,0140 0,049 1.049 0.877
14,22911.279 90.7% 98,09 4.709 19.50 90.48 90.43 1.2048 99,42 3.1 1.0140 0,083 1,089 0.884
14.22911,287 90.74 98,31 4,751 19,50 92.7¢ 91.13 1.3021 99.43 3.5 1.0180 1.849 1,153 0.732
15,75511,225 90,37 93.83 3,331 14,64 83.11 80.73 0.8413 99.45 3.9 1.0053 0.110 1,140 0,788
15.75511.221 90.37 94,11 3.311 14,93 87,29 84,54 0,806 99.64 0,0 §,0033 ~0.013 1.138 0,747
15,75511.212 90.29 94.27 5.331 15.12 87,21 85.44 0.9010 99.45 2.0 1.0033 0.047 1,179 0,759
15.75511,228 90,34 94,34 5,298 15.19 B7.18 BA.B9 1,005 99.48 2.9 1.0033 0,013 1.142 0.750
15,75511.237 90.33 96,77 5.141 16.49 87,28 87.34 1.1942 99.47 3.8 1,0053 0.092 1,177 0,742
15,75511.239 90.32 96,97 5,102 16,79 B7.15 08.84 1.2294 99,48 3.5 1,0053 0.162 1,187 0.802
15,77511.228 90.27 97,01 5.142 14,80 88,34 89.568 1.3127 99.70 4,1 1,0053 1.197 1,287 0.872
17.26711.174 B9.87 956.93 5.549 19.07 B83.27 82.79 0.6473 99,42 0,0 1,0087 0,123 1,202 0.741
17.28711,183 89.88 97.14 5,332 19.00 84,09 83.12 0.7531 99.43 0.0 1.0067 0.119 1,22% 0,742

83
§

17,28711,192 89,89 97,24 3.302 19.00 85.44 84,77 0.9932 99,
17,28711.196 89.90 97,37 5.495 19,07 89,27 83,69 1.1399 99.4
17.28711,201 89.97 97,54 5.480 18.88 89.43 87.74 1.2099 99.4
17.28711.209 89,98 97.67 3.303 18.93 89,47 68,36 1.2473 99.4
18.82711,223 87.99 94,31 5,790 14,80 83.40 80.88 0.3753 99.4
18.82711.211 89,95 96,43 5.744 14,88 83,39 82,13 0,7054 99.4
18.82711,203 89.90 94,44 5.751 14,89 84.52 82.94 0.7894 99.4
18.82711.199 89,96 96.863 5.738 14.91 87.59 83.28 0.8940 99.4
18.82711.195 89,89 94,53 5.735 14,91 88,07 83.56 1,0857 99.4
&
]
6

3 0087

|

!

91

i1

31

91

01

01

71

8!
3.3 1
411
0.0 1
0.0!
0.01

1.0 1
2,3 1,0087
2.5 1.0087
3.0 1,0087
.0 1,0087
01,0067
.0 1,0087
0 1.0067
01
01
01
01
01
01
01
01
01
01
01!
01
01
01
01
01
01

18.82711.188 89,89 96.72 5.739 14,58 88,29 84,06 11631 99,
18.82711.176 89.73 97,05 5.745 14,95 88,34 84,85 1.2109 99,
20.37411.183 89,82 95.51 4,861 15,48 83,42 B1.35 0.4099 93,
20.37411.194 89,88 95.28 4.855 15,72 84,45 82.52 0.7985 99.
20.37411.197 89,90 96,30 4,845 15,82 85,73 83,45 0.8797 93,
20.37411.201 89.90 96,69 4,873 15,94 88,73 84,72 0.9829 99,
20.37411,208 89,93 96.85 4,874 15,17 89,49 B5.01 1.0300 53,
20.37411,215 89.95 99,55 A.855 15,50 91,74 85.34 1.0889 99,
20.37411.219 89,97 97,05 4,854 15,50 92,20 B5.05 1.1097 39.
21.92911.169 89,77 95,05 4,854 16,84 85.17 74,87 0.4299 $3,
21,9291, 177 B9.87 95,15 4,855 16,47 88,17 78.71 0,7699 9.
21,9291, 194 89,99 96,29 4,844 16,52 89,85 80,68 0.8384 93,
21,92911,207 90,02 96,20 4,869 15,45 89,51 81.38 0.9272 %3,

0087
0057
.0027
0027
0027
0027
0027
00027
. 0027
0027
40027
+0027
0027

]
7
B
00
00
00
30
30
5 ol
10,
10,
0.
ol
0.
0.
°|
°n
00
°|
0
0
0
0
0

70
n
70
b9
b8
n
60
38
bl
bi
62
4
b

21,9291, 214 90,08 96.31 4,858 16,21 91,47 82,53 09855 99,62 0.0 10027
21,92911,203 89,92 96,56 4,870 18,19 91,90 82.88 1.0217 99,64 0.0 1.0027
21.92911,207 B9.93 94.78 4,858 18,32 92,22 83.21 1.0458 99,45 0.0 1.0027

044 1,233 0.711
01
05
23

0.
0.
0,019 1,269 0,845
0,033 1,303 0.819
1,236 1,392 0,972
0 127 1,225 0.787
0.179 1,238 0,779
0.032 1,257 0,804

0.081 1.279 0,825

+0067 =0.037 1,307 0,824

0.127 1.347 0.844
1,648 1,470 0.911
0.026 1,309 0.83%
0.033 1,328 0.860
0.132 1,349 0,873
0,227 1,330 0.%04
0,303 1,389 0.914
0,339 1,393 0.944
1,804 1,533 1,061
0,033 1.351 0.87%
0,057 1.409 0,918
0,260 1.417 0.920
0,277 1,488 0.917
0,303 1,496 0,914
0.373 1,502 0.930
2,092 1,438 1.054
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TABLE C.22

Steaa-Nater Data (Low-Nediua Steaa Extraction Rate Tests)

Inlet Water Subcooling = 10 K
TEST Na  @fin  THin  Two Mw Tel  Te2 1D Mssup Ts  VPL.VP2 Pata PD

0306850401 4.000 90.03 95.18 12.155 20,35 59.50 50.72 0.7408 99.70
0304850402 4.000 90.09 97,07 12,183 21.68 64,42 S4.83 0.8982 99.70
0308850403 4,000 90,18 §7.38 12.179 21.B4 89,08 358.89 1.0507 99.71
0306850408 4,000 90.20 §7.54 12,195 22,01 75.30 &2.37 1.2748 99,73
0305850405 4,000 90.12 97.81 12,331 22,21 78,45 8.87 14837 99,72
0305850406 4,000 90.23 97,78 12,155 22,28 79.34 49.51 1.6749 99.73
0306850407 4,000 §0.14 97.81 12,141 22,34 80,09 71,98 1.9771 99,7
0304850408 4,000 90,08 97.83 12.177 22,40 B0.40 72,60 2.0041 99,7
0705850501 5.000 90.40 97.36 12.382 2285 60.51 0.51 0.4881 59,75
0705850502 5.000 90.33 97,98 12,385 22.89 43.51 41,08 0.7989 99.75
0705850503 5,000 §0.32 98.08 12,385 22.94 45.91 62,95 1.0027 99,78
0705850504 5.000 90.28 98.09 12,371 22,96 88,49 &3.49 1.2940 99.78
0705850505 5.000 §0.28 98,10 12,339 23.02 75.94 &A.85 1.5810 99.77
0705850506 5.000 90.30 $8.09 12.315 23.07 B80.03 &7.24 1.8074 99.7%
0708850507 5.000 90.29 9B.15 12,335 23,08 BL.54 &%.94 1.9199 99.80
0705850508 5.000 90.30 98.21 12,325 23.13 82,25 72.37 1.9914 99,80
0706850401 6,000 90,45 98.19 12,917 23.91 60,06 0,52 0.7245 99,62
0706850602 6,000 90.39 98.70 12,892 23.9% 82,23 &0.90 0.B788 99.54
0704850503 6,000 §0.35 98.71 12,888 23.99 84,91 61,97 1.0080 99.49
0705850604 6,000 90,29 58,81 12,848 24,33 88,34 63.97 1,2842 99,70
0706850405 6,000 §0,15 98,72 12,818 23.91 73.58 4.9 1.5972 99,71
0706850506 6,000 90,05 98.78 12,843 24,29 78.54 49.50 1,7873 99.72
0705850607 6,000 90,01 98.99 12799 24.27 79.47 73.71 1.8711 99.72
0906850701 7,000 89.89 93.77 11.853 14,13 58,33 57,81 0.6589 99.70
0906650702 7,000 89.92 95,22 11,859 14.30 60,11 S8.08 0.7412 99,49
0905850703 7.000 89,93 97.07 11,855 14,31 &3.55 59,98 0.8891 99.70
0906850704 7.000 69,93 97.06 11.B44 15.49 65.38 41,35 1.0554 99.70
0905850703 7,000 89,97 97.18 11848 15.19 74,92 &7.18 1,3778 99.67
0905850706 7.000 90,08 97.13 11.951 15.46 78,20 71.92 1.b8Bl 99.89
0904850707 7.000 $0.11 §7.08 11,927 15.51 78.49 74,54 1,8438 99.70
0906850801 8,000 90,47 97,09 11.B85 17,37 62,50 55,50 0.7289 99.40
0906850802 8,000 90,49 97.42 11,899 17,52 &4.17 55,95 0,8012 99,60
0905850803 8,000 $0.52 97.54 11.901 17.78 bb.34 56,27 0.9129 99,58
0904850804 8.000 §0.5¢ 97.5¢ 11,908 17.B4 68,74 S7.43 1,0291 99.40
0905850805 8.000 90.57 9§7.91 11,793 1782 73.12 8141 1,2731 99,4
0904850805 B.000 90.53 97.77 11.BS3 17.98 79.01 89.82 1.528% 99,82
0906850807 B.000 90,53 97.93 11,877 17.93 79.B3 77,90 1.8025 99,44
1006850901 9,000 90,16 95.15 12,255 17.51 88,34 61,05 0.4409 99,84
1006850902 9.000 90,12 96.25 12,187 17.63 $8.59 &4.18 0,7852 99.8h
1005850903 9,000 90.09 98,17 12,121 17,58 72.16 #B.09 0.9444 99.4b
1006850904 9,000 90,08 96,29 12,004 17.47 75,72 73.80 1.2608 99,66
1006850905 9.000 90,14 98,31 11941 17.50 77,94 79.09 1.4934 99,70
1004850906 9,000 90.16 96,49 11,918 17,59 78.10 79.48 1.7242 99.71
1006850907 9.000 90.26 97,00 11,909 17.86 78.53 B0.0A 1.7974 99,72
1106851001 10,000 90.43 §7.35 11,271 21.70 7135 88,35 0.7078 99,68
1106851002 10,000 90.42 97.43 11381 21,60 73.72 71.09 0.8325 99,49
1105851003 10,000 §0.41 97.88 11,433 20,56 7031 74.02 1.0777 99,70
1006851004 10,000 90.47 97.74 11,389 21.3% 79,77 78.38 1.2704 99,70
1105851005 10,000 90.46 97.83 11.A13 20,17 B0.49 B1.25 1,4805 §9.7
1106851006 10,000 90.51 97.89 11.387 21.24 80.83 81,05 1.5784 99,71
1106851007 10,000 90.5¢ 97.95 11357 21,28 80.98 B1.7A 1,558 99.72

1,015 0.137
1.013 0,037
1,015 0,024
1,015 -0,079
1,013 -0,124
1,015 ~0.147
1,013 0,074
1.013 0,342
1,012 -0.016
1,012 -0,030
1,012 -0,033
1,012 -0.09%
1,012 -0,126
1,012 -0.187
1,012 -0,122
1,012 0,107
1,012 0,051
1,012 0,040
1.012 0,008
1.012 -0,028
1,012 -0,085
1,012 -0,031
1,012 0.414
1,017 0,082
1,017 ~0.09%
1.017 -0,099
1.017 0,100
1,017 0. 111
1,017 -0,105
1,017 0,029
1,017 0.077
1,017 -0,003
1,017 -0,10§
1,047 ~0.124
1,017 -0.14%
1,017 =0,123
1,017 0,436
1,013 0,068
1,015 0,003
1,013 0,001
1,013 -0,032
1,013 =0,181
1,013 -0,209
1,013 1,182
1,016 0,085
1016 0,034
1,008 0,024
1,014 -0.123
1,016 -0,130
1,016 ~0.134
4.7 1L.006 0,830
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TABLE C,2a (Continue)

Stean-Water Data (Low-Mediua Steam Extraction Rate Tests)

Inlet Water Subcooling = 10 K

TEST N0 Qfin  THin  Two Mew Tel Te2 1D Mssup Ts WP VP2 Pata  PD

1008851101 11,197 90.41 97.43 18,790 18.14 71,33 88,02 0.73%4 99.71 1.0 0.0 1,015 0,140
1008851102 11,197 90,42 97.50 11,788 18.13 73.52 70,67 0.8426 99.70 3.3 1.2 1,015 0,082
1006851103 13,197 90.47 §7.B1 11,784 18.12 75,04 73.80 1,021 99.71 5.2 1.5 1,015 0,060
1008851104 11,197 90.49 §7.75 11,493 18,08 78.73 79,18 1,344 99,71 &5 2.5 1,015 -0.008
1006651105 11,197 90.48 97.99 11,884 18,07 78.72 B0,30 §.4371 99.71 7.7 4.3 1,015 -0,112
1006851114 11,197 90,48 97.98 11,655 18.05 78,62 80,34 1.5884 99.73 B.7 5.0 1,015 ~0.140
1008851107 11,197 50,42 98,07 11,635 17.83 79,08 B80.99 1.8554 99.73 9.9 5.2 1015 1.003
1108851201 12,710 90.56 96,10 11,755 18,09 70,07 48,45 0.8083 99.65 0.0 0.0 1,018 0,068
1106651202 12,710 90,50 §7.28 11,753 18.12 72,01 89,73 0.9134 99,6 2.8 0.0 1,018 0,000
1108851203 12,710 90.45 97.37 11,751 1B.13 74,35 71,72 1,0202 99.87 3.5 1.7 1.014 ~0.082
1106651204 12,710 90.56 97.72 10737 18.12 77.47 73.32 1,154 99,68 5.6 3.0 1,016 ~0,075
1104851205 12,710 90,83 97.73 10754 18.15 78,57 77,53 14071 99.87 8.7 4.0 1.016 -0.102
1106851206 12710 90,61 97.79 10,714 18,25 78.54 BO.14 1.5492 99,68 9.0 5.1 1,016 -0,115
1105851207 12,710 90,89 98.12 11.859 18.27 78.95 80,81 14383 9%.88 9.7 5.2 1.016 0.919

1.016 0,079
1,016 0,048
1.016 0,011
1,016 -0,034
1,016 =0.118
1,016 -0.135
1,016 1,219
1,003 =0.044
1,003 -0,038
1,003 -0,008
1,003 =-0.030
1,005 -0.034
1,005 0,038
1,003 1,839

1106851401 14,229 90.53 98,03 11.843 17.89 70.97 49.44 10,4833 99.73
1104851402 14,229 90,54 97.83 11.871 17.90 71.62 70.23 0.7918 99.72
1104653403 14,229 90.56 97.89 11,875 17.91 73.72 72.09 0.8934 99.73
1104651404 14,229 90,47 97.86 11.832 18.01 78.85 74.18 1.1718 99.77
1104851405 14,229 §0.61 97.89 11,807 17.99 B0.23 78.9% 11,3323 99.79
1104851406 14,229 90.71 97.75 11.800 1B8.02 79.28 79.84 1.3497 99.80
1106851407 14,229 90,75 97.80 11.749 1B.00 81,01 B80.54 1.4111 99.81
1204851501 15,755 90,01 95.30 11.361 15.88 72,15 70,54 0.8082 99.72
1206851502 15,755 90,03 95.80 11.345 13.87 74,02 72,49 0.9233 99.72
1204851503 15,755 90,04 946,04 11.535 15.84 78,37 75.51 1.0985 99.7%
1204851504 15.755 89,93 98.03 11.507 15.74 77.00 78.86 1.2877 99.79
1204851505 15.755 89,81 94,71 1L.49% 15.83 72.34 79.34 1.3747 99.80
1205851506 15,755 B9.81 97.85 11,480 15.90 78.42 79.42 1.4330 99.79
1204851507 15,755 89,75 97.06 11.468 13.95 78.86 79.08 1.4909 99.79
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1006851701 17,287 90,20 §7.33 11,899 17.97 49,92 £5.25 0.5879 99.80 0.0 0.0 1,007 -0,001
1404851702 17,267 90,20 97.28 11,709 17,97 70.35 38.43 0.b462 99.80 .0 1,007 =0,002
1408851703 17,287 90,19 97.25 L7146 17,98 70,69 47.06 0,723 99.81 0,0 0.5 1,007 ~0.005
1408851704 17,287 90,28 97,28 11,853 17.97 70.92 47.29 0.8048 99.81 0.5 2.5 1.007 ~0,029
1406851705 17,287 90,14 §7.22 11,854 17.B9 73,89 4B.B6 0.9194 99.82 1.9 3.1 1,007 =0,018
1404851706 17,287 90.28 97,26 11.832 17.89 75,06 49,73 1.1032 99.61 2.3 3.4 1,007 ~0.002
1405851707 17,287 90,32 97.33 11.B53 17.90 75,02 £9.93 1,174 99,81 3.0 3.0 1,007 2,398
1404851801 18,827 69,10 98.59 12,857 14.18 87,00 &3.92 05378 99.82 0,0 0.0 1,007 0,118
1405851802 18,827 89,08 95,79 12,898 18,18 68,39 54,00 0.4184 99,63 0.0 0.0 1,007 0,213
1405851803 18,827 89,11 94,73 12902 16,17 69,99 65.03 0.7012 99,67 0,0 0.0 1,007 0,231
1406851804 16.627 69,12 96.90 12.908 18.17 7112 46.03 0.7967 99.68 0,0 0.0 1,007 0,255
1406851605 18.827 89.13 97.15 12915 18,16 71.97 84,52 0.9935 99.70 0.8 0.0 1,007 0,273
1405651805 18,827 B9.20 97.42 12.908 1,13 72,93 47.00 1.1190 99,70 1,0 0.0 1,007 0,320
1408851807 18,827 89,34 97,93 12,905 16,13 73.16 87,12 1.1937 99.69 1,6 0.0 1,007 2,278
1706852001 20,374 8939 95.34 12,849 15.93 70,93 50.63 1.1009 §9.70 0.0 0.0 1,003 0.149
1706852002 70,374 69.43 96.04 12.B53 18,96 70.93 41,89 1.1009 99,73 0.0 0.0 1,003 0,145
1705852003 20,374 B9.45 95,93 12.857 16.97 70,93 83.48 1.1009 99,72 0.0 0.0 1.003 0.175
1706852008 20,374 69.50 97.28 12884 18,01 70,93 &4.73 1.1009 99,74 0.0 0.0 1,003 0.503

0.0 0.0 1,003 3.047

1706852005 20,374 89.49 97,59 12,849 18,02 70.93 43.27 1.1009 99.75
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Stean-Water Data (Hﬁgh-nediua Stean Extraction Rate Tests)

TEST N0 Qfin
4,000
4.000
4.000
4,000

0304850401
0304850402
0306850403
0304850404
0306850403
0306850406
0308850407
0304850408
0704830501
0706850502
0704850503
0704850304
0705850503
0706830504
0704850307
0704850601
0706850402
0704830403
0706850404
0706830403
0706850804
0706850607
0904850701
0906850702
0904850703
0905830704
0906850703
09068350704
0306850707
0904850801
0904850802
0904850803
0906850804
0906850803
0506850808
0904850907
1004830901
1004850902
1004850903
1004850904
1004850705
1005850908 9.000
1006850907 9.000
1104851101 10.000
1104831102 10.000
1104831103 10.000
1104851104 10.000
11048311035 10.000
1106831106 10.000
1106851107 10.000

4,000
4.000
4.000
3,000
3.000
3.000
3.000
3.000
3.000
3,000
6,000
6,000
6,000
6,000
6,000
6,000
6,000
7,000
71,000
7,000
7,000
7,000
1,000
7.000
8.000
8.000
8.000
8.000
8.000
8.000
8.000
9.000
2.000
9.000
9.000
9.000

4,000

THin

90,05

90.04:

90.00
90.18
90.13
90.11
%0.07
90.03
90.18
90,135
90.12
90.02
90.09
90.02
89.99
89.83
89.86
89.87
89.87
8%.72
89.69
89,56
89.34

89,34

89.54
89.34
89.358
89.61
B89.64
99.08
90.08
90,09
90.10
90,04
%0.07
$0.04
90.59
§0.39
90.59
30.49
50.54
50,47
90,68
90.28
90.28
90.27
90.35
90.43
0.31
90.28

Two

97.48
97.7%
97.87
97.43
91.57
97.3¢
97.59
97.8%
98.34
98.13
99.19
99.13
99.24
9.21
59.21
97.08
97.95
98.31
98.46
98.29
98,26
98.37
94.29
93.39
96,00
96,04
96,33
94.868
.11
948,33
98,61
97.09
.21
97,05
98,43
9.77
98.42
96.30
96.33

98,54

98,54
98,81
96.87
97.48
97.48
§57.58
91.7%
.73
97.482
97.92

New

19.863
19.511
19.933
19.914
19.81%
19,796
19,782
19,775
20,043
20,031
20,023
20,022
19.986
19.981
19.970
20.179
20,101
20,007
20,053
19,983
19.97%
19.924
20,5835
20,313
20,41}
20,340
20,251
20,287
20,248
20,304
20.217
20,225
20,084
20,022
20,098

20.191 .

19.988
19.988
19,980
19.995
19.994
19.974
19.982
20,013
19,99
19.9717
20,075
20,132
20,122
20,114

Tel

22,45
22,49
22,54
2.5
22.53
22.54
22,40
2283
23,09
23.11
23,33
23.40
23.45
23.44
23,50
23,88
23.49
2%.78
23.68
23.82
23,72
23.08
13.38
13.28
13.26
15,33
13.51
13,81
13.70
18,48
16,69
16.78
18.80
18.86
18.87
17.10
17.78
17.84
17.84
18.03
18.13
18.30

- 18,34

.22
21,21
21,20
21,23
21,24
20,59
20,50

Tc2

47.78
30.79
33,81
60.50
65.39
67.03
6. 14
67,91
9.7
31,38
33.54
31.79
63.49
67,63
69.77
32,30
34,02
33.41
61,09
63.33
68.40
69.50
43.10
51,09
32,94
37.98
63.25
83.37
83.73
30.11
S1.24
33.54
36,935
60.42
63.79
64,33
92,23
33.98
36,60
62,99
63.33
83.84
66,29
e l4
9843
60.45
62,92
53.78
84,74
83.46

0

51,32
53.91
54,69
5884
58.12
8009
£0.98
81,07
50,10
51,44
52,90
55.49
57,76
59,08
81,49
51,09
53.57
5413
57,9
$8.90
80,40
81,92
47,83
18,66
50. 65
53.11
58.51
45.86
8.7
50,30
51.17
52,38
55,53
80.10
88,59
8937
53,41
54,41
56,42
83.53
89,26
70.48
70.84
53.10
57.91
44,59
89,47
70,38
71,08
.81

Inlet Water Subcooling = 10 K

Hssup Ts  VPI
0.7781 99,40
0.9973 99.40
§,3078 99,42
1.6245 99.44
§1.8571 99.84 1
2,0257 99,44 1
!
1

2,1473 99.468
2,2297 99.49
0.7479 99.70
0.9143 99.48
1.1084 99.70
1.3938 99.70 9.
1.7031 99.69 10,
1.9310 99.49 11,
2,1934 99.89 12,
0.7562 99.60 3.
0.9074 99.59 3.
1.0934 99.58 5.7
1,4332 99.60 7.5
1,8047 99.63 9.8
1,9726 99,65 11.5
2,0603 99.85 12.8
0.8032 97.43 3.1
0.9387 99.44 3.3
1.0854 99.65 4.9
1.3823 99.84 5.9
17125 99.45 8.4
2.0021 99.8b 12.0
2.1379 99.48 15,3
0.8147 99.68 1.3
0.9313 99.68 2.0
1.1766 99.87 5.6
1,4033 99.68 8.1
1,6393 99.49 11.7
1,8917 99.49 15,1
1.9967 99.70 17.2
0.7388 99.43 2.0
0.8902 99.44 3.5
1,0283 99.66 6.7
1,3387 99.64 8.3
§,3649 99.65 12,8
1,934 99.43 18.1
2,0149 99,45 19,6
0.7281 99.71 3.0
0,9554 99.70 5.8
1.2165 99.71 8.0
1,429 99.73 9.9
1,5358 99.74 12,1
1,6748 99.73 13.2
1,7992 99,73 12.3

3.3
6.0
1.5
7.8
0.3
0.9
1.0
1.4
2.0
3.0
1.1
9.8
0.2
14
2.9

0

3

VP2 Pata PD

1015 0.7
1,013 0.022
1,013 0.008
1,015 -0.102
1,013 -0,104
1,015 -0.213
1,015 -0.049
1,013 0.280
1,012 0.053
1,012 0.003
1,012 0.000
1.012 -0.00t
1,012 -0.042
1,012 =0.123
1,012 0.510
1,012 -0.101
1.012 -0.128
1,012 -0,130
1,012 -0, 103
1,012 -0,193
1,012 -0,220
1,012 0,393
1,017 0,093
1,017 0,043
1,017 0,047
1,017 -0.024
1,017 -0.039
1.017 -0.112
1,017 0.540
1,017 0.093
1.017 0.037
1.017 0,037
1,017 -0,033
1,012 -0.130
1,017 -0.134
1,017 0,330
1,015 0,080
1,015 0.033
1,013 0,008
1,013 -0.058
1,013 -0.128
1.015 '0. 154
1,013 0.984
1,016 -0.013
1,014 -0,011
1,014 -0.099
1,018 -0.087
1,014 ~0.143
1,016 ~0.071
1,016 1,333



471

TABLE C.2b {Continue)

Stean-Nater -Data (High-Mediuam Steas Extraction Rate Tests)

Inlet Water Subcooling = 10 K

TSTND  Qfin THn i OF Tel T2 T Mssp Ts WL W2 Pata  PD

1004851101 11,197 90,75 96.89 20,628 17.78 53.57 54,84 0,7935 59.64 0.0 0.0 1.015 0,057
1008851102 11,197 90.71 $9.23 20,519 17,80 5486 57.82 0.8771 99.84 2.3 1.5 1.015 =0,799
1008851103 11,197 90.68 98.95 20,8417 17.87 58,96 51.93 1.0855 99.63 6.5 4.2 1.015 -0.176
1006851104 11,197 90,83 97,50 20,381 17.B6 50.08 86,99 1.3742 99.63 8.9 5.3 1.015 -0.17
1008851105 19,197 90,81 97,60 20,383 17.95 62,46 £9.29 15543 99.66 10,2 6.5 1,015 -0.129
1006851105 11,197 90,80 97,59 20,305 17,99 83.49 89.76 1,6783 99.66 14,8 7.1 1.015 -0.043
1008851107 11,197 90.55 97.87 20,279 18.08 43.83 70.49 1.7547 99.67 15.3 8.5 1.01S 0,941
1104851201 12,710 90.54 96,48 20,222 1B.15 5576 S7.26 0.7837 99.68 2.2 0.8 1.015 <0.047
1106851202 12,710 90,50 94,51 20,202 1B.11 58,03 58.54 0.8327 §9.70 2.9 1.0 1,016 -0.040
1108851203 12710 90,48 96,99 20,194 1B.07 59.97 &0.53 0.9965 99.72 3.9 2.1 1,014 -0.088

1104851204 12,710 90.43 97.25 20,049 1B.03 62,79 43.79 1.1328 99.71 7.0
1106851205 12,710 90,59 97.68 20.011 18.33 &4.45 67.21 1.4383 99,71 9.7
1105851206 12,710 90.49 97.B9 20,005 1B.35 63,14 49,05 1.6148 99.89 11.3
1104851207 12,710 90,48 98.03 20.008 1B.38 #8.17 71.29 1.7724 99.70 7.
1104851401 14,229 90.19 95.24 19.B1% 17.39 ©55.23 $57.01 0.7384 99.61 2,
1106851402 14,229 90.11 956.91 19.B14 17.40 5h.80 59,00 0.B132 99.62 3
1106851403 14,229 90,09 97.02 19.802 17.44 358,43 40.88 0.9055 99.63
1104851404 14,229 90,06 97.20 19.788 17.43 80.51 43.07 1.0344 99,62
1106851405 14.229 90.00 9§7.21 19.703 17.33 &3.13 46.92 1.2754 99,44

1,014 -0.078
1,014 -0,099
1,018 -0,135
1,018 1,588
1,018 ~0,063
1,011 -0.08
1,011 -0,087
1,011 0,089
1,011 -0,122
1.0l1 -0,185
1,017 1,310
1,005 0.003
1,003 0,000
1,005 °°n°0‘
10005 '0.03‘
1,003 0,189
1,003 ~0.146
1,005 0.915
1.007 0,184
1,007 0,148
1,007 0,154
1.007 - 0.13¢
1,007 0,035
1,007 0.038
1,007 1,354
1,007 0,213
1.007 0.213
1,007 0,213
1,007 0,219
1,007 0,219
1,007 0,229
1,007 2.919
1,003 0,245
1,003 0,222
1,003 0,217
1.003 0,384
1,003 3,528

3
8
9
1104851406 14,229 89,99 97,31 19.860 17.84 &35.09 48.08 1.4454 99,85 1,
1104851407 14,229 B89.91 97.47 19.505 17.71 45,29 49,38 1.5522 99.85 12,
1204851501 15,755 90.23 94.41 20.393 146,34 56.28 57,55 0,7113 99.84 O,
l
2
2
]
H
6

1208851502 15.755 90.25 98,55 20,388 15,40 58.00 58.78 0.B554 §9.49
1204851503 15.755 90.28 94.46 20,383 16.43 60,09 59.78 0.9073 99.47
1206851504 15,755 90.12 9b.48 20,405 18.43 61,34 A1.71 1.0524 99.89
1206851505 15,755 90.20 98.56 20,374 18,42 83.14 43,24 1,294 99.89
1204851506 15.755 90.19 96,75 20,350 18.43 4,85 &4.64 1.A1S1 99,70
1208851507 15,755 90,20 97.09 20,414 14,49 85.02 £5.86 1.5124 99.70
1408851701 17,287 90,02 98,56 19.929 17.77 57.19 59.70 0,8625 §9.59 0
1404851702 17,267 90,02 97.06 19.927 17.63 58.23 59.95 0.7196 99.58 0
1404851703 17.287 90.01 97.38 19,910 17.55 359.10 &0.98 0.7957 99.56 0
1404851708 17,287 90,00 97.37 19.905 17.49 80.16 £0.58 0.8713 99.40 0
1404851705 17,287 90,10 97.38 19,884 17.B1 &1.31 60.B5 1,000 99.59 0
1406851706 17,2687 89.99 97.35 19.B57 17,82 52.25 &0.84 1,0492 99,61 1
1404854707 17,287 89,97 97.59 19.B46 17,90 43.10 81,38 1.1859 99.61 |
1406851801 18,827 89.87 95.90 19,999 15.49 5457 S7.49 0.6073 99.73 0
1405851802 18.827 89.B3 95.15 20,082 15.50 55.77 $7.98 0.4729 §9.73 0.
1404851803 18,927 89.83 94,84 20,089 15.50 55,98 50.09 0.7579 99.74 0,
0
0
0
0
)
0
)
0
0

O NS e ©O OO O A e ©O O~
-

b
0
3
b
3
7
{
?
0
X
]
9
3
3
1
0
0
.0
3
8
0
7
0
0
0
0
0
0
0
0
0
0
0
0

1406851804 18.927 89.88 95.80 20,102 13.50 %8.57 958.77 0.8333 99.73
1404851805 18,927 89.81 94.85 20.111 13.40 957.99 959.01 0.9088 99.73
1404851804 18.827 89,73 94.87 20.147 15.3% 359.31 59.39 0,9958 99.75
1404851807 18,827 89.57 97.08 20.186 13.4) 359.77 59.78 1.0770 99,11
1706852001 20,374 89,27 95.53 20,245 15,12 952,99 53.53 1.0308 99,47
1704852002 20,374 89,29 93.96 20,231 15.19 §3.43 54,80 1,0308 99.47
1706852003 20,374 89.30 95,04 20,206 15.28 55.84 53.48 11,0308 99.68
1704852004 20,374 89,33 94.48 20.270 15.34 57,05 54.27 1.0308 99.48
1704852005 20,374 B9.34 94.74 20,273 15.43 57.93 56.85 1.0308 99.69

)
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472
TABLE C.2¢

Stean-Nater Data (High Steas Extraction Rate Tests)

Inlet Mater Subcooling = 10 K
TESTNe  Gn THn Twe M Tel T2 TD Mssup Ts  VPL VP2 Pats B

0304850400 4.000 B9.51 97.17 20,781 22.82 39.80 50.80 0.8311 99,83

0905850704 7,000 89,57 96,57 29,236 15.85 40.13 50,28 1,279 99.74 6.
0906850703 7,000 89.83 98,76 29.196 18,02 45.35 53.70 1,7144 99.77 8.4
0905850705 7,000 B9.59 96,81 29.236 16,07 50.54 57,55 2.0279 99.75 12.0
0906850707 7,000 89.60 98.95 29,150 15,90 52.81 81,85 2.2043 99.75 18.0
0908850701 B,000 90,06 96,81 29,182 18,33 40.Ab 45,00 0,7593 99.71 1.3
0904850802 8,000 90.05 94,49 20,174 18,39 41,87 45,64 0.9021 99.71 2.0
0905850803 B.000 90,08 96,865 29,150 16,39 42,71 48.84 1.0251 99,73 6.7
0904850804 8,000 90.08 98,57 29.156° 15,48 47.23 49,22 1.3401 99.75 9.1
0906850805 8,000 90,18 95,86 29,193 18,45 52.44 52,98 1,7075 99.74 14,2
0904850808 B,000 90.26 96,53 29,157 18,53 53.24 41,50 1.9576 99.75 17,0
0906850807 B.000 90,26 96,65 29.192 16,33 53.42 41,44 2,1273 99,75 22.3
1006850901 9.000 89.88 95,36 29.143 18.52 43.57 51,77 0.7537 99.70 0.0
1006850902 9.000 B9.69 94.83 29,148 18,52 45,82 53.03 0.9231 99.71 2.5
100850903 9,000 89.78 94,51 20.147 18,50 47,00 5435 1,0845 99.72 5.3
1004850904 9,000 B9.74 98,72 20114 18,56 49.84 356,15 1,227 99.72 8.5
1006850905 9,000 89.79 96.93 29,236 18,88 51.95 80,37 1.5384 99.70 12.5
1004850906 9,000 89.88 96.93 29,236 18,74 54,13 3,25 1.B597 99.74 18.1
1006850007 9,000 89,97 94.95 29,104 18,86 54.76 62,31 1.9398 99.73 20.8
1106851001 10,000 90,01 94,45 28,083 15,73 45,37 3275 0.6899 99.81 1.5
110851002 10,000 90.02 96,70 28,050 15,80 47,45 54,17 0.B144 99,81 3.2
1108851003 10,000 90,02 97.81 28,030 15.88 49.46 55.18 0.9781 99,63 6.5
1104651004 10,000 89.95 97.58 28,084 15.98 52,81 55.88 1.2777 99.83 8.1
1105851005 10,000 90,01 97.59 28.046 15.98 54,81 57,10 1.5774 99,84 15,9
1104851006 10,000 90,03 §7.49 28035 18,05 55.19 $8.00 1.B14% 99,85 17.1
1106851007 10,000 90,00 97,63 28,085 16,10 355.97 S8.14 1.5028 9984 19.7

10017 '01023
1,017 -0.186
1.017 -0.185
1.017 0.448
1,017 0,038
1,017 0,003
1.017 ~0.003
1,017 -0.049
10017 «0,202
1,017 -0.250
1,017 0.871
1,013 0,003
1,013 -0,058
1,013 -0.199
1,013 -0.070
1,015 <0, 140
1,013 -0,251
1,013 0,243
1,016 0,013
1,016 -0,001
1,016 -0.,004
1,016 -0,128
31,018 =0, 164
1,014 0,194
1,016 0,427

3.5 0.0 1,015 0,073
0304850402 4,000 89,60 9744 27,758 22.83 ALS1 S1.A3 0.9762 99.67 8.0 0.5 1.015 0.057
0306850403 4,000 8960 97,82 27,706 22.85 47,37 51,78 1,3055 99.67 7.5 1.3 1.015 0.011
0305850404 4,000 89,59 97,86 20703 22,90 5344 52,88 1.7527 99,69 9.8 3.5 1.015 ~0.144
0304850405 4,000 89.63 97.87 27.476 23.01 5B.78 53.65 2,0822 99.49 10.5 3.9 1.015 -0.133
0304850406 4,000 89,50 97,68 27.878 23,05 56.86 54,11 2,1908 99,70 10,9 4.3 1,015 ~0,088
0304850407 4,000 89,61 97,88 27,888 23,06 59.18 54,81 2,3021 99,71 110 3.0 1013 0,301
0704850501 5.000 90,03 98,31 28.759 23.59 40.10 48,03 0.8004 99,88 2.0 0.0 1,012 0.114
0705850502 5,000 90,05 98,37 28,718 23.81 43.80 48,75 0.9813 99.68 3.3 0.0 1,012 0,043
0708850503 5,000 90,08 98.35 28,627 23,69 43.40 5145 1.2939 99.49 5.5 LS5 1,012 -0.082
0704850504 5,000 90,16 98,32 28,592 23.71 49.73 52,18 18151 99.68 7.8 2.9 1,012 -0.102
0704850505 5,000 90.10 98,29 28,617 23,74 5430 53,36 1.B458 99.89 9.5 4.0 1.012 ~0.124
0704850506 5.000 90.04 9B.27 28,566 23.B1 57.28 SA.06 2.1293 99.89 10,5 4.6 1,012 0,087
0704850507 5.000 90,01 98,29 28,513 23.85 59,13 54,85 2.1935 99.49 12.1 5.1 1012 0,370
0708850401 6,000 90,09 97.88 28,854 22,28 42,77 52,07 0,7323 99,66 3.1 0.0 1,012 -0,021
0704850402 6,000 90,09 98,00 28.855 22.28 AA.03 52,55 0,9405 99,67 5.3 0.9 1,012 0,084
0708850503 4,000 90.09 98,34 28,835 22,28 45.59 52.88 1.0734 99,68 8,5 3.9 1,012 -0.118
0708850604 6,000 90.09 98,35 28.852 22,27 49,48 53,20 1,2975 99.48 10.0 4.2 1,012 ~0.190
0708850805 8,000 90.01 98,11 28,850 22,15 5,75 5455 1.7757 99,69 1.8 5.8 1,012 -0,224
0704850806 6,000 §0.07 98.09 28.832 22,44 S57.19 $4.71 2,0303 99,70 12,5 8.3 1,012 0,259
0704850407 6,000 89.9% 98.29 28,834 22,53 $8.26 55.84 2.1193 99.70 129 6.6 1,012 0,393
0904850701 7.000 89.89 94,30 29.235 15.79 37.82 41,04 0,7383 99.74 1.5 0.0 1,017 0,052
0504850702 7,000 B9.67 94,83 29,235 15,80 38.86 43,76 0.9587 99,73 3.2 0.0 1.017 0,002
0904850703 7.000 89,60 98.59 29,233 15.82 39.73 45,06 0.9188 99.75 4,5 2.1 1,002 -0.008
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TABLE C.2c (Continue)

473

Stean-Water Data (High Steas Extraction Rate Tests)

TEST N0 Gfin

1004851101 11.197
1004851102 11.197
1004831103 11.197
1006851104 11.197
1004851105 11.197
1004851104 11,197
1006851107 11,197
1104851201 12,710
1104851202 12,710
1104851203 12,710
1106851204 12,710
1104851205 12,710
1104851205 12,710
1104851207 12,710
1106835401 14,229
1104851402 14,229
1104851403 14,229
1104851404 14,229
1106851405 14.229
1104851405 14,229
1106851407 14,229
1204851501 13,733
1204851502 13.733
1204851503 15.733
1204851504 13.735
1204851503 13.733
1206851504 13,753
1204831307 13.733
1404831701 17,287
1404851702 17,287
1404851703 17.287
1404851704 17,287
1404851705 17,287
1404851708 17.287
1404851707 17,287
1406831801 18,827
1406831802 18.827
1404851803 18.827
1404831804 18,827
1404851805 18.927
1406851806 18,827
1404851807 18,827
1904852001 20.374
1904852002 20.374
1904852003 20.374
1904852004 20,314
1904852005 20,374
1904852008 20,376
1906852007 20,376
1904852107 21.929

THin

90.24
90.30
90.30
90.34
90.50
90.39
90.28
89.73
89.7%
89.73
89.77
8%.72
89.77
89.74
90.61
50.57
§0.59
90.39
50.70
90.87
90.53
90.22
50.11
90.09
§0.00
89.94
90.02
90.04
§0.22
50.40
50.42
90.44
50.47
50.49
50.31
50,33
90,35
90.37
50.38
50.39
90.40
50.38
50,06
50.04
§0.08
90.04
§0.07
90.10
§0.09
8%. 74

Two

97.38
971.39
96,50
97.53
91.52
97,88
91.78
96.19
98,27
9649
2849
96,53
96.82
92,08
96.01
§8.30
96,60
%4.70
§6.85
97.06
97,36
9.1
96.78
§7.04
97.0%
§1.24
98.43
97.39
94.48
7.01
97.29
.47
97.43
97.48
97,75
96.50
96,60
96.80
§7.07
§7.21
9.3
97,76
§5.10
96.20
56.26
94,20
96.27
96,35
§6.359
99.15

o |

29.213
29.201
2%.110
29.099
29.084
29.059
29.08%
28,723
28,804
28.849
28.894
28.854
28,901
28,847
28,734
28,733
28,733
28.728
28,720
28,782
28.777
29.234
29,233
29,238
29.235
29,235
29.234
29.238
29.237
29.231
29,233
29,236
29.234
29.200
29,243
29.133
27,131
29,130
29.129
29119
29,144
22134
28.132
28,222
28,329
28,331
28,311
28,283
28,932
29.203

Tl

16.93
17.07
17,02
17.14
17.20
12,29
17,33
18.71
16.88
16.92
18,92
18,99
17.03
16,93
17,22
17,23
1.3
17.22
17.28
17.34
17,34
16.78
16.78
16,77
16,80
16.85
16,89
16,96
16,97
17.00
17.01
17.02
17,13
17.17
17.17
1L
14.80
14,80
14,84
14.88
14,89
14.70
14.18
14,20
1421
1,27
1.4
14,84
.n
12,14

Te2

43.53
45.10
45,85
49.78
31.08
33.32
33.93
43.98
43.97
48.11
30.99
52,33
34,40
.l
48.89
49.34
90.90
32,79
34.82
33.02
35.15
.37
47.99
49.91
32,02
34.31
33.82
38.71
48.14
49.02
31.98
33.44
33.19
34,11
35.88
43,93
43,09
43.78
45,48
47.98
49.03
49.42
40.97
42.43
43.87
43.33
45.90
41.07
47.38
45,87

by

32,81
32,99
33.08
33,33
38.08
62,00
62.27
32,52
3343
35,70
37,39
39.37
61,31
62,39
32,02
33.52
34,01
33.83
38.47
80.48
62,38
34.42
34.91
33.29
37.03
39.04
39,93
60.32
33.57
33.78
33.99
3.8
37.12
37,78
38.19
34,90
33,00
35,10
36,99
57,3
3.4t
38,40
33.34
33.78
33.94
.07
34,99
33.7%
38,28
33.83

Inlet Water Subcooling = 10 K

Hssup Ts  VPI
0.6708 99.48
0.7934 99.48
0,905 99.70
1.0845 99.71

0.6

3.0

5.3

8.1

1.2991 99.70 11,7
T.1

9.1

0.0

2.9

]

1.6042 99.49 17,
1,7874 99.72 19,
0.6309 99.61
0.7588 99.61 2,

0.8983 99.460 5.

11583 99.62 8.3
1.3409 99.44 12,3
1.6127 99.44 14,2
17471 99,43 18.1

007233 99169 000'

0.8348 99.48 3.2
0.9101 99.69 4.4
1.1221 99.89 9.1
1.3481 99.71 10.8
1.5788 99.71 11.2
1.4382 99.71 14.5
0.7053 99.45 0.0
0.8323 99.47
0.9389 99.47
1.1541 99,88
1.3482 99.48
1,3132 99.48
1.6328 99.69
0.4259 99,86
0.7011 99.8%
0.7904 99.67
0,9228 99.48
1.1468 99.70
1.2889 99.49
1.3933 99.70
0.4288 99.38
0.6909 99.59
0.7794 99,41
0.8912 99.40
0.9874 99.39
1.0145 99,59
1.0733 99.40
0.6026 99.70
0.4352 99,49
0.7047 99.48
0.7831 99.87
0.8332 99.49
0.9224 99,49
0.9963 99.7¢
0.Y828 99.83

SRR m

® & ® o ® o e & o >y
0 O OV O VO OOCOC OO OO ONIL™ OO O O~

OO0 OCOCOCOOOO s: CoCotUiNnnToCcCOo O

VP2

PP el S I N S T S N M M I M -l ol
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Pata PD

1,013 -0.041
1,015 -0.070
1,045 -0,074
1,015 -0.088
§,013 -0, 143
1,015 =0.24%
1,013 0.981
1,009 0.314
1.009 -0,093
1,009 -0,178
1.009 -0,249
1,009 0,350
1,009 -0,332
1.009 1.297
1,011 0,000
1.011 0,058
1,011 0.129
1,011 -0.211
1,011 0,208

'lootl -°n23‘

1.011 1,704
1,011 0,080
1,011 0,033
1.011 =0.042
1,011 -0.112
1,011 ~0.149
1,011 -0,199
1,011 1,829
1,007 0,030
1,007 0,003
1,007 0,002
1,007 0,004
1,007 -0,020
1,007 -0.098
1,007 1,215
1,007 0,082
1,007 0,099
1,007 0.124
1,007 0,281
1.007 0,299
1.007 0.352
1,007 1,289
1,006 0.187
1,008 0.190
1,006 0.198
1,006 0,209
1,006 0.234
1,008 0.307
1,008 2.481
1,006 2,733



TABLE C.3a

474

Steaa-Nater Data, Wall Temperature Measuraents (Low Steas Extraction Rate Tests)

TEST NO

0507850401
0507850402
0507850403
0507850404
0507650405
0507850408
0507850407
03507850408
0507850501
0507850502
0507850503
0507830504
0507850303
0507830304
0507850507
0507830501
0307850402
0507850403
0507850504
05078504603
0507850406
0507850407
0807850701
0807850702
0807850703
0807850704
0807850705
0807850706
0807830707
0807830801
0807850802
0807850803
08078350804
08078508035
0807850806
0807830807
0807850808
0907830901
0907850902
0907850903
0907850904
0907850903
0307850904
0907850907
1107851001
1107831002
11076351003
1107851004
1107851003
1107831004
11078351007

Qfin

4,000
4,000
4,000
4,000
4,000
1,000
4,000
4,000
5.000
5.000
5.000
5.000
5,000
5,000
5.000
6,000
5,000
5,000
6,000
5,000
5,000
5,000
7.000
7,000
7.000
7.000
7.000
7.000
7.000
8.000
8.000
8,000
8,000
8.000
8.000
8,000
8.000
9.000
9,000
9.000
9,000
9,000
9,000
9,000.
10,000
10,000
10.000
10,000
10,000
10,000
10,000

Ttin

19.82
19.99
19.97
20,03
20,18
20,35
20,36
20,33
20,76
20,89
20,77
20,79
20.81
20,97
20.99
20,93
20.90
20,90
20.89
20.92
21,05
21,07
20,98
21,06
29.91
20.88
20.78
20,52
20,47
20.82
20.88
20,92
20,95
20.97
21,05
20,16
2,23
20,91
20,95
20.91
21,05
2117
21,25
2137
. 21,01
21,13
21,86
21,82
21,70
21,80
2,49

T

20,18
20,13
20.14
20,18
20.93
21,534
21.87
23.92
20.97
21.04
20.87
20,93
21.12
21.48
22.89
20.95
20.9¢
2111
21.19
2.4
21.45
21.38
21.07
20.98
20.93
20.97
21.08
20.13
20,98
20.80
20.92
20.97
21,00
21.09
.
21.42
21,86
21,03
21.09
21.04
21.09
21.12
.4
21.49
.19
21,33
21.88
21,54
21.78
2170
.74

T2

20,54
21,04
20.47
21,81
2.7
23.21
26,03
30.25
21.18
21,29
21.59
21,04
22,23
22,24
24.70
21,03
21.01
21,03
22,03
22.54
22.91
22,20
21,06
2113
20.98
20.0!
21,00
21.12
21.72
21.08
21,48
2147
21,74
2181
21.87
21,83
22.48
21,09
21.01
20.93
2.7
21.30
21473
22.12
21,20
21,35
2.1
2.2
21.70

21,82

21.83

13

20.97
2121
20.92
33.72
44,02
52,60
53.73
81.07
21.20
21.49
24,4
21,87
37,06
.73
43.92
21.33
2173
3.4
25.75
27.43
30,84
32,24
21.13
28,24
21,39
20,01
2074
22,53
23.90
2.8
21.59
21.49
21.87
21,52
21.48
2,73
22.49
21,27
20.9%
20,98
21.34
21,49
21.93
22,84
21.32
2124
2.2
21.98
21.87
21.87

21,97

T4

2113
21.09
23.79
33.38
75,43
9.4
80. 11
82.12
21,07
21,70
28,16
41,40
32,20
60.44
65.29
2.42
22,90
3101
39.94
44.52
48.37
3t
21,32
21.22
21,31
2131
2.73
2470
2.4
21.38
21.48
.73
.57
22,03
2.14
22,13
2,32
217
20.92
20.93
2.4
21,93
22,00
23.24
.42
2183
21,33
21.84
21,73
21.48
22,07

T3

2.1
23.78
31,59
70.87
73.52
88.17
90.37
92,03
22,41
24,39
33.44
49.87
13.35
79.91
81.72
24,01
23.82
4.7
3571
82,34
65,27
69.12
21,38
21.82
2a.m
23.712
24,32
21.37
39,63
21,97
21.84
21,86
21.94
2.1
23.00
23.9%
24.98
21.&
21.01
21,08
21,57
2.9
22,89
23.09
21,84
A3
21.83
22,16
22,09
22,82
23.09

T8

2.1
27,04
43.41
79.98
B84.084
93.77
93.81
96.42
2341
21,54
39.48
63.74
B83.3%
88.40
$0.22
26.88
29.97
36.60
66,09
14.84
18,60
80.02
22.93
22.10
22,29
23.22
27.00
32.82
48,30
21,57
21.94
21.93
22.0%
23.14
23.40
A3.12
28,03
21,32
2144
21.29
21.91
2.2
23.23
21.91
21,63
21,92
21.89
2,17
22,38
23.48
.8

Inlet Nater Subcooling = 80 K

n

23.29
42.30
38,49
87.07
93.4
.37
91.34
97.69
27,30
31.33
50.48
79.09
92.44
93.04
94.82
29.57
41.38
68.81
Bl. 44
85.07
88.97
89.13
25.08
28,33
21.57
28.31
33.63
43.8%
39.02
22.07
22.83
22,91
23.07
24,33
26,18
29,31
34,38
22.3%
vy
22.23
22,93
23.19
28,73
29.20
2.2
22.92
22,40
23,43
2361
23,30
21.82

18

34,47
bb.bb
1347
93.39
94,51
97.31
97.49
98.03
32.37
43.82
84,81
B7.43
93.03
96,08
94.84
39.99
63.33
11,43
92,78
93.44
93.91
W
25,54
28,96
30.80
34.00
4.1
33.18
89.97
22,48
.18
24,38
24,56
26,34
31.02
36,93
43.83
22,94
22,33
3.4
23.38
26.89
30.21
37.42
2413
24.90
A4
23.14
23.37
21.81
33.30

19

38,84
7431
84,39
93.09
97.21
98.02
98.10
98,33
40.37
88.13
78,04
92.9%
96,83
95.82
97.23
80.19
73.82
88,93
94.11
93.03
93.17
96,03
29.10
34.89
40,40
48,39
3711
67.10
81,33
23.87
28,39
26,90
21.21
33.43
.73
30.83
.09
23,43
4.2
27,84
33.93
38,09
40,88
31,03
26,64
26,94
.14
30.3t
32.98
37.16
43.00

T10

70.96
83.61
94.09
96.44
97.93
98.04
98.18
8. M
64,34
78.43
87.04
93.08
97.13
97,481
98.14
13.00
83.04
92.78
9.49
94.98
97.11
97.41
34.38
7.3
3434
39.81
70.57
78.86
87.3¢
25.48
32.00
33.29
38.59
49.37
67.53
70.43
74,38
29,79
33.38
38,33
42.08
48.30
37.40
67.44
33,06
33.29
1.1
46,41
48.92
33.30
39,34

11}

19.99
81.4b
96.08
97.8%
97.89
97,99
6,09
98.2%
73.38
80.78
90.88
96.80
.
97.7%
98.18
80.91
86.04
4.7t
96.33
97.33
97,435
7.5
48.78
62,10
88,39
74,49
82.21
88.81
71.68
10.29
47,30
3137
34.73
48,83
19,10
82.29
8444
3.2}
18.13
33,03
38,81
b3.93
70.78
74,90
44.78
48.39
31,93
35.87
39,63
62,13
64,40



TABLE C.3b

475

Stean-Water Data, Wall Temperature Measuraents (Low Steam Extraction Rate Tests)

TEST KO

1807850401
1807850402
1807850403
1807850404
1807850403
1807850404
1807850407
1807850408
1807850409
1807850410
1807850501
1807850502
1807850503
1807850304
1807850505
1807850504
1807850507
1807850401
1807830402
1807850403
1807850404
1807850403
1807830406
1807850407
1807850608
1807850609
2207850701
2207850702
2207850703
2207830704
2207850705
2207830706
2207850707
2207850801
2207850802
2207850803
2207850804
22078350805
2207850808
2207830807

Otin

4.000
4.000
4,000
4,000
4,000
4.000
4,000
4,000
4,000
4.000
3.000
3,000
3.000
3,000
3,000
3.000
3,000
6,000
6,000
6.000
6,000
6.000
4,000
6,000
6,000
6.000
7,000
7,000
7,000
7,000
1,000
7,000
7,000
8,000
8.000

8,000

8.000
8.000
8.000
8.000

T#in

30,88
30.75
30. 64
30,63
30.717
30.7t
30.73
30.71
30.70
30.44
30.58
30,58
30,59
30,483
30,63
30.86
30,67
30.79
30.38
30.43
30.83
30.80
30.88
30.89
30,93
30.95
30.24
30,38
30.33
30.34
30.41
30.40
30.41
30.43
30,45
30.30
30,54
30,37
30,59
30.39

T

30.88
30.73
30.73
30,92
22
3L97
3172
31.89
31,94
32.91
30.712
30.72
30.71
30.8%
30.89
32!
32.37
30,93
30.72
0.7
31.07
31.20
31.29
31.43
3.3
32,00
30.33
30,64
30,63
30.83
30.87
30.72
31.81
30.42
30.46
30,37
30,8
30.74
30.75
30,83

T2

30.90
31.53
32.22
32.89
32.97
33.42
33.31
WU
36.39
44.83
31,06
3.1
31.08
32,14
32.12
34,28
38.95
AL
3118
30.98
3.2t
3L.23
32,3
32.12
33.93
35.84
30.47
30.48
30.97
30.82
30.98
3L.33
32.81
30,34
30.30
30.54
30.59
30,47
30,93
31.83

13

31.83
31.87
3.8
80.94
43.9%
5.17
4.74
50,035
59.33
£8.15
3172
32,05
33445
38,79
39.99
44,40
33,02
31,20
3172
3179
32,37
33.50
35.82
39,38
41,34
45,82
30,83
30,93
31,22
30,68
31.07
.1
35.01
30.42
30.38
30,38
30,73
30.74
31,29
32.81

T4

32.04
32.72
2.8
38,02
60,36
68,58
13.46
16.72
83. 2t
£8.32
31.90
33.39
31.74
44.94
M7
.4
78,51
337
32,90
3.3
34.39
38.18
48.33
30.41
67.24
70.48
.79
31,05
334
313
32.19
34,95
39.13
30.27
30.28
30.27
30.43
30.48
3144
35,73

13

33.03
35.65
51,44
68,02
80.51
87.84
88,22
89,43
91,85
94,43
3.9
36,09
14,09
54,88
73.54
8244
88.93
31,95
33,95
W4
36,71
18,50
58.85
76,32
82,59
84,04
.92
31,08
3,78
31,70
32.89
10,91
49,4
30,59
30.57
30,81
30.81
31,03
32,48
36,99

T8

36.99
41,48
62,31
.32
91.10
93.43
93.38
93.86
93.58
.73
33,90
82,84
58,78
69.48
83.08
90.98
94.93
33.28
35,99
37.49
42,63
33,29
70.36
87,96
?0.38
92.34
32.84
32,20
33.33
34,82
37.83
49.23
81.70
31,31
.43
.42
31.90
32,31
34.03
12,49

" Inlet Water Subcooling = 70 K

n

47.89
52.45
13.98
86,69
93.33
96,82
96,33
98.75
7.82
7.9
3464
6374
13.81
82,03
93.23
93.20
96.84
36,33
38,63
w7
30,34
87,39
89.08
93.48
93.34
96,80
36,43
31.24
39.39
42,23
45.88
40.34
a2
32,03
32,27
32,28
33.04
31,352
31,16
33.67

18

59,75
6,38
82,22
92,21
97,19
97,20
97,15
97,29
97,59
98,58
15,15
79.38
83,03
90,75
93,59
9,57
97,43
13.86
19,45
56,39
63,12
78,21
95,24
9,58
96,43
97,19
[T
15,27
48,80
53,54
57,52
71,05
84,40
3273
3291
32,9
34,95
38.38
49,48
85,67

19

14.17
78,48
87.%4
1.97
98.04
98.11
98.21
98.23
98.21
98.74
66,64
87.58
§0.03
94.47
97.59
97,34
97.92
36,33
66,08
.49
.
85.33
97.38
97.53
§7.73
97.98
3140
39.82
63.73
69,34
73.32
82,40
90.91
34359
34.82
36.73
4.9
43.80
62,21
18.37

T

83.28
§0.06
94.43
97.84
98.13
98.17
98.29
98,25
98.41
78.88
8477
12.49
98,00
§7.10
97.88
98.03
98.18
N3
80.03
82.90
87.11
93.39
§7.93
97,86
97.90
98.03
39.37
71.52
13.56
17,32
83.78
88.83
94.26
40.30
42.70
30.42
39.34
61,18
80.66
87.38

T

89.14
94.33
97.00
97.88
98.03
98.18
98,23
98.18
98,25
98.71
91.92
94.54
97.63
.1
97.80
97.89
98.03
82.42
88.09
91.28
93.29
95.08
9.4
.17
91.81
97.9
65.58
15.49
79,81
849
89.09
92.79
98,87
36,04
60,05
67,99
74,95
80.04
87.09
92,63



TABLE C.3b {Continue)

476

Steas-Water Data, Wall Tesperature Measuraents

(Low Steas Extraction Rate Tests)

TEST NO

2207850901

2207830902
2207850903
2207850904
2207850903
2207850908
2207850907
2207851001
2207831002
2207851003
2207851004
22078351003
2207851006
2207851007
1908851101
1908851102
1908851103
1908831104
1908831103
19088351104
1908831407
1908831201
1908831202
1908831203
1908651204
1908851203
1908851206
1908851207

etin

9.000°

9.000

9.000

9.000

9.000

9.000

9.000
10.000
10.000
10.000
10,000
10,000
10,000
10,000
11.197
119
11197
11.197
11,197
11.497
11.197
12,170
12,7110
12,710
12,710
12,7110
12,7110
12,730

Ttin

30.10
30.18
30,29
30.29
30,30
30.31
30,24
30,10
30,07
30.1t
30.09
30.01
30.03
30,03
30,73
30,76
30.80
30.90
30.98
31.01
.04
.22
30.17
30.19
30.22
30.20
30,29
30,23

n

30.11
30.14
30.33
30.41
30.49
30.37
30,32
30.18
30.13
30,03
30.13
30,15
30.23
30.33
30.84
30.80
30.95
30.98
30,91
31.02
31.28
30.38
30.28
30.23
30.43
30.3%
30.44
30,57

12

30.08
30.09
30,57
30.54
30.47
30,51
30,33
30.29
30.29
30.41
30.48
30.49
30.43
30.45
30.75
30.87
30.98
31.02
3147
31.37
32.42
30,63
30.43
30.30
30.42
30.84
30,33
30.62

13

29.97

30.14
30.43
30.39
30.37
30.38
.1
30.58
30,51
30.7%
30.81
30.88
30,135
31.13
30.92
31.00
31.08
.11
31.28
3131
32,91
30.71
30.32
30.31
30.42
30.84
30,49
30.72

T

29,96

30.22
30.57
30.33
30.32
30.99
32.17
30.39
30.38
30.43
30.74
30.93
30.10
3191
3113
31.37
31.78
31.88
.72
32.04
33.09
30.78
30.18
30.39
30.52
30.89
30.47
30.65

LH]

30,09
30.55
30,95
3085
31.88
31,87
33.93
30,48
30.82
30.9%
30.99
.29
.29
32.75
.37
31,71
.49
1.0
3.9
32.53
33,54
30.75
30.25
30.59
30,46
31,03
30,51
31,92

Average Inlet Water Subcooling = 70 K

6

30.29
31.08
349
3132
32.04
34.80
38.353
332
3131
3L77
31.38
31.98
32.6b
33.48
31.8%
J2.28
32,03
32.73
32,98
33.49
33.32
30.98
31.45
31.02
3118
31,33
32.40
33.03

n

30,88
31.98
31.92
2.9
33.23
37.09
48.43
31.93
32,13
32.44
Ry )
32.93
34,21
L7
32,14
33.81
2
W4
3%.28
37.18
40,02
31,13
31,23
31.43
3122
J2.92
34,01
38.13

18

30.98
32,98
33.28
33.40
37,28
43.62
39.13
32.48
32,83
32.03
33.67
35.24
32
52.00
33.89
34.86
38.12
335.84
38,77
39.25
48.44
.72
32.34
32.93
32,89
370
35,03
44.21

19

31.85
34,63
38.48
38.80
44.88
30.20
71.84
34.81
33.42
an
42,24
5.7
30.44
63,99
35.33
32
41.28
39.713
A3
LE]
3934
33.04
34.28
35.43
38,78
38,41
3.2
33.99

110

34.10
83.76
41.32
32.90
36,31
.47
82.34
40.86
43,03
.47
3%.31
39.24
69.47
nn
38.93
.13
33.91
2.1
W12
58.93
n.n3
38,73
40.87
12.37
43.91
46,70
30.72
62,38

LY

48.08
3%.98
38,27
2.4
68.12
.
87.87
49.02
35,40
39,96
83. 14
71.08
71.33
878
46,09
31,32
31,33
83.93
69,48
15,87
1954
3.9
48,78
31.48
34,02
39,40
64,30
69,41



TABLE C.3c -

477

Steal-uater—bata; ¥all Teaperature Neasuraents (Low Steas Extraction Rate Tests)

TEST NO

2307850401
2307850402
2307850403
2307850404
2307850403
2307850408
2307830407
2307850408
2307850501
2307850502
2307850503
2307830504
2307850503
2307830306
2307850507
2307850508
2307850601
2307830402
2307850603
2307850604
2307850405
2307850606
2307850407
2307850701
2307850702
2307850703
2307850704
2307830703
2307830706
2307850207
2407850801
2407850802
2407850803
2407830804
2407850803
2407850806
2407850807

8tin

4.000
4.000
4,000
4,000
4,000
4.000
4,000
4,000
3,000
3,000
5.000
3,000
5,000
3.000
5.000
3.000
6.000
6,000
6.000
6,000
6,000
6.000
6.000
1.000
7,000
7,000
7,000
7.000
7,000
7,000
8,000
8.000
8.000
8.000
8,000
8.000
8.000

THin

40.24
40.21
0.22
40.28
40.29
40.30
40.31
40,33
39.94
39.92
39.95
39.98
40.00
40,04
40,06
40.06
40.25
40.33
40.35
40.31
40.29
40.21
40.13
39.95
39.70
39.48
39.41
39.41
39.44
39.44
39.59
39,39
39.38
89.34
39,64
39.40
39.51

T

40.29
40,38
0.4
40,53
40,84
40.72
41.03
4.3
40.37
0.4
40.31
40.48
40.59
40.84
41.64
42.31
40.87
40.93
40.33
40,59
40,83
40.82
41.30
40.29
40.35
40,03
41.94
40,54
40.59
40,31
39.38
39.58
39,80
39.74
39.48
40.00
40.79

12

40.54
40.64
40,44
40.78
41.13
.83
45.02
.94
40.30
40.50
40.33
40.46
40.94
41.05
42.05
43.73
40.10
40.30
40.63
40.33
41.13
41.88
43.99
£0.19
40.22
40.52
40.469
40.84
41.04
.18
39.59
39.87
39.78
39.79
40.04
.42
40.53

13

41.09
41.93
47.8%
3518
99.97
64.88
68,02
76,53
40.84
41.08
44,81
48.18
.48
32,88
37.78
67,03
40.71
12,27
456,04
48.12
52,12
36,23
62,83
40.21
40.32
40.94
42.20
3.3
45.09
T3
39.88
40.13
40,63
40.82
173
82,44
45,58

T

42,20
43.38
63.80
75.09
82.41
83.91
87.33
90.21
41,86
12,19
33.64
3977
60.94
68,87
72,73
87.82
40.78
45.27
31,73
39,98
61,93
64,01
82.71
40.13
40.34
41.43
43.19
44,78
49,76
39.42
39.94
40.24
H.n
41.99
42,03
43.91
3184

13

145
51.58
80,35
92,52
9%.37
9.4
95,84
94,59
41,07
45,49
49
81,99
84,53
87.18
89.08
95,97
41,48
52,43
.97
5.7
80,76
86.93
91,88
40,38
M.73
42,81
TRT
17.30
53,09
71,84
20.72
42,09
12,70
13.81
TRT
52,74
50,07

T8

42.34
60.19
87.37
93.94
96,29
96,48
%6.78
98,04
44.98
31,30
88,46
91.88
92.76
93,40
94,30
97.44
43.09
67.71
84.47
89.07
20,08
92.78
94.85
40.88
42,38
443
47.65
38.92
b8.54
81.82
4.79
$3.49
.13
46,50
w.n
93.89
.43

Inlet Water Subcooling = 80 K

n

33,32
72.50
92.18
97,88
97.83
97.97
98,03
98.28
48.18
39.33
9340
98.10
98,23
96,51
98.93
97.88
45,00
81.30
92,06
M4
93.32
96.53
98.94
42,04
44,12
46,28
32,40
67,60
77,64
90.84
43.71
45,58
48,30
63,33
79
8,07
79,00

18

61.29
82,39
94.94
98.19
98.21
98.29
98.29
98.34
5384
70.29
96,95
97.45
97.33
97.84
7.9
98.24
30.73
90.59
3. 14
93.22
76,89
97.83
98.07
43.20
19.19
33.33
83.43
71.59
89.66
93.39
43.08
48.82
32,30
98.41
bb.11
22
87.92

19

70.72
87.39
56.27
§8.32
98.49
98,33
98.54
98.79
65,83
83.30
97.9
98.21
98.24
98.23
98,24
98.48
64,85
94,63
98.48
96,43
97.88
7.1
98.18
34,98
38,14
66,63
73,43
87.49
94,63
97.05
49,48
33,03
60.04
67.48
7.4
87.70
91,48

T10

Ba.29
f2.17
97.41
98.53
98.41
98.40
§8.71
98.82
19.42
89.32
97.82
98.27
98.43
98.43
98.49
98.33
81.18
96.38
97.16
97.43
98.32
98.24
90,38
63.99
74,40
80,13
87.42
93.53
97.39
.17
37,43
63.46
69.49
18.72
8. 49
90,64
93.21

m

89.90
%.73
97.38
97.67
97.73
97.98
98.03
98.24
90.73
93.92
96.91
97.46
97.73
.13
97.713
97.90
91.98
96,03
97,03
7.3
7.5
97.4b
97.68
16,71
81.87
88.72
93.72
93.94
95,70
97.41
60.39
69.41
74,30
81.72
90.44
2. 44
94,52



TABLE C.3c (Continue)

478

Stean-Water Data, Wall Tesperature Measursents

(Low Steas Extraction Rate Tests)

TEST NO

2407850701
2407850902
2407850903
2407850904
2407850903
2407850908
2407850307
2707851001
2707851002
2707851003
2707851004
2707831005
2707831008
2707851007
2808854101
2808851102
2808851103
2808851104
2808851103
2808851104
2808851107
2808851201
2808651202
2808851203
2808851204
28088312035

@fin

9.000

9.000

9.000

9.000

9.000

9,000

9.000
10.000
10.000
10.000
10,000
10.000
10,000
10,000
11,197
1t.197
11197
11.197
11.197
1.197
11.197
12,110
12,7110
12,704
12,110
12,710

THin

§0.27
40.25
40.21
40.19
40.16
40.17
10.14
41.26
.26
L4
41.44
41.38
41.39
41.40
39.93
39.91
39.84
39.80
39.78
39,38
39,88
39.70
39.74
39.73
39.81
39.81

1t

40.53
40.38
40.54
40,38
40.30
4.4
41.07
41.33
41.39
41,88
4.8
41.50
41.98
1.98
39.92
40,07
40.06
10.14
39.99
40.13
40,463
39.79
39.97
10.02
39.80
§0.21

40.41
40.37
40.350
40.83
40.43
41,16
2.11
143
41.80
41.57
41.40
41.00
11.93
42.75
40.10
80.1b
40.24
0.47
40.48
40.46
40.95
40.04
40.03
40.07
40.82
40.81

3

40.51
40.74
40.84
40.73
40.79
1.3
44,50
41,66
41.72
41.18
41.26
41,85
2.1
43.28
40.41
40.43
40.89
40.73
40.70
40.78
41.02
40.58
40.%0
40.14
40.67
40,463

T4

40.89
41.14
41.17
41.19
41.40
42,5t
47.89
.42
1.4
41,30
41.41
41.82
42.86
41,19
40,30
40.40
40.94
41,34
41,60
41.33
41.84
40,55
40.92
40,46
40,59
40.64

13

41.42
41.70
LI
41.49
42.19
45.30
31.42
41,68
41.51
41.50
41,89
2.14
.13
47.39
.74
40.81
4.4
1184
41.87
42,93
44.94
40.43
40.95
40.49
40,73
40.94

16

42.03
2.4
42.99
43.30
43.24
49.64
62.87
42,03
.1
41.82
42,08
42,80
47.33
33,32
40.88
4113
41.935
12,22
43.44
43.45
48.90
40.93
41.27
0
41.92
41,96

Inlet Water Subcooling = 40 X

n

43.06
43.99
.91
43.88
49.91
36,93
72,03
42,30
2.22
42,63
42.93
43.30
51.43
81,62
41.21
42,58
42,93
3.13
.23
313
H*.48
41.48
41,49
41,62
4.4
.17

18

H.n
46,93
48.13
49.30
63.28
7141
80.81
43.88
43.54
43.88
4.3
49.24
61.18
89,93
.12
43.18
46,92
48.57
33.94
38,03
62,53
.81
42.01
12.87
43.99
45.04

19

47.88
38.27
60,88
63.91
77.43
82.85
86.93
H.n
43.03
48.22
49%.18
38.80
48.71
77.83
30,80
33.33
33.78
37.7%
62,32
63.82
69.91
12,92
43.90
43,31
47.79
31.83

T10

34.88
87.99
78.19
719.02
84.33
87.38
91,55
48.99
31,06
38.41
62.712
12.82
19.97
B4.43
J1.42
62,95
67.80
69.84
73.33
713,38
78,34
43.33
47.38
3140
34.78
37.81

m

67.63
17,02
83.04
83.43
89.15
91.58
3.2

45,12

68.73
12,44
78,30
83.38
88.71
§0.48
81,09
67,38
71.81
73,63
76,99
79,41
83.84
3133
38,82
8088
62.34
63,98



TABLE C.3d

479

Stean-Water D;ti. ¥all Teaperature Measursents {(Low Steas Extraction Rate Tests)

TEST NO

2507850401
2507850402
2507850403
2507850404
2507850403
2507850404
2507850407
2507850408
2507850409
2507850501
2507850503
2507850302
2507850504
25078303035
2507850506
2507830307
2507850508
2507850601
2507850402
2307850403
2507850604
23507830603
2507850606
2507850407
2507850608
2507850701
2607850702
2407830703
25607850704
2607850703
2607850706
2607850707
2607850801
2407850802
2607850803
2407850804
2407850805
2407850806
2607830807

Qtin

4,000
4.000
4,000
4.000
4,000
4.000
4,000
4,000
4.000
3.000
5,000
3.000
5,000
3.000
5.000
3.000
3.000
6000
6,000
4,000
6,000
6,000
6.000
6.000
6.000
7.000
7.000
7,000
7.000
7.000
7.000
1.000
8.000
8.000
8.000
8.000
8.000
8,000
8.000

Ttin

50.09
50.07
50,00
49.93
49.92
.87
49.90
49.85
49.88
50.44
50.37
50,35
90,38
30.32
50,38
50.37
50.40
49.80
49.83
49.89
49.95
49.97
50.00
50.02
50.07
30.34
50,38
30,35
50.26
30.22
50.26
30.25
90.48
50,49
30,33
50.48
50.72
50.77
30.78

[}

50.34
50.03
30.23
19.97
50.73
50.81
3L13
S2.72
34.85
4%.49
S0.24
50,39
50,352
30,45
30.84
3193
53.24
30.98
50,97
30,31
50,00
50,04
3.3
32.90
33.48
50,63
50.33
50.M4
50.47
30.33
50.77
s2.91
50.80
50.83
30.72
50,48
50.77
50,93
52,03

12

50,88
51,47
52,39
52,72
53.09
53.40
54,36
56,11
85,42
3.23
50,99
51,32
51,47
52,57
53.31
55,50
84,91
50,50
50,45
51,99
52,03
52,26
52,99
53,78
62,03
51,00
50,89
50.93
51,77
51,99
53.13
59.93
51,04
51,15
50,89
50.92
51,86
53.48
54,02

13

35,74
3B.44
60,29
63,34
64,80
67.88
70.87
15.42
80.28
30.28
317
33.79
39.44
b2.34
65,33
69.09
17,32
32.31
33.26
34,30
33.99
84,08
67.30
72,00
75.94
339
31,29
51.84
35.57
63.87
69.84
12,32
3L.37
31,07
31.84
3261
32,04
58.48
63,32

1L

58.51
£9.05
76.93
80,85
83.82
85.55
88,25
90,41
92,2
50.78
55,01
58.49
75.43
78.43
80,65
83.03
88.93
53.05
54.51
58,00
84,73
82,31
BA. 11
86.75
88,06
St.17
51,33
54.45
52,29
72.76
78.24
83.13
50,51
51,62
51,69
53.01
55,21
87,32
75.9%

£

72,33
88,90
90.64
92,01
94,50
93.12
98.11
98,30
95.78
31.92
11,33
75,69
89.53
.14
92,33
93.63
94.97
34.08
31,23
63.90
74,55
89.02
91.70
93.70
94.40
31,50
52.80
58.70
73,98
82,74
90.12
93.20
3142
3.2
3.1
62,90
64,34
78,30
88,33

18

80.92
93.70
§3.13
3.47
93,74
93.92
96.74
97.06
97.23
33.88
82.32
87.20
94.94
93.11
94,03
96,33
97.81
33.26
60,23
76.20
83.34
94,40
95.26
96.76
97.7%
32,02
53.28
68,72
83.18
50.09
93.73
98,39

S1.80.

.73
66.70
72,81
75.32
89.53
93.05

Inlet Water Subcooling = 50 K

n

87.38
93.89
97.70
97.88
98.02
97.99
98.13
98.40
98.42
36,78
89.3¢
92,9
97,25
97,36
97.64
97.99
98.14
37.9¢
68.38
85.98
90.38
97.08
95.98
97.83
98.02
33.34
61,00
75.7%
52.22
94,63
93.83
97.33
32.28
3.4
12,469
719.94
81,24
.14
93,93

18

93.684
948,97
97.7%
97.92
97.94
97.98
98.14
98,44
98.44
62,94
9%.43
96.49
97.53
97.42
97.58
98.01
98.12
82,39
73.2b
.4
74.56
92.3%
97.44
97.79
98.73
33.02
71,91
80.09
93.54
96.96
98,38
97.07
.76
62,21
74,87
B84.93
87.09
93.04
95.89

19

98,20
97.84
98.18
98,28
98,12
98,34
98,43
98,33
98.48
77.48
98,44
97.97
98.02
98,13
98.31
98,45
98.30
70,70
82.25
.14
91.31
98.12
98,24
98.30
99.14
60,04
80.23
87.33
96,33
97.30
97.%0
97.73
60,52
1.8
8l1.72
89,03
92.33
97.09
97.43

T

7.02
98.03
98.24
98.44
98.24
98.22
98.40
98.38
98.66
89.92
97,44
97.93
%8.00
8.11
§8.17
98.29
98,39
82,23
88,92
§3.19
.37
98,03
98.19
98.28
99.30
18.21
B6.82
92.87
97.80
97.78
97.76
97.86
71.83
83.78
88.39
92,76
94.8b
97.48
97.82

wm

97,33
98.70
98.78
98.76
98.64
98.70
98,79
98.81
98.98
93.48
97,98
98.01
98.29
98.68
98,469
98,43
98,49
88.34
92,81
36.42
97,64
98.71
98.70
98.74
98.93
83.00
91.93
93.82
97.84
.8
97.84
.79
83.33
88,31
52.11
93.33
93.79
7.4
7.4



480

TABLE C.3d (Continue)

Stean-Nater Data, Wall Tesperature Neasuraents (Low Steam Extraction Rate Tests)

~ Inlet Water Subcooling = 50 K

TEST NO

2507850901
2607830902
2607850903
25607850904
2607850905
2507850904
2408850907
25608830901
2608851002
2508831003
2408831004
2408851005
2408851006
2508851007
26088351108
2508851102
2508851103
2507851104
2507831105
2507831104
2507851107
2507851201
2507851202
2507851203
2507851204
2507851205
2507851206
2507851207
2507851401
2507851402
2507851403
2507851404
2507851405
2507851406
2507851407
25078513501
2507854302
25078351503
2507651304
2507851303
2507851306
2507851307

0fin

9.000

9.000

9.000

9.000

9.000

9,000

9.000
10,000
10,000
10,000
10,000
10.000
10.000
10.000
11.197
11.197
11.197
11.197
11,197
1197
11,197
12,710
12.710
12,7110
12,710
12.10
12.710
12,710
14.229
14.229
14,229
14,229
14,229
14.229
14,229
13.733
13.733
13,753
13,755
13,753
13,733
13,758

Ttin

50.95
50.83
50.84
50.81
50.7%
50.77
50.90
50.12
50.37
30,38
50.48
50.46
50.47
30.48
30.21
50.43
50.42
50.54
50.77
50,30
30.483
50.41
50.50
30.88
50.34
50.75
50.50
50.77
9.9
49.9¢
30,01
49.94
49.98
49.91
50,04
30.98
50.99
50.99
51.09
5t.04
31,07
31.00

n

3113
31.29
51,00
310
S1.04
31,28
52.87
50.80
50.80
S0.11
50,01
50.00
50.01
50.81
50,39
50.17
30.21
50.24
50.21
50.40
50.42
50,92
50.44
50.78
50.87
30.44
50.85
50.88
49.99
50,38
50.37
50,03
50.05
50.12
50,53
i
51.23
51,38
31.48
51,32
3t.28
3t.84

n

31,30
3132
S1.97
Ly
2.1t
32,73
53.49
30.73
50.66
30.96
30.98
50.93
50.73
SL70
30.34
30.17
50.63
50.71
50.63
31,03
50.80
51.33
50.69
31,23
31.20
30.99
51.05
51,65
9.8
30.31
50.84
50.63
50.5%
30.36
51.04
LY
51.48
it.M
51.36
in
91.48
SL9?

13

S1.91
3132
3t
5137
53.99
34.87
57.19
30,43
30.79
St b
31.38
S5l.28
S1.97
33.93
50.27
30.80
51.22
S1.18
st.22
51,40
52,07
St
51.04
51,33
31.30
31.19
51.49
52,05
50.38
3L
50,57
50.43
50,63
50.98
.23
51.42
31.50
3l.28
51,83
31,38
31,81
5154

T

31,80
31,44
31.04
31.87
94,82
37.28
66.53
30.43
50.77
.1t
31.43
31.98
53.45
31.44
30.24
0.33
31.07
50.90
31,07
32,53
33,84
31.42
51.15
3148
31.38
Sl 14
St.4
31.98
50.08
St 14
51.20
30.42
50.93
30,99
51.98
31,33
51.29
31.28
31.18
.
31,32
91.42

1+

3172
31.20
52.48
33.17
971,35
62,98
4y
50.40
30.87
.24
31.78

52,77

33.45
61.99
30.42
30.687
31.39
52.22
92,39
33.99
36,13
31.72
s1.28
31.38
31,43
.27
L2
53.09
0.5
3129
L
30.89
3134
E} P4
276
31,83
31.8%
31.89
31.70
sn
31.83
32.719

T8

31,94
32,20
53,06
37.48
63.97
68.49
84.87
) 193
91.28
31,87
32.97
94,30
50.48
69.10
.46
31.27
52.19
33.43
A9
58,39
60.28
52,03
31.47
St.78
92,40
51.38
52.89
55.42
30.38
S1.84
92,01
3.7
31.89
32,00
379
31.78
51.88
52.09
32.72
52,00
32.83
.12

m

32,53
34.28
99,39
64.78
71,10
80,20
92,53
520!
52.80
52.89
33,33
59.41
85.18
78,77
91.36
31.96
54.78
58.97
37.78
62.39
67.92
S2.44
S2.21
52,33
32,84
333
S5
39.48
30.93
3191
52,33
31.99
2.1
53.42
36,68
91.68
31.81
S2.78
52,04
52.83
33.19
34.39

T8

34,54
39.30
63.32
74,98
82.83
92,25
95.77
33.04
34.08
33.34
39.73
83.21
77.81
B3.84
32,92
34,41
58,59
81.04
63.59
88.73
75.24
32,55
32,43
33.30
34,91
56,43
60.85
67.84
Sl.46
32,06
92,94
53.86
54,93
37,08
60,90
31.99
32.23
52.98
52,32
33.17
54,66
56,08

19

39,58
6b.51
13.55
83.33
91.43
96.03
95.84
60,58
2,48
64,69
70,36
7.4
84.9%
90.89
33,20
37.26
63.10
69,29
74.10
79.86
83.17
33.72
L
36,31
59.70
§3.17
61.73
75.97
33.34
9. 38
33.49
37.74
60.72
43.89
89.712
32,62
33.43
33.40
33.43
34.88
31.57
81,81

T

83.97
76.13
84.92
89.13
94.05
96.38
96.88
63.02
69.89
75.11
81.94
83.34
91.48
u.n
61.72
87,40
72,50
76,29
80,50
84,63
88.15
38.47
60.74
64.49
67.82
1374
79.74
83.87
93,20
39.13
62,76
63.83
70.56
13.78
719,45
3.7
33.02
36.59
38.82
61,92
63.99
.51

"t

76.28
82.71
86.19
93.7%
93.48
95.20
96.70
8,41
13,33
19.73
86. 44
90.72
931.91
93.04
b1.87
73.08
7.0
81.79
84,02
88. 1!
90.93
60.71
63.89
69.25
.29
80.91
83,51
86.49
99.97
68.13
70,57
14.87
78.83
83.68
8s.47
31,23
81.17
65.13
68.38
72,24
15.42
78,25



TABLE C.3e
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Steaa-Water Daia. Wall Tesperature Measurments (Low Steaa Extraction Rate Tests)

TEST NO

2907850401
2907850402
2907850403
2907850404
2907830405
2907850408
2907850407
2907850408
2907850301
2907830302
2907850503
2907850504
2907830503
2907850506
2907850507
2907850401
2907850402
2907850403
2907850604
2907850403
2907850606
2907850407
29078350701
2907850702
2907850703
2907830704
2907850703
2907850704
2907830707
2907850708
3007850801
3007850802
3007850803
3007850804
3007850809
3007850804
3007850807
3007850901
3007850902
3007850903

3007850904

3007850905
3007850904
3007850907
3007851001
3007851002
3007851003
3007851004
30,0785105
3007851003
3007851006

6{in

4,000
4.000
4.000
4.000
4.000
4,000
4.000
4.000
3.000
3.000
3.000
3.000
3.000
5.000
5.000
6.000
6,000
6,000
6,000
4,000
5.000
6.000
7.000
7,000
71.000
7,000
7.000
7.000
7,000
7,000
8,000
8,000
8.000
8.000
8,000
8.000
8.000
9.000
9.000
9.000
9.000
9.000
9.000
9.000
10.000
10.000
10.000
£0.000
10.000
10.000
10,000

Ttin

39.48
39.56
39.40
39.49
3%.68
99.43
3%.48
39.54
60.54
60,62
80.72
80.79
60.80
60.81
b0.83
60.39
b0.42
£0.40
40.32
60.39
80.35
60.45
60,39
60.46
b0.487
60.72
60.62
60.63
b0.47
60.49
39.43
9.3
$9.33
39.43
39,97
3.3
59.43
59.687
39.86
59.85
99.90
59.90
39.93
39.97
99.78
39,41
59.52
39.43
59.45
39.56
39,81

T

39.83
59.85
59.83
S%.72
59.%2
§0.17
80.60
82,21
80.81
80,66
80,42
58.89
80.17
40,85
81,09
60.39
80,49
60.82
80.79
§0.43
£0.93
81.87
60.13
$0.70
60.69
60,37
80,95
80,03
40.87
61,13
59.70
§9.79
80,03
9.0
39.85
80.38
60.88
59.50
59.83
80.09
80,34
80.51
80,42
80,64
59.28
80,03
80.11
59.77
59.87
59.90
60,27

n

39,93
80.01
60.21
60.33
81.04
61.83
62.49
62.84
60.50
80.90
60.84
81.93
b2.08
b1.92
82.14
80.48
60,77
b0.84
60.95
61.21
62.17
63.00
60.07
60.33
60,98
60.31
80.73
60.91
81,90
63.07
b0.04
39.9
60.24
60.34
60.45
81.12
81.2¢
§0.27
80.00
60.81
80,33
60.70
60.77
80.94
60.33
60.22
60.33
60.25
60.21
60.19
60.45

13

60.01
81.83
82.49
70.48
2.3
72,83
7.3
83.89
b1.76
63.76
70.99
71.09
73.08
78.13
83.98
b1.38
63.55
70,99
13.87
118y
77.8%
80.27
0. 46
60,93
1.87
69.53
71.87
12,94
73.83
75.12
6L.3
60.81
81,20
61.30
63.84
63.71
70.65
81,47
62.00
1.4
62,38
84,3t
85.82
67.81
60,38
60.48
60.53
60,34
b1.80
62,10
62,09

T4

61.01
83.54
65,40
81.05
84,43
87.4%
§0.84
94.80
64.13
89.18
80.48
84.98
85.22
90.99
94,88
61,25
68.76
80.40
83.42
87.93
88,54
91.44
60.49
60.97
6449
79,33
81.42
83.40
84.76
87.11
£0.98
60.37
62,00
66.34
5.2
80.61
80.08
61.352
62,14
64.49
70.82
73.03
13.22

13.25

60.73
61.54
60.98
80,44
63.79
§1.33
69.5%

Lb)
62,30
85,60
72.11
92.98
93.09
5.8
98.43
97.21
68.99
T8.84
91.19
92.48
93.84
9%.73
§7.39
81,33
76,76
91,36
93.99
94,08
93.87
93.9%
60.84
62,32
68.89
85,43
88,48
90.98
91.78
94.78
61.18
§2.13
65.87
80.87
85.68
90,28
§2.70
82,14

63.73

§9.57
80.30
83.3t
84.53
85.54
60.97
817t
62.51
84.94
67.81
77.87
77.99

T4

84.22
10.7%
80.09
7235.39
98,78
94.81
§7.13
91.32
70,73
85.27
§5.33
95.39
96,49
91.37
97.47
83.11
85.22
94.33
96.49
93.84
397
97.39
61.01
63.43
13.29
.28
92.5%
93.99
94.92
97.87
b2.10
66.09
72,20
90.09
92,68
93.43
94,84
62.44
67.48
77,06
88.97
89.02
91.18
§2.08
61.25
62,03
66,10
1.3t
76.09
83.02
83.27

Inlet Water Subcooling = 40 K

m
87.82
79.93
89.34
96.25
7.3
91.47
97.M4
97.83
77,467
90.98
95.82
97.49
.47
97.31
98'37
68.70
90.08
96.32
97.36
97.43
7.3
97.84
b4.48
67,29
83.34
94.89
93.84
95.82
96.21
97.92
63.17
72,39
17.1%
5.0
§6.28
96.00
96.27
64.59
72,58
83.24
2.9
92.98
93.01
95.08
62.91
83,33
76,59
80.93
88.39
91.40
92,01

18

75.89
89.76
93.89
97.08
91.39
97.42
7.4
97.85
85.87
3.1
98.93
97.52
97.84
97,33
98.42
74.49
93.05
94.48
7.4
97.30
97.49
97.81
69,36
72.18
89.00
93.94
96,41
96.40
¥7.74
97.81
b7.12
83.48
87.42
96,32
96,70
97.40
97.78
89.48
17,56
88.77
94.90
93.45
96,63
96.93
68.42
70.99
84.77
89.81
91.32
94,39
94,78

1§

84.72
93.87
§6.32
97.38
97.82
97.99
98.08
98.23
1.2
91.47
97.46
98.12
98.03
98.10
98.4%
83.9!
97.03
97.44
97.76
8,03
98,03
98,14
74.20
78.04
93.50
98.78
97.42
97.41
97.82
98.04
73.2
87.35
§2.31
§7.03
9.4
97.71
98.01
15,91
83.08
.23
96.03
96.42
97,23
97.54
13.93
82,34
90,23
93.78
4.7
95.82
96,32

10

90,74
96.08
96.37
97.49
97.85
8.03
98.12
98.29
94,96
97.58
97.96
98.21
98.19
98.27
98,52
91.84
97.4b
§7.52
7.4
§8.10
98.20
98,31
80.53
83.77
94.01
98,93
97.36
97.59
97.71
98.06
19.39
89.79
93.91
§7.12
§7.44
7.83
§8.16
83.39
87.41
94,38
97.14
97.42
97.68
.79
.1
87.94
93.07
95.17
95.80
98,27
97,25

Tt

92.30
97,40
97.83
97.5¢
7.1
97.82
97.98
98.08
§3.32
97.31
97.94
98.07
98.08
97.98
98.23
93.04
96,31
97.18
97.2%
97.87
7.91
98.07
89.79
92.03
93.22
93.43
98,93
97,23
97,23
97.70
83.88
89.09
93.83
9.47
97.07
7.0
98.03
84.29
91.23
93.32
97.03
9.23
97,39
97.50
80,63
88.87
93.30
93.81
93.87
96,07
97.02
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TABLE €.3e (Continue)

Stean-Water Data, Wall Tesperature NMeasuraents (Low Steas Extraction Rate Tests)

Inlet Nater Subcooling = 40 X
S . .
TEST NO Ofin THin 11 ¥4 13 T4 13 T4 n 18 §] e m

3007851007 10,000 59.51 80.57 £0.65 83.64 70.16 79.84 B8.10 93.82 95.29 97.01 97.76 97.5
3007850101 11,197 £0.07 80.07 S59.98 80.16 60.15 40.19 40.4% 40.86 82,17 &7.27 73.17 75.04
3007850102 11.197 60.10 80,36 60.79 83,08 81.09 81.27 81.55 42.15 8475 70.03 77.00 B2.00
3007851103 11,197 60.19 80,28 60.71 &0.76 40.72 £0.86 2,58 &7.33 74,75 81,03 85.24 68,73
3007851104 11,197 60.11 80.48 61,14 61,65 61,90 85.27 73.88 82,83 BA.05 89.15 90.91 93,58
3007850105 11,197 80,14 50.86 61,02 81,28 83.26 &7.46 78.85 85.28 89,80 92.83 95.30 95.44
3007851106 11.197 60.11 60.54 50.87 £1.92 &4.18 70.50 77.54 88.82 91.48 94,19 94,59 96,32
3076850107 11,197 40.12 80.78 B1.19 B4.74 88,02 72,18 78.98 89.62 93.14 95,78 94.99 94,84
3007851200 12.710 80.56 60,17 60,07 40.28 &0.73 80,91 81,18 &1.69 62.40 84,00 88,38 72.62
2008851202 12.710 40.52 60.11 80,59 b0.84 60.90 &1.08 B1.55 &2.90 &5.41 70.92 78.89 80.79
2008851203 12.710 60.72 80.32 §0.74 0.85 £0.88 &1.08 b1.15 82,67 85,37 73.79 B81.01 84,12
2008851204 12.710 0.55 £0.55 60.85 £0.49 41,28 &1.79 82,38 84,60 70.07 77.64 BA.16 84,10
2008851205 12,710 60,53 40.45 60,78 81,21 61,00 81,65 63.50 67.70 74.40 B0.0B B7.45 89,64
2008851206 12,710 60.55 50,60 80.93 178 81,42 82,47 84,94 70.41 78.41 83.65 9158 927
2008851207 12,710 80.57 40.64 60.88 62,13 &1.95 &3.06 85.90 74.70 82,90 88.08 92.65 93.33
2008851401 14,229 £0.22 40,27 80.31 80.36 80.32 40.83 £0.99 &1.47 81,90 &3.40 741 49.54
2008851402 14.229 §0.25 50,26 50.77 81,02 61.01 1,68 b1.4b 42,05 6244 £5.50 70.18 74.12
2008851403 14,229 40.35 60.43 60.55 £0.82 £0.97 40,93 41,60 &1.91 63,07 49.89 75.74 78.50
2008850404 14,229 60,36 80,53 80.53 41,13 B1.08 51.35 62,48 43.07 63,30 74.87 B80.18 82,70
2008851405 14,229 60,65 §0.44 50.96 62,00 &1.71 2,49 6279 &3.94 67,63 77.97 84,32 84,01
2008851405 14,229 50.76 80,50 61.11 51.85 81.85 81.69 62,02 45.61 70.07 B80.05 87.05 90.23
2008851407 14,229 0.4 6099 5137 BL.90 B1.91 8249 63.68 47.78 74.50 82,67 88.63 91,19
2008851501 15,755 60.81 8103 81,77 42,09 82,31 82,67 42,88 43.83 64,19 66,00 70.39 75.69
2008851502 15.755 50.96 40,85 8147 82.08 82.07 62,39 82,57 £3.26 £3.97 £B.38 73.29 77.40
2008851503 15.755 60,95 &1.11 8187 8213 62,47 82,41 52,48 43.03 4.0 70.09 60.80 84,80
2008851504 15.755 60.95 41,07 61,79 82,23 62.50 62.42 63.09 £3.83 &4.92 73,27 81.77 84.28
2008851505 15.755 61.00 &1.21 61.96 62.15 62.53 82,47 53.08 52.9% 66,56 73.03 B83.74 89,41
2008851506 15.755 B1.11 81,16 61.B0 62,05 62.77 82,75 bA.16 64.80 68.51 76.27 B84.45 90.22
2008851507 15.755 81.15 61,80 62.09 62,15 62,77 5291 54,03 &5.94 71,54 78,92 B7.34 91.22
2108851701 17.287 59.85 59.92 60.07 40.38 60.47 60.34 40.85 61,27 62,51 43.35 65.65 70.14
2108851702 17,287 59.70 59.91 S59.98 40.78 80.70 80.65 1.18 £1.91 63.83 65.63 TH.21 74,74
2108851703 17,287 59.85 S59.85 60.08 50.33 60.83 60.97 8L.37 £2.09 64,06 70.81 74.97 77,58
2108850704 17,287 59.74 59.73 60.17 80.54 60,79 60,39 60.66 81,38 GA.38 70.26 76,76 80.32
2108851705 17.287 59.81 SR.BA 60.13 0.88 60.77 £0.74 81,01 41,93 85,65 72.41 78.89 83.12
2108851706 17,267 ST.74 S9.77 60,26 0.7 £0.80 40,75 60.91 42,86 66,97 74,38 82,96 85.84
2108851707 17,287 S9.7% S59.93 80.57 40,50 &0.89 60,89 61,25 43.88 70.38 78.26 84,74 87,34
2208851801 18.827 66,91 £0.95 60.90 BL.I4 AL.I3 81,21 1,25 8150 b1.72 83,05 85.63 47.88
2208851802 18.827 6891 £0.97 8100 BL.11 AL.14 8137 BL.33 61.88 43.83 &4.49 68.83 717
2208851803 18.627 65,50 &1.01 60.9% 61,27 61.25 81,53 81,85 62,32 6437 4702 7248 78,3
2208851804 18,827 £6.90 &1.08 81,29 81,32 61,42 8173 6167 62,20 64.93 70.19 75.07 7.8
2208851805 18.827 £0.95 60,91 61.10 61,05 62.10 61,53 61,83 41,95 63.83 72,65 76.20 78.93
2208851806 18.827 £0.96 60.99 81,42 G151 &1.43 &1.80 81,85 62.18 88,51 7441 78.32 80,90
2208851807 16,827 61,00 1,03 14T 8153 BL.SA 81,87 BL.91 83.83 8,39 T7.52 B1.54 83.43
2208852001 20,374 81,02 £0.97 8107 81,20 41,15 1,32 8139 61,85 61,99 42,01 63.44 45.91
2208852002 20.374 61,08 81,04 61,3 8139 81,42 81,48 b1.A4 8149 6241 421 47,04 89.78
2208852003 20,374 81,02 60,99 61,17 81,20 41,33 41,38 61,45 61,53 63.08 6425 88.21 71.44
2208852004 20,374 81.11 81,04 81,25 81,23 61.29 81,46 B1.AT 8148 83.50 86,03 71.49 73.22
2208852005 20.374 A1.14 41,08 1,07 &1.3% &1.48 &1.57 &1.49 81,72 64,07 8.0 73.05 74.04
2208852005 20,374 61,08 81,17 81,21 1,68 81,65 8174 BL94 62,34 £5.20 70.24 74,95 75.33
2208852007 20,370 81,12 61,40 81,53 b1.40 6174 1,93 42.28 &3.12 67,62 72,60 77.53 79.81



TABLE €.3f
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Steaa-Nater Data, Wall Tesperature Measuraents

(Low Stean Extraction Rate Tests)

TEST NO

31078350401
3107850402
3107830403
3107850404
3107850405
3107830406
3107850407
3107830408
3107850301
3107850502
3107830503
3107850504
3107850503
3107850504
3107850507
31078350601
3107850402
3107830403
3107830604
3107830403
3107830406
3107850407
3107850701
31078350702
3107850703
3107830704
31078507035
3107850704
3107850707
3107850708
3107830801
3107850802
3107850803
3107850804
3107850803
3107850806
3107850807
3107850901
3107850902
3107850903
3107850304
3107850903
3107850906
3107830907
01078351001
0108851002
0108851003
2508831004
2508851003
2508851004
2508631007

0fin

4.000
4,000
4.000
4,000
4,000
4,000
4,000
4.000
3.000
3,000
3.000
3.000
3.000
3.000
3,000
4,000
4,000
8.000
6.000
6.000
6.000
8.000
1.000
7.000
7,000
7,000
7,000
71,000
7,000
1,000
8.000
8,000
8.000
8,000
8.000
8.000
8.000
9.000
9.000
9.000
9.000
2.000
9.000
9.000
10.000
10.000
10,000
10,000
10,000
10.000
10,000

Tfin

69.77
69.90
70.32
70,32
70,82
70.43
70.48
70,46
69.83
69,96
70.13
70.18
70.24
70.28
70.32
69.80
70.04
70.10
70.32
70.37
70.34
70.38
69.58
69.37
69.66
69.60
69.43
49,40
69.58
89.37
69.70
9.87
89.70
89.79
63.74
89.74
89.717
70,54
70.53
7039
70,48
70,64
70.83
70,67
89.43
69.46
69.42
§9.42
69.42
69.48
69.5%

n

69,62
70.0%
10.14
70,43
70,81
10,84
70.99
.27
69.9%
70,10
70,57
70,43
.43
71.00
n.233
69,84
70.09
70,27
70,80
70,89
70.89
70.80
89.83
.
89. 74
69.81
69.88
69.87
70.29
70.44
88.4%
70,04
89.92
89.99
69.84
69.93
1143
70,53
70,89
0.717
70.89
70.72
71,00
11.78
89,35
89.45
69.58
69.58
89.68
89,78
70,21

n

70.28
71.00
1112
71.08
71.18
72,01
.3
73.33
70.11
1L.73
12,17
72,07
.24
72,83
74,19
69.95
70.18
70,84
12.97
13.16
72,07
13.21
69.92
69.99
70,17
71,30
73,20
2.4
72,48
13.13
69.81
70.20
70.89
12,33
13.21
13.33
74.01
70,53
71.23
71.32
72.01
2.4
72,80
72,69
69.33
69.94
70.62
70.83
71.08
71.84
71.92

I

71433
.4
77.11
77.48
71.87
80.73
8.4
81.712
13.47
78,33
77.02
16.77
78.88
82,05
86.12
70.38
72,90
74,07
73.84
77.09
"9
83.91
70.59
71.48
15.27
80.34
83.34
83.78
83.62
84.03
70,25
71,35
1458
80,39
81.39
81.89
83.32
.2
11.33
79.33
80,91
81.84
81.99
80.09
70,02
70.89
72.99
74.92
13.54
15.87
76,49

T

85.05
B86.54
88.48
871.27
88.93
91.90
93.84
93.13
80.03
84.44
85,08
83.98
88.54
91.83
§3.02
73.31
80.44
83.07
g3.98
83.37
88.83
n.n
70.80
74.10
83.04
83.48
88.00
88.07
89.74
89.97
70,20
18,27
79.81
86.22
88.98
88.98
89.33
12,31
83.4b
84.29
B85.47
84.03
85.14
85.682
69.95
73.04
80.97
8L.97
82.25
82,38
83.03

3

94.23
93,95
98,73
98.18
95.41
97.07
91.2
97.82
91.00
94.98
93.01
94.84
93.27
9%5.77
96.39
82.13
91.23
93.04
93.49
94.12
94.32
93.32
72,53
79.01
90.42
93.29
94.43
94.97
94.78
.13
71.82
78.48
83.84
90.18
93.73
94.09
94.89
3.
90.10
91.82
91.78
92.00
92,07
92.12
70.94
.12
89.61
90.12
90.85
90.98
91,38

T8

93.22
96.74
97.12
97.03
97.16
91.57
97.43
98.09
94.40
94,06
98.49
96.50
96.54
96.90
97.56
%0.32
94.07
95.79
95.72
§3.90
98,00
97.5t
71.05
87.49
94.47
95.50
96.10
96.28
96.43
713
72,02
82.83
87.72
92.42
93.0b
95.40
97.39
71,40
93.81
%
94.84
3.4t
95.24
95.717
71,43
8l.28
§2.12
94.04
94.70
93.02
95.52

Inlet Water Subcooling = 30 X

n

98.18
97.15
91.23
97.38
97.31
9.3
97.83
98.12
98,51
91.33
97.73
971.78
97.80
97.83
98.03
93,41
98.54
97.34
91.83

97.48

97.49
91.90
83.38
91.38
96.01
97.09
97.60
91.57
91.19
91.93
77.74
87.18
91.00
94.07
98.81
97.78
98,07
80.63
93.50
96.17
94,30
98.44
96,52
96.79
72,32
84.08
9%.87
935.91
98,33
97.04
97,10

18

96,36
97,35
97.78
97.82
97.6%
97.92
97.98
98.28
95,91
97.88
97.87
97.86
97.89
98.08
98,36
98.43
97.00
97.45
97.47
97,30
§7.83
98.08
92.48
.22
91.42
91.37
97.87
97.88
97.81
97.93
83.94
90.34
94.03
96,90
96.97
97.72
91.99
83.44
96,29
98.46
96.94
95.94
§7.22
97.93
78,70
8a.18
96,14
96.50
97.64
97.94
98.53

L §]

96. 41
7.4
97.38
§7.19
91.92
7.9
98.11
98,22
97.10
98,04
98,15
98.24
98,33
58,38
98.39
97.11
97.09
97.93
97.95
97.97
98.04
98.24
94.80
95.90
97.89
97.9%
98.03
98.10
98.14
98.23
88.68
94.987
95,99
98.03
98.02
98,04
58.51
87.87
98,70
97.43
97.54
97' 73
97.18
98.18
80.18
90.31
.27
97,38
91.79
97.92
98.62

T10

98.435
91.37
97.83
98.93
98.04
98. 14
98.23
98.34
97.09
98.00
98,03
98.17
98.21
98.30
98.44
97.33
91.72
§7.83
97.03
98.0¢
98.20
98.33
93,482
96.28
98.06
98.07
908.07
98.09
98.12
98.20
90,12
93.43
91.78
98.01
98.48
98.10
98.50
.13
96.78
97.80
91.72
92.82
97.84
98.19
83.99
92,09
97.75
97.81
97.94
99.24
98,66

13}

96,67
97.3%
97.74
97.88
97.97
98.07
98.42
98.27
97.07
97.89
97.93
98.03
97.99
98.17
98.31
n.3
9.1
7.1
97.82
97.95
98.12
98.29
96,43
96.97
97.93
97.98
97.99
97.91
97.89
98.09
91.80
95.43
7.1
97.93
97.93
97.93
98.39
92.82
98,32
97,48
91.712
7.1
§7.83
91.98
86.38
93.01
97.8b
91.72
97,73
97.7%
98,30



TABLE C.3f {(Continue)

484

Steaa-Nater Dafi, ¥all Tesperature Measuraents

{Low Steaa Extraction Rate Tests)

TEST NO

2508851104
2508851102
2508831103
2508851104
2508851105
2508831104
2508851107
2508651108
2308831201
2308631202
2508851203
25088351204
2508851203
2508851206
2508851207
2508851401
2508851402
2508851403
2508831404
2508851403
2508851406
2508851407
2508831304
2508831302
2508831503
2508851504
2508851505
2508831506
2508851507
2508831701
2508851702
2508851703
2508858704
2508831703
2508851706
2508831707
2508651801
2508851802
2508851803
2508851804
2508851805
2508851804
2508851807
2508832001
2508832002
2508852003
2508852004
2508852005
2508852004
2508652007

Ofin

11497
1197
11,197
119
1.19
1.197
11,197
1.197
12,710
12,110
12,710
12,7110
12,710
12,710
12,710
14.229
14,229
14,229
14,229
14,229
14,229
14,229
13.734
13.754
13.754
15.754
13.754
13.734
15.734
17,287
12,287
17.287
17.287
17.287
17,287
17,287
18.827
16.827
18,827
18.827
18.827
18.827
18.827

20.374-

20,314
20,374
20,314
20,314
20.374
20,374

Thin Tl 12 13

69.81
69.83
69.88
69.87
69.91
69.82
69.90
69.81
10,36
70.40
70.4%
70,435
70,44
70.44
10,75
70.01
70,09
70,19
70,12
70.16
70,09
70.10
70,34
70,31
70,23
70.13
70.14
70.00
70.18
69,47
69.83
6%.717
b%.72
69.89
89.717
89.77
8.1
69.8%
69.94
69.90
69.90
69.96
69.97
70.04
70,07
70.02
69.98
70,10
70,07
69.97

89.84
69,93
89.92
69.89
70.21
70.68
13,07
70.02
70,43
70.42
70.43
70,54
70,44
70.85
170,88
70,25
70,34
70.24
70,39
70,47
70.40
70.42
70.42
70.48
70,37
70.92
70,43
70.03
10.71
69,488
89.74
89.79
69.89
89.78
70.22
70.38
69,85
69.83
70.00
§9.94
89.93
69.89
70.33
70.04
70.12
70.12
69.99
70,12
70,07
70.32

b9.88
0.4
70.90
10.98
71,06
79.84
11.29
7184
70,48
70.83
70.41
70,63
70,84
10.94
71.93
70.57
70,45
70.63
70,89
70.64
10.4b
70.93
70.74
70.43
b3.83
70.39
70.52
70.13
70.93
69.80
70.01
9.8
89.73
89.97
70.435
70.94
70.03
69.96
10.12
63.93
70.33
70.20
70.58
70.23
70.37
70.14
70.10
70.21

70,38

70.84

11,20
70,95
11,94
71.88
72.45
13.82
74,03
74.90
70,39
70.48
70.72
71,28
71,90
72,08
72.26
10.57
70,354
70.77
1.4
.4
71.00
72,08
70,27
70.94
70.94
71.21
70,30
70.8%
71,95
70.00
70.78
70.79
70,37
70.38
70.74
71.02
70,13
70.44
70,48
70.22
70.43
70,30
70,85
70,74
70.91
70.75
70.70
70.88
70,88

170,95

1L

70.82
.1
72,50
74,89
77,89
79.43
19.78
80.28
70.82
71.00
71,40
73.51
7A.14
73.31
78,46
70,82
70.78
10.74
71,65
71.58
71,68
74.95
70.25
70.96
70.80
71.14
70.99
7145
72,70
69.97
71.03
70.90
.4
71.82
72,05
72,43
70.77
70.38
70.33
70.34
70.89
71.02
71.08
70.74
71.02
70.84
70.13
71.00
70.87
70.94

15

nyn
12.79
73.81

79.21.

83.21
87.87
88.27
88.91
71.04
72,07
74335
78.07
80.84
a1.71
82.07
70.87
70.96
71.39
.12
73,34
75.86
78,57
70.54
1.4
.34
72,58
13.35
74,56
5.9
70,81
11.91
71.40
72,31
72,30
72,56
74,85
70.79
70,62
70.32
70,62
71,12
n.93
73.38
71.38
.92
71.03
70,64
71.98
71.88
72,03

T8

72,08
13.93
78.25
84.49
91.47
92.12
92.28
93.05
.4
74.52
79.24
83.52
8473
88.39
89.52
72.11
72.30
16.08
71.44
82,11
82.72
84.90
70.49
71,483
71.80
75.24
771.42
80.33
82.03
71.79
72.40
12.37
5.7
76,49
77,53
80.48
71,00
71.95
71,45
71.95
12.74
14.87
71,84
7159
71.88
72.01
71.85
12,32
13.18
74.81

Inlet Water Subcooling = 30 K

n

73.88
78.91
82.46
89.49
93.55
95.11
96,23
94.31
73.59
80.54
848,35
89.1%
92,9
93.73
94,14
74,29
1157
83.13
84.40
86,48
87.54
89.88
11,07
72,19
76,21
83.08
83.4¢
86.87
87.81
72,56
76.99
76.03
80.10
82.02
84.11
85.22
71,32
73.08
75.40
77.03
79.03
82.14
84,25
71.84
.11
7331
74.29
73,94
71,33
79.95

18

78.29
80.38
84.50
93.92
958,44
95.86
7.1
98.02
80.36
87.72
90.41
93.37
95.95
96.83
97,37
78.20
82,75
90,90
91,72
92,43
92.72
94.38
72.24
73.83
81.31
88.75
90.20
91.50
92,14
74,25
81.92
83.14
85,36
89.99
90.52
90.95
7193
76.81
80.68
85.67
86.89
88.79
89.43
2.17
73.96
76.94
79.05
81,54
B3.b6
85.04

19

82,75
83.80
89.61
94.78
97.35
97.55
98.07
98.25
86,93
92,05
93.48
§3.30
91.47
97.80
98.08
80.35
84,13
91.99
94.51
93.02
95.00
98.92
73,99
1.2
87.93
92.72
93.97
94,28
94.98
78.74
84.97
87.04
88.09
2.9
93.84
94.01
73.2b
79,12
83,33
88.15
89.34
91.02
92.37
73.33
79.33
g2.08
84,63
L
88.01
90.34

T10

B6.19
84.38
91.04
96.01
97.32
97.712
98.19
98.32
93.58
93.03
93.87
§6.02
97,63
97.93
98.12
81.58
83.06
92.2%
98.14
96,862
96.77
97.16
16,57
8L.13
91.70
93.3%
93.55
94.04
98,21
84.43
88.97
91.92
92.85
.43
§5.02
93.717
13.76
81.29
B8b.69
90.38
91.87
93.19
93.57
13.22
82.01
83. U1
B8b. 44
87.54
8%.23
91.10

T

88,33
.43
93.57
96,84
97.17
97.32
§7.91
98.12
83,33
90.38
93.98
96,00
97,38
97.89
98.02
80.70
8477
91.51
93.79
2%.47
96.85
96,95
78,82
84,71
92,89
93.12
95.43
93,59
98,41
88.23
90,40
92.87
§3.77
9.8
93.07
93.89
.53
85.n
80.48
1.2l
92,38
93.32
93.89
.42
83.42
86,52
87.57
89.31
90,38
91.681



485

Stean-Water Data, Wall Tesperature Measursents (Low Steas Extraction Rate Tests)

Inlet Water Subcooling = 20 K
TEST NO gfin THin 11 - 1 T4 T3 16 1 18 19 10 11

2504850401  4.000 79,79 79.75- 80.77 80,88 B2.16 91.21 94.41. 95,79 97,86 97.44 97.56 91.M9
2504850402  4.000 79.71 80,04 80,07 87,89 9§2.04 95.90 97.00 97,33 92.79 97.79 94.00 97.78
2505850403 4,000 79.80 79.93 B1.03 BA.II 92.47 95.94 97.27 97.80 97.84 97.87 98.03 97.95
2504850404 4,000 79.80 79.94 B1.956 B87.99 93.90 98,13 97.78 97,97 98.09 98.32 98.12 98.10
2505850405 4,000 79.79 B1.49 82,45 B7.59 93.89 94,72 97.73 97.77 98.14 98.19 98.23 98.17
2506850406  4.000 79.75 81,41 BAIS 91,20 94.39 94,92 97.83 98.15 98.21 9B.51 94,38 98,2
2506850407  4.000 79,74 82,76 Bb.44 95,34 96.03 97.47 98.17 98,26 98.35 98,39 98.47 98.41
2506850501 5.000 B0.12 80.00 79.87 B80.04 80.31 81.25 81.85 83.91 88,35 89.02 92.23 94.73
2504850502 5.000 80,15 B0.22 80,88 82,98 B&.76 92.87 93.87 97.7% 97.96 98.12 98.10 97.93
2504850503 5.000 B80.10 80.12 80.85 B83.69 88,50 93.54 96,07 97.05 97.96 98.44 98.14 98.03
2504850504  5.000 80,15 80.10 80,74 89,83 91.47 94,89 94,80 97.88 98.09 98.29 98.25 98.24
2504850505 S5.000 80,17 80.23 81,42 91,31 95.45 98,01 97.02 97.99 98.12 98,30 98.25 98.31
2506850506  5.000 B0.07 B80.81 82,78 91.18 94.53 97.86 97.70 97.87 98.13 98.40 98,36 96.28
2506850507 5.000 80,11 80,31 B2,94 92,03 93.32 98.12 97.83 97,98 98.23 98.46 99.41 98.33
2504850508 5.000 80,10 B80.74 B3.71 93.90 96.95 98,37 98,55 98.41 98,57 98.67 9B.33 98,44
2504850501 6,000 79.87 79.87 79.85 80.74 B2.10 83.20 B3.64 88.52 90,92 93.18 95.06 97,33
2504850602 6,000 79.94 79.90 B80.08 85.37 94.16 97.43 97.38 97,79 98.14 9B.45 98.42 98,18
2504850503  4.000 79.90 80.11 B80.31 90.23 94.56 97.43 97,36 97.48 98.07 98,33 94.33 98.1%
2505850504 5,000 79,90 B80.10 80,20 91.38 9473 97.63 97.60 97.72 98,10 98,35 98.37 98.13
2504850405  4.000 79,93 79.98 81.57 90.93 9441 97.4 97.39 97.73 98.12 98.44 98.41 98,22
2504850606  6.000 79.92 80,05 B1.98 90.37 94.16 97.43 97.38 97.79 98.1% 98,43 98.42 96,3
2504850407  .000 79.99 80.14 B3.89 92.19 95.90 98.14 98.44 98.40 98.49 98.73 98.48 98.43
2504850701 7,000 80,70 80.19 80.59 B2.71 B3.84 B8h.90 90.95 93.98 95.86 98.B4 97.59 97.95
2504850702 7,000 80,82 80.80 B80.52 85,08 90.32 94,60 96.91 97.14 97.65 98.06 98.08 98,00
2504850703  7.000 80.85 80,51 80.83 87.63 90.84 96,02 97.18 97.43 97.91 98.25 98.29 98,03
2504850704 7,000 80,81 80,00 80.52 20.33 93.73 94,97 97.27 97.55 97.98 98.44 98,34 96.15
2504850705  7.000 80.77 80.34 B1.10 §0.30 93.13 96,63 98.08 98.32 98.08 9B.46 98.16 96,38
2504850706 7,000 80.74 80.77 81,00 9§0.11 95.95 9&.46 98.23 98.50 98.29 98,58 98.73 98,54
2504850707  7.000 80,73 B1.54 B2.89 92,28 96.45 97.86 98,53 98,45 98.70 98.44 98.86 98,78
2504850801 8.000 B80.40 80,73 B0.73 80.99 Bi.19 82,88 83.72 87.47 90.96 84.43 90.83 92,80
2504850802 8,000 80,59 B80.49 B80.53 B81.85 B3.82 B83.86 B7.40 89.70 91.04 93.77 94.95 95,08
2504850803  8.000 B80.57 80.59 80.77 82,90 83.59 89.19 93.59 95.09 95.49 97.15 9N.33 97.4%
2505850804  B.000 80,52 B80.84 80.92 88.95 92,28 95.89 96.53 97,35 97.39 97.98 97.93 97.70
2504850805 8.000 B0,59 80,65 B0.86.88.90 92,34 93.86 94.61 97,39 97.41 98.02 96.01 97,93
2505850806  8.000 B0,59 B80.61 B80.12 88,54 92,18 93.83 95.39 97.44 97.71 98.13 98.23 98.18
2504850807 8.000 B0,45 80,89 B1.33 90.88 95.05 97.53 97.93 98.08 98.25 98.40 98.41 98,31
2504850808 8,000 BO,87 B81.52 B2.95 92,48 96.49 97.95 98.11 98,39 98.47 98.57 98.42 98.45
2504850901 9.000 80,87 80.80 80.85 80.99 B1.42 81.59 B1.88 82.47 84,53 87.43 90.35 91,84
2504850902 9,000 80,76 80,71 B0.78 B81.86 82,06 82,49 B3.17 88.84 91.74 93.50 95.97 94,54
2504850903 9,000 80,74 80,47 80,95 BB.13 91,33 95.22 93.99 97.00 97.17 97.86 .74 97,49
2504850904 9,000 B0,45 81,10 Bi.15 88,15 91.49 95.16 93.99 97.08 97.22 97.87 97.95 97.8%
2504850905  9.000 80,48 81,10 8L.00 87.98 91.43 93.20 96.12 97.19 97.25 97.90 97.97 9197
2504850905 9,000 80,78 B1.06 Bl.15 88,84 92.23 95.69 94.48 97.34 92,31 97.93 98.04 97.95
2504850907  9.000 80,79 81.41 83.01 90,01 95.90 95.63 97.97 98,40 98.00 98,34 94,31 98.18
2504851001 10,000 79,96 79,95 79.80 80.33 80.52 B81.61 B2.20 83.40 B3.37 90.60 93.97 93,45
2504851002 10,000 79,93 80,03 80.58 82.07 B82.40 84.34 85.91 90,53 93.34 95.47 98,38 95.55
2504851003 10,000 79,89 79.88 80.55 83.39 B8.34 93.44 95.75 94,90 97,07 97.53 97.69 97.42
25046851004 10,000 79.78 79.48 B80.99 84.92 92,00 95.29 96.09 97,05 97.11 97.73 97.85 97.72
2504851005 10,000 79.75 79.94 B80.99 86.77 92.07 95.358 96,16 97,41 97,39 97.81 97.87 9w
2506851006 10,000 79,80 80,77 Bl.15 85.90 92.00 95.32 94.44 97.48 97.59 98.29 98.40 98.33
2504851007 10,000 79,83 80,03 81.54 B87.2%6 93.02 98,37 97.85 98,08 98.22 9B.61 98.79 98.%58



486
TABLE C.3g (Continue)

Steaa-Water Data, wall Telperatur; Measuraents {Low Steam Extraction Rate fests)

Inlet Water Subcooling = 20 K

TEST NO

2504851101
2504851102
2504851103
2504851104
2504851103
2504851106
2504851107
2306851201
2304851202
2504851203
2506851204
2306831203
2506851208
2504851207
2504851208
2508851401
2504855402
2304851403
2504835404
2506851403
2504851408
2506851407
2506851301
2504851502
2508851303
25048513504
2504851303
2506851304
2504851507
2504851701
2508851702
2506851703
2504851704
2504854703
25046851706
2506831707
2504851801
2504851802
2504851803
2504851804
2506851805
2504851805
2504851807
2504852001
2504852002
2504852003
2504852004
2504852005
2504852006
2504852007

Qfin

.49
11197
11.49
1.197
1.197
i
.49
12.7110
12,710
12,710
12,710
12.710
12,710
12,710
12,710
14,229
14,229
14,229
14.229
14,229
14,229
14,229
15,733
15,783
13.733
13,753
15,733
13.733
15,7535
12,287
17.267
17,287
17.287
12,287
17.287
17.287
18.827
18.827
18.827
18,6827
18.827
18.827
18.827
20,374
20,374
20,314
20.37%
20,314
20,374
20.31

THin

80.31
80.39
80,48
80.43
80.42
B0.48
80.31
B80.39
80.41
80.31
80.29
80.43
80,45
80.446
80,44
19,79
79.80
79.86
79.89
80.00
79.98
79.90
80.64
80.58
80.46
80.48
80,46
80.40
80.42
80.12
80.22
80.22
80.21
80.14
80,11
80.07
719.49
79.38
9.4
19.712
719.48
79.48
79,86
9.1
719.66
19.79
79.86
19.74
19.48
79.49

N

80.37
80,33
80.49
80.33
80.49
80,37
80.73
79.89
80.33
80.39
80.58
80.39
80.47
80.78
81.20
"N
79.82
79.89
79.52
g0. 1t
80,33
80.79
80,68
80.33
80.68
80,56
80.64
80,49
80.49
79.68
80.24
80.23
80.67
80.77
80.44
80,32
79.32
19.75
79.85
19.91
719.84
nn
79.94
79.88
19.75
19.83
19.51
19.91
79.93
80.08

12

80,44

80.53
80,51
8L
82,65
82.58
82.18
89.01
80.34
80.63
80.77
80.79
80.89
80.91
8L.24
73.81
79.88
80,37
80.54
83.40
83.57
80.88
B0. 456
80.49
80.98
80.74
81.02
8l.19
81.26
79.9%
80.73
80.43
80.77
80.89
80.80
B80.95
79335
719.82
79.93
79.92
80.035
80.40
80.38
79.589
19.92
80.02
§0.30
80.29
80.45
80.78

3
81.47
82.37
83.65
83.81
85.80
87.03
88.07
80.49
80.77
80.98
81.04
83.28
84.04
85.50
87.45
80.17
80.13
80.43
81.99
82.11
B82.40
84.90
80,41
80.30
81.09
81.487
82.71
83.99
84.34
80.43
81,05
80.99
81.18
82.24
82,27
82.47
80.03
80.77
80.51
80.74
80.83
81.03
81.93
79.88
79.99
80.22
80.30
80.77
80.45
81.04

T

81717
82.40
Bs. 44
87.31
90.81
90.25
92.713
80.83
80.84
g1.08
82.90
8s.11
87.12
88.28
§0.39

-80.57

81.93
81.29
89.64
85.00
87.44
88.92
80.51
81.08
80.94
83.78
B88.77
87.05
87.45
80,43
8l.44
81.85
82.48
83.57
85.09
85.38
81.48
Bl.05
81.35
82,22
83.03
83.37
B3.86
79.83
80.0b
8L.77
82.05
81.00
81.08
8l.12

13

81,43
84.43
87.14
89.10
93,12
93.80
94,90
81.36
81,67
83.75
85,39
90.48
92,07
93.74
94,31
80.79
82,29
84,73
§7.89
88. 82
91,89
93.53
80.58
81.12
81.57
86.39
89.39
90,66
91.93
88.7
81.33
82.43
TR
85,08
8711
88.70
81.73
82.54
83.90
85.01
85.59
88,03
86,9
80.14
81,49
82,09
82,93
83.49
83,84
84,07

T8

82.08

87.56
91,33
94,09
95.07
95.94
97.58
81.26
82,09
85.95
§9.39
94,54
95.45
96.47

9.2
81,02
84,34
87.28
92.17
§3.01
94,17
95.79
81,21
81.485
81.53
90,74
92.75
92.90
95.34
81.04
84,01
85,41
87.01
89.77
90.05
91,43
81.89
82,91
87.00
88.41
89.42
20,71
90.80
81.57
82.47
85.68
85.91
8811
87.10
87.75

n

82,84
90,61
94.59
96,90
97.09
97.28
98.32
82.1t
83.99
81.77
92.80
93.93
98.44
97.07
97.58
83.39
89.29
92,36
93.70
96.49
96.70
91,75
81.80
82.51
82.57
92,63
94.48
94.86
97.05
80.97
88,50
90.10
92,31
93.88
94.04
94.55
82,40
85.03
90.37
92.30
92,51
92.90
93.39
82,88
87.55
91.8¢
91.98
92.43
93.04
93.33

18

83.79
93.38
98,45
97.29
97.50
91.87
98.56
82.94
B4, 06
0.78
94.17
96.30
76,94
91.57
97.94
87.14
92.04
94.93
96.22
97.09
97.82
8.3t
82.02
83.43
B84.29
94.72
93.63
93.77
92,74
8l
90,87
92.7%
94.05
94,54
93.00
§5.77
83.08
88.89
32,20
.16
95.16
%50
95.99
83.40
.11
93.25
93.39
3.4
93.93
.18

19

85.18
95.39
.2l
97,57
98,09
98,34
98.75
84,03
88,548
93.82
3.0
91,07
91,33
98,20
78.84
50.47
%N
95,90
97.01
97.91
99.21
98.52
84,84
85,91
87.93
9%.48
98,50
97.463
98.22
82.40
91.04
93.37
95.47
93.59
93,90
9. 41
85,63
.10
9.3t
95.28
96.14
.32
96,52
85.33
93.35
94.33
94,68
94,62
93,01
95.43

10

88.24
96.94
97.54
97.83
98.10
99.44
98.70
87.27
91.19
95.72
95.48
97.13
97,75
98.33
98.82
92.29
§3.44
97.19
97,26
98.79
98.26
98.31
86,59
89.91
91.03
96.06
7.11
98,01
98.24
84.42
.76
94.38
96135
§6.12
96.38
98,75
87.39
93.81
94.9%
96,01
96.44
96.81
96.82
84.08
93.57
94.82
93.01
935.37
93.43
93.91

T

90.45
1.2
97.49
97,75
97.91
98.20
98,53
89,53
92.88
95.78
96.72
96.80
97,49
98.29
8.78
94,08
96.56
97.45
97.83
97.92
98,13
98.37
89.00
90,08
91.26
94,54
96.73
97,49
97.93
8s.11
n.
93.88
93.38
95,01
96.32
96,64
89,31
§3.78
94.85
93.22
93.12
95.70
96,01
86.19
93.85
94.64
94.42
94.30
94.82
93.17



487
TABLE C.3h

Steaa-Water Data, Wall Tenberature Neasuraents (Low Steaa Extraction Rate Tests)

Inlet Water Subcooling = 10 K
TESTNO  Qfin Tiin TI 12 3 ™o T8 17 T8 19 10 114

0305850401  4.000 69.74 B9.75 B9.95 90.76 93.91 94,58 95.35 9A.24 94,95 97.02 98.90 97.04
0306850402 4,000 B89.85 89.97 §0.53 91.59 93.21 97.12 95.95 97.04 §7.25 97.863 97.55 97.45
0306850403 4,000 B9.76 89.90 90.48 91.49 94,25 97.04 95,87 97.15 97,32 98.18 98.05 97.83
0306850404 4,000 89.85 90.19 90.49 92,88 9473 9T.24 94.99 97.06 97.33 98.23 98.17 97.98
0305850405 4,000 B9.86 90.00 90,39 93.01 94.42 97.13 97.04 97.11 97,88 98,29 98.23 97.94
0306850106 4.000 89.85 90.45 §0.31 9241 §3.97 94.91 97.06 97.20 97.82 98.43 98,35 98.04
0305850407 4,000 §9.82 90.92 90.91 92,49 9441 97.48 97.17 97.30 97.96 98.41 98.38 98.15
0306850408 4,000 89.87 90.%4 91,73 93.10 94.53 97.62 97.74 98.31 98.25 98.59 98.40 98.17
0308850409  4.000 §9.86 91.38 §3.41 95.49 95,33 98,03 98.38 9B.40 98.45 98,74 98.59 98.2%
0506850501  5.000 90.07 90.16 §0.38 92.89 95.76 98.17 97.61 97.94 97.83 98.07 97.70 97.99
0506850502 5.000 90,03 90.25 90.97 93.01 95.90 96,74 97.70 98,01 97.95 98.14 97.83 98.05
0504850503 5,000 90.03 90,23 90.87 93.21 95.89 96,79 97,76 98.00 97.98 98,21 97.97 98.19
0504850504  S.000 §0.05 90.19 90.85 93.26 95.92 95.B9 97,76 98,09 98,01 96,24 98.02 98.20
0506850505  5.000 90.10 90.21 90.57 93.07 95.88 94.81 97,75 9B.12 98.05 98.30 96.07 98.14
0504850506 5,000 90.15 90,47 90.87 93,05 95.75 97,22 97.83 9B.14 98,01 98.30 98.15 98,27
0506850507 5.000 90.13 90,81 91.27 93.74 95.17 98.43 98,02 98.28 98.19 98.43 98.28 96.40
0504850508 S.000 §0.18 90,90 92.4% 95,54 97,29 98.19 98,38 98,41 98.26 98,52 98.38 98.48
0508850801 6,000 90.14 90,24 §0.38 93.45 95.01 96,52 97.64 98.08 98.02 98.24 98.10 98.57
0508850602 5,000 90,11 90,11 90,12 93,55 95.34 94.83 97.83 98.18 98,14 98.24 98.11 9B.6)
0506850603 6,000 90,13 90,12 90.26 93.80 95.79 97.28 97.79 98.21 98.16 98.39 '98.20 98,70
0506850804  £.000 90,02 90,25 90.80 93.55 95.87 97.16 97.86 98.28 98.24 98.45 98.31 98.76
0506000605  6.000 90.05 90,32 90.68 93.73 95.89 97,21 97.89 98.29 98.26 98.48 98.33 98.77
0506850606 6,000 90,02 90.47 90.91 93.95 95.02 97.21 97.91 96,33 98,21 98.47 98,31 98.7
0504850607 6,000 90.15 90,35 91,83 93.62 96.00 97,85 97.97 98.38 98.29 98,53 98.40 98.70
0506850608  £.000 90.07 90,82 92.08 95.20 97.29 98.24 98.46 98.40 98.40 98.44 98.51 98.79
0705850701 7.000 89,78 89,77 89.93 90.87 91.07 94,44 95.01 95,39 98.48 97.02 97.16 97.19
0705850702 7.000 B9.B0 B3.97 §0.43 90.95 91.24 95.04 98,27 97.10 97.02 97.16 9.7 97.15
0704850703 7.000 B9.88 89,94 90.41 91,35 9213 95.39 98,12 97.14 97,09 97.30 97,26 97.18
0708850704  7.000 89,94 90,31 S0.44 91,74 92,38 95.65 95.28 97.35 97.25 97.48 97,35 97.3%
0706850705  7.000 B9.91 90.02 90.98 92,05 92.81 95.53 96.59 97.44 97.35 97.83 97.60 97.5%
0708850706 7,000 89.94 90.25 91.89 92,22 93.18 96.08 9,93 97.52 97.47 97,73 .64 §7.85
0704850707 7,000 89,98 90.85 92.83 SA.AL 9543 97,05 97.46 9780 97,52 97.86 97.72 97.4
0705850801  B.000 B9.0 B9.77 90.08 91,07 92,59 93.98 9A.7B 95.17 9654 96,79 98,53 95,58
0704850802 8,000 89,67 89.82 90.30 91,70 92,97 93.99 95.10 95.60 96,44 98,75 96,71 95,43
0704851823  8.000 B9.66 89.92 90.30 92,31 93.71 95.52 95,00 95.69 96,26 96,82 96.73 96,72
0704850804 .8.000 B9.74 89.96 90.49 92,81 94,14 95.58 95.43 95,82 96.61 96.95 94.80 94,53
0704850805 B.000 B9.73 90,08 §1.33 93.51 94,83 95,77 95.89 96,05 95,83 97.19 98.81 98,63
0704850806 8,000 89.73 90,44 91.58 93,63 9A.B7 94,20 95.90 94.02 96.99 97,39 98,96 94.72
0705850807 B.000 89.88 91,03 92.35 94,55 95.88 96,72 96,53 96,77 97.42 97.53 97.38 97.10
1006850900 9.000 90,12 90.11 90.57 93.13 94,28 95.51 95.40 95.57 94.86 97.15 97,35 94,50
1008000902  9.000 90.10 90,15 90.84 93.49 94,55 95.80 95.69 95.92 94,77 97,35 97.31 95,89
1006850903 9.000 90.10 90,14 90.85 93.85 9477 98,07 95.72 95,07 97.15 97,52 97,05 98.97
1006850904 9,000 90.08 90.12 90.88 93,88 94,88 96,15 95.99 96,15 97.21 9758 97.09 97,03
1004850905 9.000 90.04 90,08 90.93 93.81 9494 94,30 96.07 96,22 97.28 97.79 97.25 97.20
1005850906 9.000 90,02 90,39 90,87 93.82 94.98 9,44 96,20 96,33 §7,37 97.89 9031 97.19
1004850907  9.000 90,01 90.57 9L.18 93.82 95.09 94,53 98.26 9641 9741 9794 §7.28 97.24
1005850908 9,000 B89.99 90,82 9293 95,05 98.B3 97.89 97.11 95,93 97,83 98.03 97,67 97.54
1105851001 10,000 $0.57 $0.55 90.70 90,92 92,68 94,50 95.03 94.14 96.82 9759 97.12 97.07
1106851002 10,000 90,57 90,60 90.85 91,19 93,55 94,34 95.28 94,40 95,94 971 97.38 9771
1104851003 10,000 90,55 90.64 90,89 91,70 93.91 95.13 95.47 9645 95,55 9NT4 9035 974
1106651004 10000 90,48 90,53 90.77 92,78 93.77 95.74 95.95 96.85 97.18 97.80 97.59 97.4b
1106851005 10,000 90.47 90.53 90.93 93,04 94.28 98.17 98,28 97.11 97.37 98.05 97.49 97.49
1106851006 10.000 90,49 90.85 91.21 93.82 95.27 97.40 97.B1 98.12 98.08 9B.31 98.17 9B.03
1106851007 10,000 90,52 91,32 92,90 94.87 94,93 98.37 98.55 98.84 98.57 98.85 98.69 98.58



488
TABLE C.3h (Continue)

Steas-Nater Data, Wall Tesperature Measuraents (Low Steam Extraction Rate Tests)

Inlet Water Subcooling = 10 K

TEST NO

1004831001
1004851102
1006851103
1004851104
1004851103
1006851104
1004853107
1104851201
11046851202
1106851203
1106851204
1106851203
1106851206
1106851207
1104851401
1108851402
1104855403
1106831404
$106851405
1104831404
1106851407
1204831501
1206851302
1204851503
1204831304
1204851303
1206851308
1206831507
1405851701
1404851702
1406851703
1404851704
1406831703
1404851704
1406851707
1404851801
1406831802
1406831803
1404851804
1404831803
1404831806
1406831807
1706832001
1704852002
1704852003
1704852004
1704852003
1704832004
§704852007
1704852101
1706852102
1706852103
1706852104
1704852103
1706852106
1706852107

2fin

1197
1197
1.197
1197
$11.197
1.9
11.197
12,710
12,710
12,710
12,710
12,110
12.110
12,710
14,229
14,229
14,229
14,229
14.229
14,229
14,229
15,755
13,735
13,733
13.733
13.753
13,753
15.773
17,287
17.287
12.207
17,287
12,287
17.287
12,287
18.827
18.827
18.827
18.827
18,827
18.827
18,827
20.374
20,374
20,374
20,314
20,374
20,314
20.374
21.929
21,929
21.929
21,929
21.929
21,929
21.929

Tfin

§0.36
90,43
90.44
§0.33
90,33
§0.35
90.37
90.49
§0.42
90.435
90,24
90,23
90,20
90.20
90.74
90.72
90,45
90.49
90.49
§0.73
90,74
90.34
90.36
90.29
90.33
90.32
90,31
90,26
89.87
89.87
89.88
89.89
89.8%
89.97
89.98
89.99
89.94
8%.90
89.96
89.88
89.88
8%.72
89.84
B9.88
89.90
89.90
89.94
89,95
89.97
89.76
89.87
89.9¢9
§0.02
§0.97
89.91
B9.92

n

§0.08
90.47
90.30
90.98
§0.94
91.04
91.34
90.49
90.43
90.43
§0.38
50,63
90.97
§0.81
50,75
30.77
90,63
90.80
90.88
90.93
91,03
90.38
90.29
90.44
90.39
90,49
90.77
90.89
89.93
89.88
§0.12
§0.09
§0.30
§0.78
90.99
§0.02
50,28
90,34
90.49
90.44
90.4%
90.88
89,50
g9.98
§0.24
0.22
90.39
90.43
50,463
89,98
89.88
90.09
89.98
§0.18
90.27
90.39

12

90.37
90.49
70.48
90.85
$0.82
§1.33
92.99
9.71
90.83
.82
0.87
91,30
.27
92.56
90.80
90.93
§0.91
L1
91.00
§1.33
82,10
.41
20.48
§0.73
90,93
90.73
$0.93
91,47
50.06
89.99
89.43
90.45
90,77
§1.00
§1.17
§0.32
§0.36
90.37
90.87
§0.84
§0.72
90.99
90.13
90.24
90,31
§0.32
0.4
90.84
90.94
50.17
90.08
§0.80
90.88
90.91
91.00
91.59

13

§3.02
93.08
92.81
92.73
2.1
92.73
54.33
92.23
92.30
92.19
92.8%
93.15
§3.22
94.73
71,43
9148
9215
92.17
§2.11
§2.37
94.12
90.92
90.93
91.40
91.62
92.08
92.31
93.82
90.07
90.75
9173
92.16
92.20
92.39
93.53
90.54
90.73
50.94
90.95
90.93
91.22
9.9
90.24
50.21
90,25
90.45
90.84
91.03
1.4
90.76
90.37
90,95
91.59
92.11
2.8
92.89

T

94.36
94.36
94.07
91,25
94.34
§4.88
98,21
93.78
93.84
93.483
94.29
91434
94,82
98,05
92.16
92.7%
93.62
93.83
93.98
93.99
95.81
.17
91.93
92.33
92,36
93.23
9374
93,41
90.71
91.29
92.93
93.01
93.43
93.88
93.00
90.72
91.97
92.14
92.15
92,22
92.49
93.75
90.24
90.28
92,37
92.36
92.40
2.4
92.80
90.77
20.77
91.83
93.01
94,19
94.30
94.80

13

96,78
96.73
96.43
98.75
98,81
98.93
7,11
95.04
95.10
95.07
95.45
96.72
96.86
98.90
94.42
94,93
93.87
98,28

96,25

948,27
91.21
92.01
93.33
93.94
47
95.33
73.68
98.42
92,35
93.86
94.18
w27
93.64
93.56
96,27
92,25
93.03
93.34
93.58
93.64
.48
93.40
90.8%
52,33
94.03
94,35
94,34
93.92
94.02
$0.88
91.33
93.03
94,82
u.72
94.88
95,20

T8

§6.83
94.78
74,353
¥58.80
96.84
98,94
98.06
98,23
94,58
98,24
94,32
98,73
96.90
97.13
93,49
98.29
95.09
94,33
98.39
96.42
97.74
93.33
94.03
94.78
93.03
93.88
93.93
74,57
93.82
94.18
.16
$3.33
94,55
9%6.77
97,05
93.94
9430
9.4
74,49
94.50
93.80
94,51
91.55
93.42
93.08
94.90
94.93
94.94
§5.46
91,39
§3.29
95.82
96,11
96.22
96.39
98,72

n

97.50
97.44
97.18
97.49
97,59
97.44
98,02
97.14
97.07
96.73
91.32
97.31
97.82
91.84
94,52
96.62
95,93
97.20
97.28
97.2%
97,63
94.37
94.80
95.13
93.39
95.90
96.11
98,33
94.94
93.29
96.01
98,23
96.31
.4
91.28
94.83
93.10
93,30
93.32
93.35
93,35
96,39
93.80
94.73
95.87
93.72
98,12
96,32
97.04
93.97
94.97
98,57
98,73
98,75
95.81
95,97

18

97.49
97.43
97.40
§7.50
97.54
97.42
98,11
§7.31
97.28
96.87
97,46
97,60
97.48
97.88
96,79
95.88
97.07
92.29
97.36
97.41
98,07
95.33
95.60
95.82
95.93
98,32
96.48
95.83
§5.78
95,03
96,34
95,483
96,75
97.03
97.13
93.98
96.43
96,30
96.52
96,43
98.77
97.10
94.40
98.41
96.57
§6.47
95,51
96,33
98.91
94.90
93.40
96.78
96.79
96.80
97,03
97.17

19

98.19
98.10
98.02
98.23
98,25
98.28
98,59
97.78
91.719
97.40
97,94
98.09
98.20
98.54
97.36
97.10
.1
92.91
97.93
97.99
98,39
95,40
96.40
95.78
96,84
97.03
97.21

7.4
96,54
96,74
97.10
97.13
7.3

97.34
.11

95.98
96.98
97,08
97.23

7.3

97.33
97.30
94.89

97,30
91.25

97.20
97.28

97.19
97.38

935.10

96,21

97.12
97.09

97.19
97.24

97.38

T10

98.09
98.03
97.96
98.13
98.18
98.21
98.50
97.87
97.83
97.82
97.99
99.10
98.18
98.41
97.47
7.3
97.80
98.00
98.02
98.04
98.33
93.87
96.20
96.43
96.40
96,89
97.1%
97.28
98,72
§4.83
97.11

97.12
97.2%
97.49
97.39

96.94
96.93
.07
97.18

97.24

97.20

91.32
93.18

97,20
97.26

97.15
97.16

97.01

97.32

§3.01

96,29

§7.12
97.03

97.18

§7.25

97.41

T

98.31
98.13
97.92
98.11
98.21
98.24
8.42
98.03
97.90
7.4
97.88
98,04
98.03
98.31
97.38
97,33
97.83
92.88
97.83
98.08
98.30
95.64
96.10
96.26
96,33
9%.77
96,98
§7.01
96.93
97.13
7.2
97.2%
9.3
97,53
97.84
96,31
9. 44
95,68
96,62
96.52
%.71
97.03
9381
96,29
96,31

196,48

96.84
96,53
97.05
95,05
9614
96.29
96,20
96.30
96,355
96.78



TABLE C.4

P e L

489

Steaa-Water Flooding Data (High Stean Extraction Rate Tests)

TEST No

2304830419
2404850310
2804830412
25048307135
2504850816
3004850909

Qfin

4,000
3.000
6,000
71.000
8.000
9.000

3004851009 10,000
0205851114 11,197
0305851214 12.710
0305851408 14,229
0305851507 15.754

0904830413
1004830312
10048508614
1004830718
1204850813
1204850914

£.000
5.000
6.000
7.000
8,000
9,000

15048510135 10,000
1404851115 11.197

2903830413
2903850314
0103850812
0104850712
0204850813
0204850914

4.000
5.000
6,000
7,000
8.000
9.000

0304851012 10,000
0304851112 11,197
0304851212 12,710
0304851412 $4.229
0504851512 13.734
0504851412 17,287
0504851810 18,827
0504852010 20,374
0803852210 21,929

1803830418
1803850517
1803850618
1903830718
1903830814
2003850910

4,000
3.000
6,000
7.000
8.000
9.000

2003851014 10,000
2103851114 14,197

2103851210 12,710

2103851416 14,229
2203851310 13,734
2203851744 17.287
2203851814 18,827
2503852010 20,374
2603852110 21,929

Ttin

20,84
20,23
20,81
20,14
20,78
26,49
20,3t
20,43
19.79
20,22
20.87
30.03
30.89
30.58
30,79
30,93
30.98
30.14
30,35
10.38
40,43
40.78
4.3
40.70
40.15
40.33
39.95
40.48
40.87
41.08
0.4
39.9
40,64
40.713
9.9
30.03
50,50
50.2¢
49.98
50.09
50,89
49.99
50,27
50.43

50,75

50.31
50,48
30.49
50,83

Tno

98.81
§8.41
§8.49
§3.83
83.20
n.an
68,30
38.717
51.83
48.13
3.82
§8.84
$8.83
98.87
96.36
89.42
g6.49
82,38
75.80
98.90
99.15
§8.62
97.88
§5.89
91.82
g%.18
gi. 24
15.08
70.87
§7.03
63.09
IR
98.3¢
94.56
98.40
§8.93
98.78
98.41
98,34
8,33
971.10
93.20
90.40
87,23
81,3t
75.03
70.13
6,24
60,29

Ncw
20,048
20,540
22,487
20,787
24,312
22.414
20,682
20,789
20,184
20.998
20.493
24,592
23,399
22.431
26,451
25,924
23,487
25. 240
24,517
24,207
24,311
24,408
24,704
21,723
.M
2459
24,581
25.435
24,848
23. 200
23. 114
25.142
25.1%7
23,883
25.784
20,433
24,873
20.021
24,598
25.078
24,846
24,670
24,504
24,428
28,525
23,935
23.904
25.821

25,893

Tel

18.31
18.12
18.84
19.79
13.43
18.47
17.91
1.4
17.18
18.57
20,32
15.41
13.02
14,43
15.19
12.88
11.43
11.33
16.49
15.10
14.10
14.40
12.84
14.12
12.42
13.4
13.80
11.87
14.84
15.35
16,54
17.04
17.38
15.40
12,92
un
13.45

9.45
10,39
11.25
1.4
12.84
13.8
13.12
13.19
14.78
13.48
16.07
16,26

Te2

65.85
81.84
83.42
&8.24
38.92
31.94
58.28
61.47
61.47
40.59
3.37
81.13
37.90
83.09
S2.10
53.87
38.81
st
58.92
60.35
A0
58.43
38.66
82,49
5.4
51.58
58.44
52.39
50.59
58.17
59.59
58.48
5322
38.06
50.98
83,98
60.43
65.63
52.88
.44
31,55
3483
3343
60.85
56,35
56,93
7.4
92,18
30.40

0

33.47
3%.48
60.19
81,09
3[.73
Sé4.08
S1.97
S%.14
80.32
S0.61
32.38
80.83
39.98
84,92
S3.28
81.48
34.09
53.07
51,75
58.51
82,44
81.84
835,67
49.09
62.56
60.81
58.52
34.10
58.59
59.68
98.73
81.83
55.79
13.80
58.60
88,75
8.2t
70.82
50.99
50.83
3.5
33.28
33,98
39.40
59.2b
3%.01
s2.11
38.83
59.00

Inlet Water Subcooling = 10 K

Mssup Ts

2.1287 99.44
1.9232 99.83
2.0675 99.71
2.1971 99.89
2,3290 99.54
2,1553 99.85
1.9848 99,68
2,3111 99,80
2.3129 99.88
1.4821 99.481
1.6628 99,67
2.4578 99.84
2,3086 99.84
2,2227 98.82
2.1590 99,72
2, 4430 98,335
2,345 9%.77
2.3858 99.82
2.2575 99.864
2.5518 90,98
2,3061 99,84
2,1185 9%.714
2.1479 99.70
2,1387 99.78
2.1297 9%.71
2.1840 99,71
2,2498 99.80
2.1423 99.73
2.3509 99,48
2,3345 99.72
2,4327 99.72
2.3834 99.77
2,4422 99.49
2.5222 99.85
2,2334 99.72
2.3302 99.7%
2.4393 99,465
2.2272 99.47
1,7830 99.83
1.5717 99.81
1,8857 99.12
1.6848 99,84
1.7448 99.10
2,1671 99.71
1.9037 99.73
2,0247 99.&7
2.1540 99.71
1.9872 99,82
1.8594 99,83

Pata

1,012
1,017
1,017
1,021
1.013
1,020
1.021
1,018
1,012
1,011
1.011
1.025
1,017
1.017
§.018
1.001
1,001
0.993
1,023
0.984
0.988
0.987
0.997
1,007
0.997
0.995
0.99%4
0.995
0.994
1,004
1,004
1,004
1,004
0.986
0,986
0,985
0,986
1.0
1,007
0.990
0.991
0.992
0,993
0.992
1,010
1,010
1,040
0.997
1.011

PD

0.232
0.4335
2.931
L4bb
4,420
2,205
9.332
3.7684
4.745
3.264
6.030
0.814
0.131
0.907
0.259
0.4%
2.844
1,323
S.224
0.482
0.949
1,934
2.309
2.4%9
2.4%7
2,322
2,215
172
3.418
3.008
5.357
4,381
3,300
9.389
0.723
0.271
0.183
1311
2,849
4,313
3.933
1.487
0,814
0.904
0.428
1.482
2.897
1,491
2,930

7

0.810
0,434
0.498
0.77%
0.848
0.903
0.868
0.94¢
0.985
1,093
1,186
0.492
0.776
0.731
0m
0.874
0.934
0,933
1.471
0.338
0.724
0.586
0.608
0.679
0.495
0.691
0.858
1.207
1,390
1,519
1714
1,873
1.687
1,889
0.488
0.487
0,554
0.398
0.431
0.800
0.830
0.879
0.948
0.992
1,179
1,238
1,439
1319
1,848

L

0.445
0.471
0,807
0.762
0.799
0.840
0.838
0.842
0.833
0.939
0.978
0.474
0.390
0,430
0.758
0.791
0.844
0.931
0.973
0.439
0.315
0.439
0.389
0379
0.688
0.671
0.778
0.952
0.989
1,054
1.218
1.271
1.312
1,323
0.382
0.497
0.319
0.327
0.384
0.430
0.484
0.491
0,754
0.783
0.880
0.92%
0,935
0.993
1,086



TABLE C.4 (Continue)

490

Steaa-Water Flooding Data (High Steas Extraction Rate Tests)

TEST No  Qfin
4,000
5.000
6.000
7.000

0403850412
0403850512
0603850612
0603850712
0703850812 8,000
07038509184  9.000
0703851012 10,000
0803851412 11.197
0803851214 12,710
1203851412 14,229
203851512 15,754
1203851716 17,287
1403831815 18.827
1403820412 20,314
1403821412 21.92¢
1902850412 4,000
2002850507 5,000
2102850809 4,000
2002850741 7.000
2202850813 8,000
2502850915 9,000
2602851014 10.000
0702850410 4,000
0702850510 5.000
0802850610 6,000
0802850710 7,000
0802850810 8.000
1104850912 9.000
1206855010 10,000
1206831110 11.197
1204851210 12,710
1204851410 14,229
1306851512 135,754
1304851712 17,2087
1304851810 18.827
1404852008 20,374
1404852108 21.929
0306850407 4,000
0704850507 35,000
0704850407 6.000
0906850707 7,000
0504850807 8,000
$004850007 9.000
1104851007 10.000
1006831107 11,197
1104851207 12,710
§106851407 14,229
1206851507 15,735
1406851707 17,267
1404851807 18.827
$904852007 20,376
1906852107 21.929

T6in  Two

$9.80
80.03
59.43
60,12
9.
60,33
60,03
0.43
60.37
39.86
60,54
60.33
80.33
60.19
60,57
69.20
89.28
10.44
8.7
10,86
69,83
§9.31
19.143
19.12
80.26
80.01
80.41
19.46
B0. 44
81.04
8. 43
80.80
19.87
19.18
80,37
80.91
79.%0
89.61
90.01
89.94
89.60
90.24
89.97
§0.00
90.28
8%. 1
90.53
§0.04
§0.351
90.38
90.09
8%. M

99.19
98.93
98.87
§8.39
98.33
§7.5
§8.89
w.n
9.2
90.13
89.03
85.47
80.21
76,57
73.72
§9.08
§8.92
98.89
97.93
96,80
96,37
95.34
99.27
9. 14
99.12
§8.95
98.72
98.39
98.97
98.70
98,49
98.83
98.33
98.08
96.45
9.07
95.62
97.48
98.2¢9
§8.29
95.95
98,43
96.93
97,63
97.78
§7.06
97.36
91.3%
§7.73
97.76
96.59
99.13

New

21,381

21,354
22,859
21.947
25.828
25.817
23.881
24,087
4,214
24,198
24,005
20245
24,105
24,059
24,032
26,383
25.342
254703
28,160
26,009
25,265
24121
26,393
28.424
27,489
21,375
27.190
25.730
21,280
22,019
2,749
22,913
22,584
22,319
22,506
22.418
21,958
27,458
28,513
28,854
29.150
2%.192
29.104
28,086
29,088
2B.857
28.71%
29,236
2928
29,134
28,932
29,205

Tel

13.00
13.97
13.28
13.13
15.34
15.87
13.39
11.01
12,32
13.43
1.8
14.68
13.21
13.90
13.88
14.84
18,08
17.81
18.23
11,33
17,35
13.19
17.87
1.4
17.37
1.02
17.83
18,84
17.31
1N
11.72
11.68
1.1
12,02
13,7
145
11,80
23.08
23.85
22,33
15.91
16,33
18.85
16,10
17.33
18,95
17,35
18.9%
1.1
14,70
.7
12.14

Tc2

43.18
45.56
30.83
33.64
3373
33.33
S1.64
32y
LT
55.55
58.85
61.42
50.19
62.47
61,51
31.02
43.13
45.49
3.47
45.50
31.28
39.92
.8
42.27
40.74
50.73
31,45
449
35.98
58.25
9B.49
61.43
51,39
62,42
60.04
b2.17
37.88
39.18
3%.43
98.28
52,81
33.42
A7
35.97
33.93
35.13
3343
3.7
35,868
19.42
47.38
45.87

10

45,08
50.69
S2.49
33.93
52,38
3.4
54.36
33.32
335.32
58.97
S7.4b
81.88
6475
62,95
84,34
g
48.10
50,02
48.92
.4
3331
38.23
50,31
53,50
32,91
s2.47
s2.22
54.91
33.83
S7.7%
58,23
3n.41
59.97
81,93
40.18
39,38
59,32
st.8l
54,88
53.84
81.85
8144
62.31
S8. 14
62,27
62.59
62,34
80,32
58.19
98.40
36,25
55.83

Inlet Water Subcocling = 10 K

Hséup Ts

1.6233 99.86
1.5598 99.85
1.6779 99.87
14915 99.79
1.7048 99,67
17114 99,78
1.6981 99.74
1,6306 99,43
1.6928 99,29
14685 99.18
17146 99,26
1.8745 99,44
21747 99.45
2.1238 99.70
2.1175 99.33
1.5847 99.75
1,4552 99,86
1.6112 99.92
1,6037 99.47
14723 99.71
1,4573 99.78
1.5816 99.79
1.5818 99,48
1.5634 99,80
1.6725 99.71
17134 99.48
1.6447 9984
1.4582 99,83
1.7197 99.61
16865 99,65
1.5959 99,48
1.5418 99,73
1.6272 99.70
1.6458 99,61
1.4054 99,75
1,388 99,49
1,247 99,43
2.3021 99.71
2.1935 99,69
2.1193 99.70
2.2043 99.75
21273 99.75
18498 99,73
1.8528 99,46
17374 99.72
1.7271 99.43
15682 99,71
1.6228 99,49
1.3953 99.70
10733 99,40
0.9963 99.71
0.5828 99.83

Pats  PD
0.382
0.743
0.972
0.541
0.762
0.949
2.217
1.142
1.186
4,651
3,458
0.929
4,434
1.934
3.089
0.499
3.3
4,395
4,734
2,718
3.384
2,150
0.422
0,333
0.444
0.883
0.908

. 0.973
1.023
1.844
1.422
2,487
1.150
4,364
5.7

1,009 3.442

1,007 3.381

1.014700.301

1,012 0,370

1,012 9,393

1.017300.848

1.017300.871

1.014700,243

1,016 0.427

1,015300,981

1.009301.297

1.010701.704

1,010701,829

1,006701,213

1.006701.289

1,006 2.481

1,000 2.733

1.017
1.014
1.018
1.016
1,022
1,022
1.024
1,009
1,009
1.007
1.007
1,006
0.998
0.998
0.997
0.987
1,020
1,023
1,021
£.009
1.020
1,007
1,014
1,014
1.016
1.016
§.017
1,021
1,016
1,017
1.016
1,018
1,009
1,008
1,007

17

0.529
0.4639
0,587
0.5%
0,480
0.694
0.779
0.831
0.965
0.983
1.199
1.3

1,317

1.410
1,544
0.527
0.480
0.604
0.724
0,772
0.756
0.838
0.495
0.391
0,433
0.729
0.779
0.810
0.772
1,264
1,329
1,366
1.499
1.398
1,760
1,803
1,890
0.524
0,533
0.821
0.493
0.685
0,783
0.803
0.884
0.975
0.994
1,084
1,296
1,374
1,480
1,534

(3

0.428
0.487
0.300
0,350
0.377
0.584
0.620
0.673
0.693
0.847
0.849
0.873
0.93%
0.99
1,108
0.492
0.435
0.533
0,334
0.387
0.580
0.497
0,435
0.311
0.529
0.3717
0.380
0.431
0.724
0.810
0.854
0.99%
0.952
0,991
1,223
1.224
1.331
0.327
0.378
0.391
0.498
0.483
0.502
0.381
0,884
0.473
0.492
0.703
0.727
0.769
0.834
0.887



TABLE L.5

-—ecococaw

491

© Steas-Water Flooding Data (Low Steas Extraction Rate Tests)

"TEST No  Ofia
0507850408
0507850507
0507850407
0807850707
0807850808 8.000
0907850907 9.000
1107851007 10,000
1807850410 4,000
1807850507 5,000
1807850609 4.000
2207850707 7,000
2207850807 8,000
2207850907 9,000
2207851007 10,000
1908851107 11,197
1908851207 12,710
2307850408 4,000
2307850508 5,000
2307850807 6,000
2307850707 7,000
2407850807 8,000
2407850907 9.000
2707851007 10,000
2808851107 11,197
2808851207 12,710
2507850409 4,000
2507850508 S.000
2507850508 5,000
2507850707 7,000
2607850807 8,000
2608850907 9,000
2608851007 10,000
2507851107 11,197
2507851207 12,710
2507851407 14,229
2507851507 15,755
2907850408 4.000
2907850507 5,000
2907850807  4.000
2907850708 7,000
3007850807 8.000
3007850907 9.000
3007851007, 10,000
3076851107 11,197
2008851207 12,710
2008851407 14,229
2008851507 15,755
2108851707 17,287
2208851807 18.827
2208852007 20,374
3107850408 4.000
3107850507 5.000
3167850607 4.000
3107850708 7,000

4,000
5.000
6.000
7.000

W THin Two Mcw Ted Tc2 TD Mssup Ts  VPY Pata PD  TT T
3.979 20,34 98,24 4,168 14.44 92,73 83.81 1.4514 99.481 3.1 0.9947 1.120 0.731 0,408
4,287 21.00 98.17 4.099 15.94 91.94 B2.47 1,387 99.48 2.9 0.9947 1.010 0.792 0.438
4,297 21,07 97.58 4,121 15.99 91.42 79.08 1.3444 99,79 2.8 0.9947 2.130 0.807 0.735
4,140 20.47 91,88 4,338 17,65 B5.08 73.56 1,3423 99.4 9987 2,560 0,875 0.645
4,238 21,24 64,45 3.978 18,18 87.41 75.82 1.4175 99,6 0

4,602 21.37 74.90 4,239 17.27 85,62 b3,.23 1.2339 99.7
4,262 20.49 45,60 S5.940 17,80 S54.10 58.91 1.2128 99,7
5,275 30.64 98,71 3.212 15.95 93.20 84.93 1.3159 99.7
£.312 30,47 98.05 3.847 14.23 90.80 79.21 1.2704 99.4
S.423 30,95 97.95 3.867 15.49 90,40 78.20 1.2014 99,76
£,279 30,42 94.47 4.108 18,20 90.13 74,49 1.2882 99.49
5,349 30,59 92.63 3.470 18.23 90.1B 80.42 1,3250 99.47
£,189 30.32 87.88 3.951 15.73 89.40 79.43 1.4095 99.481
5,010 30.03 B4. 75 8.381 15,41 79.38 49.54 1.4516 99.
<. 480 31.14 79.55 4.886 17.03 45.71 82.48 1.2092 99.
5,251 30.23 49.41 4,505 18.23 51.20 40.88 1.2137 99,
4,251 40,34 98,25 4,203 15.40 93.31 83.93 1.43523 99,
8,214 40,08 97.90 4,488 15.87 92.71 BI.06 1.4304 99,
4,203 40,13 97.88 4,384 16,50 92,40 85.98 1.4098 99.
5,134 39,41 97,41 4,382 15.41 92,23 B3.94 1.3802 99,
8,172 39.51 94.52 4,830 15.20 89.34 82.07 1.3947 99.
4,205 40.15 93.72 4.898 15.43 90.91 B82.47 1.4703 99,
5,380 41,40 90.48 4,712 18.85 89.25 768.23 1.3314 99.
8,137 39,44 B3. 84 5,878 15.20 71.49 86,77 1.1910 99,
4,189 39.82 77,42 5.438 14,49 85,82 435,23 1.1984 99.
7.119 49.88 98,59 4.752 22,59 92,87 84.00 1.5008 99.
7.312 50.40 98.70 4.788 23.18 92.73 84.94 1.4221 99.
7.195 50.07 98.93 4,312 23.73 92.93 85,56 1.334% 99.
7.244 50.25 97,79 4,395 19.18 91,92 87.49 1,343 99.
7.429 50.79 97.50 4,203 20.31 91.89 88.20 1.3019 99.
7,470 50,50 94.71 4,439 20,94 90,04 86.32 1.3452 99,
7.322 50.47 95.65 4.555 21.11 90.42 87.78 1.3BA1 99,
7.431 50.43 90.94 4.833 18,99 89.41 85, 4776 99,

&
7
3 .
7.535 50.77 B8.49 4,842 18.49 87.59 76,38 1.3137 99.
4
0

5 3.
7 +0000 3.180 0,925 0,902
9987 4.290 0,955 0.910
0067 4.750 1,073 1,007
7950 0.960 0.781 0.489

0

1

0

1

0
0.9960 0.970 0.789 0,484
0.9
{

1

1

!

0

3
2
2
3.0
0.0
3 0.0
10.0
8 4.2
142
4.1 0.9950 1,240 0.881 0.817
0.5 1.0000 4.380 0.860 0.729
0.0 1.0000 3.700 0,958 0.772
0.0 1.0000 3.110 0.989 0,909

0000 3,580 1,033 0,954

00
0
84 0,
62 0.0 0.9973 2,700 1.233 1,015
0.9973 4.870 1.239 1.064
3

0
9
)
0133 0.420 0.425 0,530
0
0

«8 1.0133 0.740 0.720 0,326
+0133 0.750 0,711 0,592
0133 2,940 0.788 0,676
0133 2,940 0.803 0,778
0133 4,840 0,929 0.770
.0033 3.870 1,083 0.898

0
0
0
0
.0087 3.790 1.142 0.92¢
0
0
0
0
0

.0 1.0080 2.880 1,275 0.985
0133 0.770 0,395 0.470
.0120 0.830 0.728 0,538

.0120 0.810 0.752 0,548

0 1,0040 1,080 0,761 0,430
0040 1.270 0.844 0.728
+0040 2.920 0.930 0.847
0027 1.410 0.981 0,858

0
0
«0093 4,220 1,082 0,962
0
0

0
0
0.0
21
381
321
0.0 1
0.0 1
0.0 1
0.0 1
820,01
0.01
90 3.4 1
331
76 3.0 1
201
61 2.0 1
t 85 0.0 1
! 130,014
t 0.0 1
1 b1 0,0 1,0093 4,990 1,163 0,957
7.159 50,03 86,47 4,471 13.54 83,09 74,87 1.2963 99.78 0.0 1,0053 5,800 1,297 1,071
7,672 51,00 78,25 4.813 16,25 78,37 70,99 1.2408 99,72 0.0 1,0053 3.570 1,421 1,206
8.012 5954 98,08 4,162 21,25 93,37 89, 3.0 0.9960 0,720 0,575 0,473
14353 99.79 3.4 0.9
300
742,00
351
68 0.0 1
0.0 1
83131
0.00
86 0.0 0
69 0.0 0
620,01
0,01
650,01
1
B3 3.1 1
3L
301

1.5138 §9.70 3.
9960 0.670 0.457 0.540
9960 1.240 0,701 0,532
§

9950 1,840 0.874 0,436

8,253 40.69 97.71 4,185 21.09 91,50 88,

7.944 59,44 98,03 4.444 18.20 91.72 87.04 1.4280 99.
8.129 59.98 97.50 4,429 19.49 91,99 £9.20 1.3724 99,
7.989 59.51 97.57 4,399 20.40 91.37 87.43 1.3283 99.
8,125 60.13 95.85 4,403 20,83 90,72 €8,
8,233 40,57 93,33 4.953 15.84 92,23 84,
8,295 40,85 91.19 4.887 17.78 90,72 80,
7
{

+0013 1,250 0,854 0,432
+0000 2.090 0.970 0,442
.0000 1.220 0.924 0,782
+0000 3.150 1,076 0,831
9973 1,760 1.310 0.874
+9973 2,380 1,302 0,789
.9940 2.980 1.493 0.982
0087 3.760 1,525 1,088

1,3839 99,
1.4733 99,
1.3065 99,
l
!

8.357 41.15 91.22 4,921 17.78 84.02 77.19 1.1459 99,
8.059 59.75 87,34 4,923 13.33 79.12 71,05 1.1331 99,
8,319 41,01 83,45 4,950 18.23 77.25 70,23 1.1299 99,
8,342 61,12 79,81 4,917 16,18 75,17 £8.98 1.1332 99.
9.141 70,67 98,27 4,237 18.90 92,53 84,88 1.4811 99,
9.079 70.32 98,31 4,217 21.09 92.49 B4.48 1,3879 99.
9.044 70,39 98.29 4,249 21,49 92,03 87,09 1.3812 99.
B8.933 89,57 98,10 4.257 20.95 92.11 90,04 1,3855 99,7

20
32
18
59
38
87
99
98

8,308 50,84 98.24 4.247 20.20 92,44 85,86

8,179 60,45 96.07 4,304 18.85 92.19 87,83 1.4317 99,
BY 1.3946 99,
04
20
3
n
b3
75
19
05
2

+0 1,0053 3.000 1.562 1.18?

0
+0053 3.950 1.743 1,194
.0100 0,520 0,572 0,501
0
0
0

.1 1,0100 0.850 0.574 0,533
.0100 0.740 0,448 0,405
.0100 0,690 0.703 0,458

1
7
1
9
8
]
]
1
7
7
8
7
7
7
§
7
)
]
7
8

3
1
2
0
0
]
3
2
2
8
0
8
6
f
1
3
3
]
1
8
2
0
9
7
4
7
B
3
3
3
b
9
2
b
3
8
3
{
0
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. TABLE C.5 (Continue)

Stean-Nater Flooding Data {Low Steas Extraction Rate Tests)

NG

jl TEST No  Ofin WG Téin Two Mew TCI Tc2 TD Mssup Ts VPl Pata PD T TL

3107850807 8.000 8.973 49,78 98.39 4.238 21.45 91.75 90,32 1.3099 99.77 0.0 §.0100 1.000 0.838 0.720
. 3107850907 9.000 9.185 70,67 97,98 4,238 21.76 91,65 €9.90 1.3249 99,81 2.9 1,0100 1.120 0.910 0.75

2508851007 10,000 6,929 69,59 98,51 4.233 19.05 91.28 89.28 1.2485 99.79 3.4 1.0100 1,50 1.079 0.797
. 2508854108 11,197 8.982 49,82 98,12 4.170 19,58 91.28 £9.25 1,2B47 99.73 3.5 1.0100 1.740 1.191 0.840
. 2508851207 12,710 9.149 70,75 98.03 4.852 14,03 92.62 88.51 1,3991 99,48 0.0 1.0100 4,530 1,263 0,870
. 2508854407 14,229 9.025 70,10 96.95 4,764 15,04 92,29 £8.34 1.3774 99,59 0,0 1.0100 2.790 1,407 0.898
" 2508851507 15,754 9,033 70.18 95,10 4,594 17.10 91,51 83.12 1,2483 99,62 0.0 1.0100 2,440 1,504 0.974
. 2508851707 17.287 6,987 49.78 95.89 S.019 18,71 91,45 82,95 1.2401 99.49 0.0 1.0100 0,960 1,597 1.051
.2508851807 18,827 9.009 49,94 93.90 4.831 18.50 83.11 80.86 1.1422 99.67 0.0 1,0100 2,130 1,739 1.120
" 2508852007 20,374 B.987 49,97 91,62 4,841 18,30 77.89 77,39 1.0784 99,49 0.0 1,0100 8,050 1,894 1,274
" 2504850407 4,000 10,170 79,75 98.42 4,112 20,32 93.15 £9.39 1,466 99.44 3.2 1,0107 0,470 0,549 0,320
| 2504850508 5.000 10,217 80,10 98,45 4.089 19,45 93.14 B9.04 1.4442 99,42 3.3 1,0107 0,540 0,549 0,570

2504850607 6,000 10,215 80,00 §3.43 4,093 19,80 92.44 89.28 1.3501 99.42 3.0 1,0107 0.700 0,762 0,394
. 2504850707 1.000 10,339 80,73 §8.77 4.130 19.40 92.55 89.93 1.3313 99.71 3.1 1.0107 0.670 0.794 0,452

2504850808 8,000 10,997 80,85 98.45 4.545 18.29 90,75 69.71 1.3839 99.44 3.2 0,9940 0,970 0.894 0787
. 2506850907 9.000 10,376 80,80 98,18 4,483 18,25 91,83 §0.54 1.3762 99.68 3.8 0.9960 1.270 0,983 0,733

2504851007 10,000 10,175 79,84 98,58 4,487 18,30 91,09 90.94 1.3473 99.71 3.9 0.9973 1.060 1,047 0.774

)
9973 1,510 1,168 0.843
9973 1.300 1.362 0.832
9973 1,380 1.435 0.922
+0080 1.100 1,538 0,978
.0080 4,340 1,581 1,188
.0080 5.500 1.690 1,274
0053 6,870 1,780 1.414
0147 0,500 9.532 0.448
+0120 0,500 0,454 0.493
0120 0,120 0.526 0,488
0173 0.770 0.448 0,552
0173 0,390 0.747 0,562
0

0

0

0

0

0

]
)
1
)
]
7
2504851107 11.197 10,277 B0, 31 98.53 4,149 17.48 90.94 91.47.1.3187 99,7
2504851208 12,710 10,294 80.44 98.78 3.992 17.70 91.01 91,71 1,304 99.7
. 250851407 14.229 10,201 79.91 98.38 3.910 17.80 91.07 91.70 1.2783 99.7
2504851507 15,755 10.285 80,43 97,93 4.660 17.23 91,82 84,76 1,1998 99,8
2504851707 17.287 10,214 80,07 96,44 4,628 17,35 90,45 83.57 1.1118 99.4
2504851807 18.827 10,211 79,48 96,02 4.850 17,858 90.50 81,93 1.0488 99.7
2506852007 20,374 10,247 79,69 95.18 4,440 17.40 88,78 81.38 1,0288 99.8
0306850409 4,000 11,182 89.88 98.26 4.719 18,34 90.55 63.49 1.3601 99.7
0506850508 5.000 11.222 90,18 98,48 S.499 23.15 90,59 B2.78 1.4838 99.8
7

7

7

b

7

7

8

]

7

6

]

7

]

0.0
3.2
3.3
3.0
3.1
3.2
3.8
3.9
3.7
2.3
0.0
0.0
7 0.0
3 0.9
8 0.0
9 4.0
4.0
3.0
4.0
3.0
4.2
2
K]
]
3
)\
0
0
0
0

0506850608 6,000 11,208 90.07 98.80 5.252 24.B8 90.44 82,79 1.3694 99,
0704850707 7,000 11.197 B9.98 97.47 5.243 20.48 B9.03 87.70 1.4422 99,
0706850807 8,000 11.184 89,88 97,10 5.048 18,31 88.79 €8.19 1.3783 99,
1006850908 9,000 11,191 90,00 97,55 4.972 17.24 89.87 88.54 1.4237 99,
110851007 10,000 11,248 90,52 98,58 5.175 17,33 87,48 £8.34 1.3350 99,
1006851107 11,197 11,230 90.38 98,42 5,329 17.86 90.82 B8.19 1.3383 99,
1104851207 12,710 11,217 §0.2t 98.32 4.934 19,24 89.80 90.47 1.2841 99,
1106851407 14,229 11,287 90,74 98,31 4,751 19,50 92.71 91.13 1.3021 99,
$204851507 15,775 11,228 90.27 97,01 S.142 15,80 88,36 89.48 1.3127 99,
1404851707 17,287 11,209 89,98 97,67 5.505 18.93 89,47 88,58 1.2473 99,
1404851807 18,827 11,174 89,73 97,05 S.745 14,95 88,34 €4.83 1.2109 99,
1706852007 20,374 11,219 89,97 97,05 4.854 15,50 92,20 83,08 1.1097 99,
1704852107 21,929 11,207 89,93 96.78 4,858 15,32 92.22 83,21 1.0438 99,

.0145 0.590 0.832 0,598
0160 1,340 0.882 0,710
.0153 1.870 0.988 0,470
0160 1.590 1,002 0,739
0180 1,640 1,153 0,732
0053 1,190 1.287 0,872
,0047 1,250 1,392 0,972
0087 1,440 1.470 0,911
.0027 1.800 1.535 1,081
.0027 0,620 1,656 1,054

4.
4,

2
2
i
[
8
§
|
2
0
?
9
0
B
8
6
1
S
3
7
3
i

34

33,
04,
83,
70.
10,
60

0
0
0
1
!
!
1
!
|
!
!
!
!
!
1
!
!
{
!
!
1
!
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- TABLE C.b

e S 2t

Steas-Water Floodiag Data, Wall Tesperature Neasursents (Low Steaa Extraction Rate Tests)

TEST NO Gfin Tfin T n L] T 13 T LY 18 19 nm 1

0507850408 4,000 20,33 23.92 30.26 81.07 B2.12 92.03 94.42 97.49 98.03 98,33 98.44 98.2b

- 0507850507 5.000 20.99 22.89 24.70 43.92 45.29 81,72 90.22 94.82 95.84 97,23 98.34 98.1b

0507850407  4.000 21.07 21,38 23.20 32.24 3L.7I 49.12 80,02 89.13 94,77 95,03 9041 97.77
0807850707 7,000 20.47 20,95 21,72 23.90 29.47 39.43 48.50 59.02 69.97 8l.33 87.39 91.88
0807850808 8,000 21,23 25,85 22.48 22.49 22.32 24.98 28,03 34.38 45.83 52.79 74.56 B4 M4
0907850907 9.000 21,37 21,49 22,12 22.84 23.24 25.09 27.91 29.20 37.42 51,05 67.44 75.90
1107851007 10,000 21.89 21,74 21.85 21.97 22.07 23.09 24,87 27,82 33.50 45.00 57.3% 47.40
1807850410 4,000 30.44 32.91 44.83 68,15 B8.32 94.43 97,73 97,97 96.58 98.74 ¢98.88 98.71
1807850507 5,000 30.47 32.37 38.96 S53.02 78.1 83,93 94,93 94.84 97.43 97.92 98.18 9B.05
1807850609 6,000 30,95 32,00 35.84 45.82 70.43 g4.04 92,34 95,80 97.19 97.98 98,05 97,94
2207850707 7,000 30.41 31.81 32.81 35.01 3%.15 49.8% 81,70 74.42 8450 90.91 94.26 96.87
2207850807  8.000 30,59 30,65 31.85 32.81 33.73 36,99 42,49 53.67 65,87 78,57 B87.38 92.83
2207850907 9,000 30.24 30,52 30.55 31,74 3217 33.93 38.53 44.43 59.15 71.84 82,34 B7.87
2207851007 10,000 30.03 30,35 30.45 31.13 3191 32,75 35.48 44,71 52,00 83.90 77.17 BA.76
1908851107 11,197 314 31,28 32,42 32.91 33.09 33,56 35.52 40.02 48.44 59,31 72.73 79.54
19086851207 12,710 30.23 30.57 30.62 30.72 30.83 31,92 33.03 38.15 44.21 53.99 62.38 69.41
2307850408  4.000 4033 - 41,31 49,94 78,35 90.21 94,59 98.06 98.28 98.54 98,79 98.82 98.24
2307850508 5,000 40.06 42,31 45.73 &7.03 87.82 95.97 97.44 97,88 98.25 98.48 96.55 97.90
2307850607 5,000 40.13 41,30 43.99 82.83 82,71 91.88 94.86 94.94 98.07 98.1& 98.38 97.88
2307850707 7,000 39.41 40,31 41,18 S4.73 59,42 71.84 B1.82 90,84 95.39 97.05 97.77 7.4}
2007850807  8.000 39.51 40.79 40,53 44.36 si.81 40,07 71,13 79,00 87.92 91.48 93.21 .32
2407850907 9,000 40.14 41,07 42.11 44.80 47.49 51,42 62,87 72,03 B80.8f B6.93 91,53 93.72
2707851007 10,000 41,40 41,98 42.75 43.28 44,19 47,39 53,32 b41.82 49.93 77.85 BL.45 90.48
2608851107 11,197 39.66 40,65 40.95 41,02 41.84 44,94 48.90 54,43 62.35 &%.91 78,31 83.84
2808851207 12,710 39.81 39.80 40.11 41,37 41,90 42,83 44,48 49.85 56,38 &4.38 T73.67 77.82
2507850409 4,000 39.53 40.52 40.86 41.38 41,71 42,05 43.34 47,28 53.97 b1.67 49.84 73.7b
2507850508 5.000 49.88 54,85 84.42 80.28 92,26 96.78 97,23 98.42 98.44 98.48 908.44 98.98
2507850608  6.000 50,40 S53.24 64.91 77.32 88.93 94.97 97.81 98.14 968.12 96.50 98.39 98.49
2407850707 7,000 50,07 S3.48 82.03 75.94 88.04 94.40 97.79 98,02 98.73 9%.14 99.30 98.93
2407850807 8,000 50,26 52,91 59.93 72.52 83.13 93.20 98,39 97.33 97.07 97.75 97.86 97.79
2408850907  9.000 50,78 52,03 54.02 83.32 73.96 88,55 93.05 95.95 94.89 97.43 97.82 97.89
2508851007 10,000 50,90 S52.67 53.49 57.19 66,53 74,49 84.87 92.33 95.77 94.84 96.88 96.70
2507851107 11,197 50,44 50.81 S1.70 53,93 S7.44 81,90 49.10 78.77 63.84 90.89 94.77 935.B4
2507851207 12,740 50,43 50.42 50.80 52,07 S53.81 356,13 60.28 67.92 75.24 83.17 B88.13 90,93
2507851407 14,229 S0.77 50,88 S51.43 52,05 51.98 S3.09 58,42 59.48 47.84 75.97 B83.87 88.49
2507851507 15,755 50.04 50,55 S1.0 §1.23 51,98 52.76 S53.79 34,68 60.90 49.72 79.45 854,47
2907850408 4,000 S1.00 51,84 5197 SLYA 51,42 S2.79 S53.12 54.39 Sb.06 &l.61 7151 78,25
2907850507 5,000 59,54 62,21 42,84 B835.89 94,80 97,21 97,32 97.83 97.85 98.25 98.27 98.08
2907850607 5,000 50.83 81,09 82,14 B3.9b 94,85 97,39 97.87 98,37 98.42 98.46 96.52 96,23
2907850708 7,000 60.45 61,87 43.00 B0.27 91,44 95.95 97.39 97.84 97.81 98.16 98.31 98.07
3007850807 8,000 60,69 81,15 $3.07 75.12 87.11 94.78 97.87 97.92 97.81 98.04 98.08 97.70
3007850907  9.000 59,43 60,88 81.21 70.65 80.08 92,70 94,85 96,27 97.78 98.01 98.16 98.03
3007851007 10,000 59,97 80.88 &0.94 87,81 73.25 85,56 92.08 95.08 95,93 97.34 91.7% 97.50
3076851107 11,197 59.51 80.57 80.43 §3.04 70,16 79.84 88.10 93,82 95.29 97,01 97.76 97.56
2008851207 12,710 60.12 40,78 b1.19 BA.74 84,02 72,14 78.98 89.82 93.14 95.78 94.99 96.84
2008851407 14,229 60,57 80,64 60.88 62,13 61.95 43.05 84,90 74,70 82.90 B8.08 92,65 93.33
2008851507 15.755 40,84 80,99 &L.37 81,90 81,91 82,89 83.48 67,78 74,50 82,67 B8.A3 91,19
2108854707 17,287 81,15 81,80 62.09 52,15 62,77 62,91 64,03 85,94 71,54 78,92 81,34 91,22
2208851807 18.827 59,74 $59.93 84.37 80.5¢ 80.89 40,89 &1.256 43.88 70.38 78,28 BA.76 82,34
2208852007 20,374 81,00 41,13 81.47 81,53 81.54 81,87 61,91 83.63 48,39 77.52 B1.54 B3.43
3107850408 4,000 61,12 1,40 153 41.60 61,74 81,93 42,28 &3.12 47.82 72.40 71.53 79.8!
3107850507 5,000 70.88 71,27 73.55 81.72 93.13 97,82 98.09 98.12 98,28 98,22 968.34 98.27
3107850607 5,000 70,32 71,23 74.79 Bb.12 93.02 94,39 97,56 98.03 98.38 98.39 98.44 98.31
3107850708 7,000 70,38 70,60 73.27 B3.91 9177 95.32 92.51 97,90 98.08 98.26 96.33 98.29
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TABLE C.b (Continue)

Steas-Mater Flooding Data, Wall Teaperature Measuraents (Low Steaa Extraction Rate Tests)

TESTNS Ofa TR T T2 T3 T TS T8 W ™ TiI0 T

3107850807 6.000 4£9.57 70.44 73.15 B4.03 89.97 93.73 91,15 97.95 97.93 98.23 98.20 98,09
3107850907  9.000 49,77 71.45 74.00 B3.32 B9.33 94.89 97.39 98,07 97.99 98.51 98.50 98,39
2508851007 10.000 70.67 71.78 72.69 80,09 B.82 92.12 9§5.77 96.79 97.93 9B.16 98.19 97.98
2508851108 11,197 49.59 70.21 71.92 78.49 B3.03 931 93.52 97.10 9B.55 9B.62 9B.44 98,50
2508851207 12,710 469.81 70,02 71,84 74.50 B0.28 BB.91 93.05 95,31 98.02 98.25 98.32 98.12
2508851407 14.229 70,75 70.B8 71.93 72,26 74.86 B2.07 B9.52 94.16 97,37 98,08 98,12 98.02
2508851507 15.75¢ 70,10 70.42 70.93 72,08 74.93 78,37 84,90 89,85 94.38 96.92 97.14 96.93
2508854707 17.287 70.18 70,70 70,93 74.95 72,70 73.94 62,03 B7.81 92,14 94,96 94,21 9411
2508851807 18.827 49,77 70.38 70.9¢ 71,02 72.03 74.03 B0.48 83.22 90.94 94.01 93.77 93.89
2508852007 20,374 49.97 70.33 70.55 70,85 71.08 73.38 77.44 BA.25 B9.43 92,37 93.57 93.89
2505850407 4,000 49.97 70,32 70.4% 70.95 70.94¢ 72,03 74.81 79.96 63.04 90.54 91.10 91.41
2504850508 5.000 79.74 82,76 BA.bb 95.34 94,03 97.47 98.17 98.26 98,35 9B.59 98.47 98,41
2506850407 5,000 B0.10 80.74 B3.71 93.50 94.93 98,37 98.55 9B.41 98,37 98.47 98,53 98.44
2508850707 7,000 79.99 BO.14 B3.89 92.19 94.90 98.14 9B.44 9B.40 9B.49 98,75 98.48 98,43
2504850808 8,000 80,73 B1.54 B2.49 92,28 94,63 97.B4 98.53 9B.85 98.70 9B.64 98.86 98.77
2504850907 9,000 B80.87 B1.52 B2.93 92.48 94,89 97.95 98.11 98,39 98.47 98.57 9B.42 98,43
2506851007 10.000 B0.79 B1.41 83.01 90,01 95.90 96,83 97.97 98.40 98.00 98.34 98,31 98.18
2506851107 11,197 79.83 80.03 B1.54 87.2% 93.02 94,37 97.85 98.08 98.22 98.61 98.79 98.38
2504851208 12,710 B0.31 80.73 82,18 88.07 92,73 94.90 97,58 98,32 98,36 98.75 96.70 98,33
2505851407 14,229 B80.44 81.20 B1.,24 B87.45 90.39 94,31 97.22 97.58 97.94 9B.B4 98.82 98.78
2506851507 15,755 79.90 80,79 80,88 B4.70 £88.92 93.33 95,79 97.75 98,31 98.52 98.31 98.37
2506851707 17,287 80,42 80.49 B1.26 84,34 B7.83 91.93 95.31 97,05 97,76 98,22 98.24 91.93
2504851807 18.827 80,07 80,52 B0.96 82.47 B3.38 88.70 91.83 9A33 95.77 9541 95,75 9h.84
2504852007 20,374 79.48 79.94 BO.38 B81.93 B3.bb Bb.96 90.80 93.39 9§5.99 98.52 96.82 95.01
0304850409 4,000 79,49 80.08 80,76 B1.04 Bl.12 84.07 B7.75 91,33 93.18 95.43 95.91 95.17
0504850508 5,000 69,85 91.38 93.41 93.49 95,33 98.03 98.38 9B.40 98.43 96,74 98.37 98.24
0504850608 8,000 90.18 §0.90 92,47 93.54 97.29 98,19 98.38 9B.41 98,26 +98.52 98.38 98.48
0706850707  7.000 90.07 90,82 92,08 93.21 9§7.29 98,24 9B.4b 9B.60 9B.40 9B.64 98,31 98.79
0708850807 8,000 89.98 90.85 92,83 G4.41 93.43 97.03 97.4% 97.84 97,52 97.86 97.72 97.8%
1004850908 9,000 B9.88 91,03 92.35 94,55 95.88 96,72 96.33 96,77 97,42 91,53 97,38 97.10
1106851007 10,000 89.99 90,82 92.93 93.03 95,83 97.89 97.11 95,93 97.83 98.03 97.87 97.4
1004851107 11,197 $0.52 93.32 92,90 94.87 94,93 98.37 98.55 9B.84 98,57 98.B6 98.69 98.38
1106851207 12,710 90.37 91,34 92,99 94.53 98.21 97,71 98.06 98.02 98.11 98.59 98.50 9B.42
1105851407 14,229 90,20 90,81 92,56 94,73 98.05 98,90 97.13 97.84 97.86 98.34 98.41 98.3
1204851507 15,773 90.74 91,03 92,10 94,12 94,81 97.21 97.74 97.43 98.07 96.37 798.33 96.30
1408851707 17,287 90.26 90.89 91,87 93.B2 95.81 98.42 96,57 98,33 96,83 97.41 97.28 97.01
$405851607 18.827 89.98 90.99 91,17 93.53 95.00 §8.27 97.05 97.28 97.13 97,71 92,59 97.4%
1705852007 20.374 B9.72 90.88 90,99 91.94 93.75 95.40 94.51 96,39 92,10 97.30 97.32 97,03
1705852107 21,929 89,97 90,63 90.94 91,44 92,80 94,02 93,88 97.04 9491 97,38 97.32 97,03
0312850434 4,000 89,92 90.59 91.59 92.89 94.B0 93,20 94.72 96,97 97.17 97,38 97.41 94.78
0312850514  5.000 95.51 9.81 97,19 98.87 98,79 99.01 99.12 99.39 98,90 99,04 98.89 98.08
0312850612  6.000 95.93 95.96 94,85 98,35 98,59 98.79 98.82 9B.82 98.B4 9B.09 98.23 97.88
0312850781 7,000 9§5.56 94.79 97,42 98,18 96.59 98.B7 98.94 98.94 98.93 98.33 98.82 98.38
0312850812 B.000 97,02 97,39 97,70 98,23 98,58 98.79 98.91 98,94 ¢B.99 98,74 98.87 98.23
0312850912  9.000. 94,07 95,12 94,86 96.98 97.78 98,03 97.82 97.87 98.02 98.18 9.93 9.1
0312851012 10,000 98.41 96,88 97,01 97,29 97,35 97,94 97,99 98,02 96.19 98.24 98.14 98,01
0312851110 11,197 95,41 98,58 97,68 97.3% 91,51 92,71 97.89 9B.09 98.18 98.08 97.87 97.44
0512851210 12,710 95.97 95.88 94.05 94.92 97.47 98.15 98.22 98.47 98.83 9B.B8 9B.16 97.93
0512851411 14,229 94,85 95.88 94,32 91,87 91.88 98,58 94.31 98,73 98.70 98,94 98.47 98.28
0512851510 15,754 98,76 96,75 9b.95 97.97 97.86 98.67 96,78 9B.79 98,58 98.79 9B.54 97.50
0512851710 17,287 95,84 95,92 97.31 97.94 97,85 98.41 98.59 98.87 98,53 96,39 98.40 97.91
0512851812 16.827 94,90 97,05 97.1% 98.20 97.99 9B.61 98.79 99.04 98.83 98.85 98.81 98.03
0512852011 20,374 94.91 97,45 92.87 98.27 98.47 98.72 98.47 98.93 98.85 99.03 98.79 98.1
0512852110 21.929 94,54 95,51 97.08 97.30 97.41 97.B4 97,71 98,08 9B.19 98.15 98.40 97.94
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Steas-Nater Flooding Results (Low Steas Extraction Rate Tests)

TEST Ko Ofia

0507850408 3,991
0507850507 4,988

- 0507830407 35.983

0807830707 4.983
0807830808 7.980
0907850907 B.977
1107831007 9.976
© 1807830410 3,980
_-1807850507 4.973
1807830809 3.970
-2207830707 8.98b
2207830807 7.948
2207830907 8.93%
2207851007 9.932
1508831107 11,140
1908831207 12.449
12307830408 3,948
2307850508 4.940
23078530607 35.9%2
- 2307830707  6.945
24078350807 7.938
2407850907 8.928
2707851007 9.913
2807851107 11.109
2807851207 12,610
2507850409 3.933
2507830308 4.940
2507850608 3.928
25607850707 &.91b
2607830807 7,902
2407850907 B.889
2407851007 9.879
2507851107 11,082
2507851207 12,333
2507851407 14,040
2507831507 13,381
2907850408 3.933
2907830507 4.913
2907850607 3.899
3007850708 6.882
3007850807 7.870
3007850907 8.831
3007851007 9.837
3007831107 11,014
2008851207 12,498
2008831407 13,988
2008831307 13.483
2108831707 17,003
2208831807 18,504
2208852007 20.023
3107850408 3.911
3107850307 4,890
3107850407 3.847
3107850708 4.848

Tsud

"na
70.468
18.72
1%.19
18.43
8.3
19.02
69.14
49.00
8.81
8.2
69.08
69.29
69.41
48.48
69,30
9.3
59,64
%N
80,39
80.13
39,30
38.32
39,96
39.9
50,02
49.38
49.49
4%.58
48.82
48.73
9.2
9.3
48.84
19.73
48.72
40.18
38.93
3931
39.03
40,23
39.70
40.24
39.30
39.08
38,81
38.34
3%.87
38.63
38,33
2%.11
29,51
29.42
30.13

Hssup

1.5
1.3876
1,384%
13423
LTS
1.2339
1.2128
13159
1,.2104
1210
1.2882
1.3230
1.4098
1.4318
1. 2092
L2137
1.4323
1.4304
1.4098
1,3602
13907
1,405
1.3316
1.1910
1.1984
1,5008
14221
1.338%
1,333
1,3019
1,3432
1.3881
1,477
13197
1.2983
1,240
1.3138
1.4333
1.4317
1,398
1.4280
1,374
1,3283
1.3839
1.,4733
1,3083
1,168
1,1331
11299
1.1532
1.4811
1,3879
1.3812
1.3633

RSB

0.9722
0.9845
1,037
11044
1.1328
21
1.2031
0.9732
0.5431
0.94352
1,0234
1,0927
11193
1.1299
1.2092
LAy
0.9783
0.95%0
0.9524
0.9379
0.9738
1.0313
1.0289
1.1288
1.1984
0.9881
0.9478
0.9491
0.9097
0.9113
0.9689
1.0144
1.0238
1,044
1.1392
1.1483
1.0217
0.5840
0.9770
0.9820
0.9781
0.9430
0.94%8
0.99%7
0.9938
1.0318
1.0833
1.1331
1.1299
1.1332
0.9959
0.9503
0.9543
0.5230

BsT

0.3914
0.2549
0.177%
0.1326
0.1482
0.1823
0.13%4
0. 4493
0.3189
0.2187
0.1480
0. 1493
0.0943
0.0348
0.0488
0.0883
0. 3434
0.4183
0.3049
0.1770
0.1338
0.1221
0.0803
0.1134
0.1459
0.8230
0.5009
0.0077
0.2881
0.2130
0.1870
0.1374
0.1352
0.1423
0.1238
0.1843
0.7410
0.8343
0.3549
0.4973
0.4019
0.3105
0.2510
0.2433
0.15%7
0.1824
0.124
0.1203
0.1813
0.1948
0.7503
0.6900
0.8531
0.3511

nsC

0.3808
0.7197
0.8597
0.5317
1.0048
§.0354
1,0433
0.5059
0.4282
0.7503
0.8333
0.9433
1.0230
1.0933
11804
1.1432
0.4309
0.5393

0.5475

0.7408
0.8420
0.50%1
0.9483
1.0135
1.0523
0.3831
0.4470
0.3413
0.5218
0.4983
0.7799
0.8770
0.8888
0.5620
1.0t
1.0038
0.2867
0.3473
0.4201
0.4B43
0.3743
0.6324
0.7128
0.74%1
0.7981
0.8594
0.9418
1.0128
0.9484
0.93584
0.2054
0.2604
0.3114
0.3719

NSL

0.4792
0.4030
0.3270
0.2379
0.2847
0.0160
0.0077
0.3407
0.3273
0.2482
0.2548
0.2323
0.2903
0.3217
0.0000
0.0000
0.4760
0.4744
0.4574
0.4423
0.4191
0.4392
0.3027
0.0842
0.0000
0.5127
0.4743
0.3873
0.4338
0.3504
0.3783
0.3717
0.4538
o.211t
0.15%1
0.0723
0.4881
0.4313
0.4547
0.4145
0.4519
0.4294
0.358%
0.38%2
0.4773
0.2747
0.0808
0.0000
0.0000
0.0000
0.4832
0.4378
0.4187
0.4425

»
Jfin

0.1966
0.2198
0.2408
0.2501
0.2780
0.2949
0.3108
0.1968
0.21%98
0.2408
0.2501
0.2780
0.2949
0.3108
0.3289
0.3504
0.1964
0.2198
0.2408
0.2501
0.2780
0.2949
0.3108
0.3289
0.3504
0.1988
0.21%8
0.2408
0.2501
0.2780
0.2949
0.3108
0.3289
0.3504
0.3708
0.3902
0.198¢
0.2198
0.2408
0.2501
0.2780
0.2949
0.3108
0.3289
0.3504
0.3708
0.3902
0.4087
0. 4283

0.4437

0.1954
0.2198
0.2408
0.2501

»
J8T

0.3949
0.3247
0.2639
0.2485
0.2429
0.249%
0.2520
0.4321
0.3543
0.2923
0.2588
0.2439
0.1960
0.1174
0.1837
0.1831
0. 4483
0.40%0
0.3482
0.24633
0.2309
0.2209
0.1792
0.2128
0.241t
0.4990
0.4472
0.4035
0.33%0
0.2921
0.2733
0.2343
0.2324
0.2389
0,2223
0.2343
0.3449
0.3047
0.4722
0. 4454
0.4014
0.3528
0.3208
0.3139
0.2830
0.25%2
0.2224
0.2197
0.2543
0.279%
0.5633
0.3240
0.3119
0.4708

»
It

0.2140
0.2337
0.2381
0.2778
0.2954
0.3119
0.3271
0.2092
0.2338
0.2560
0.2781
0.2948
0.3118
0.3280
0.3438
0.3863
0.2024
0.2318
0.2540
0.2744
0.2929
0.3100
0.3238
0.3440
0.3451
0.2057
0.2298
0.2519
0.2719
0.2904
0.3079
0.3248
0.3422
0.3540
0.3843
0.4028
0.2038
0.227%
0.2494
0.2693
0.2883
0,3053
0.3222
0.3402
0.3617
0.3624
0.4024
0.4209
0.4377
0.45M4
0.2018
0.2257
0.2472
0.2472

*
J5B
0.6224
0.6260
0.5421
0.4831
0.4775
0.46960
0.4924
0.6229
0.6131
0.41%8
0.4386
0.6400
0.56483
0.4712
0.6944
0.4952
0.5241
0.4183
0.4154
0.6112
0.524!
0.6417
0.6407
0.4709
0.6910
0.6273
0.6152
0.81357
0.4024
0.6042
0.6221
0.6367
0.8396
0.6651
0.6744
0.6834
0.6417
0.6275
0.6254
0.6272
0.6233
0.6148
0.6231
0.48317
0.46320
0.6433
0.63%%
0.6743
0.6732
0.6802
0,6323
0.6173
0.6220
0.6090
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Stean-Nater Flooding Results (Low Steas Extraction Rate Tests)

TEST N0 Qfin

3107850807 7,825
3107850907 B.799
2508851007 9,783
2508851108 10,933
2508851207 12.426
2508851407 13,918
2508851507 15,407
2508851707 16,910
2508851807 18.415
2508852007 19,928
2504850407 3.889
2504850508 4,840
2506850607 5.832
2506850707 &.801
2504850808 7,773
2504850907 8,743
2506851007 9.721
2506851107 10,881
2504851208 12.350
2504851407 13.834
2506851507 15.309
2506851707 16.802
2504851807 168,304
25046852007 19,807
0306850409 3.851
0506850508 4,825
0506850608 5.791
0704850707 4,756
0704850807 7.722
1006850908 B.686
1106851007 9.648
1004851107 10.804
11046851207 12,265
1104851407 13,726
1206851507 15,222
1406851707 16.483
1406851807 18,173

1706852007 19,663 .

1706852107 21,166
0312850414 3.844
0312850514  4.804
0312850812 5,782
0312850711 -6.720
0312850842 7.685
0312850912 8.4842
0312651012 9,604
0312851110 10.757
0512851210 12,203
0512851411 13,842
0512851310 15,125
0512851710 15,594
0512851812 18.074
0512632011 19,545
0512852110 21,059

Tsub

29.99
29,14
30,20
29,91
28.93
29.49
29.44
29.9¢
2%.71
29.72
19.89
19.52
19.42
18.98
18.99
18.88
19.87
19.40
19.28
19.79
19.24
19.62
20,02
19.99
.92
§.68
9.64
.7
9.87
9.67
9.23
9.33
9.62
8.89
.43
9.70
9.94
974
9.73
3.22
.77
313
2,83
3.48
313
3.30
379
2,83
2.9
2,84
2,81
2,89
.12
3.12

Mssup

1.3099
1,3269
1,268
1.2869
1.3991
1.377%
1.2683
1,2404
1,1422
1.0784
1,46b4
1.4442
1,3501
1.3315
1,3839
1,3762
1,3473
31,3487
1.3044
1,2783
1.1998
1.4118
§,0648
§.0288
1.3601
1.4858
1.3694
1, 4422
1.3783
1.8257
1,3350
§,3383
1.2041
1,3021
L2
1,273
1,2109
1.1097
1.0438
1,3293
1.2681
1.2379
1,2783
1.3157
1.2026
1,2533
1.2730
1.1879
1.0489
1.0159
0.9681
0.8749
0.8370
0.8164

MSB

0.8919
0.9327
0.8909
0.9401
0.9614
0.9726
0,9920
1.0078
1.0673
1.0784
0.9838
0.9807
0.9084
0.8930
0.9149
0.9074
0.8980
0.9132
0.9407
0.9424
0,909¢
0,959
0.9554
0.9914
1,0420
0.9478
0.9111
0.9169
0.8685
0.9215
0.8771
0.8393
0.8334
0.8503
0.8800
0.8452
0.8923
0.9131
0.9605
1,0992
1,0308
$.0093
1,0238
0.9494
0.9348
0.8896
0.8983
0.8795
0.7903
0.7770
0.7391
0.7481
0.8108
0.8184

st

0.4472
0.4729
0,3352
0.3498
0.3148
0.2467
0.2295
0.1588
0.2040
0.1924
0.8450
0.8103
0.7029
0.4598
0.4300
0.6139

0.5504

0.5344
0.5103
0.4523
,0,3885
0,393
0.3814
0.3712
0.9765
0.8674
0.8125
0.8077
0.7464
0.7831
0.7226
0.6855
0.6320
0.6511
0.6523
0.577%
0.6021
0.6074
0.8359
1.0822
1,0054
0.9627
1,0003
0.9113
0.8984
0.8492
0.8414
0.8311
0.738%
0.7223
0.6783
0.6988
0.7290
0.7408

nsC

0.4247
0.4598
0.3357
0.5903
0.8466
0.7259
0.7625
0.8490
0.8633
0.8860
0.1389
0.1704
0.2055
0.2332
0.2649
0.2935
0.3476
0.3191
0.4304
0.4901
0.5207
0.5684
0.3850
0.6202
0.0653
0.0804
0.0985
0.1092
0.1221
0,1384
0.1543
0.1738
0.2014
0.2092
0.22717
0.2585
0.2901
0.3039
0.3245
0.0170
0,0255
0.0264
0.0253
0.0381
0.0383
0.0404
0.0547
0.0485
0.0319
0.0347
0.0508
0,0693
0.0819
0.0758

MSL

0.4180
0,3942
0.3776
0.3468
0.4377
0.4050
0.2763
0.2325
0.0749
0. 0000
0.4828
0.4635
0.4417
0.4383
0.4710
0.4588
0. 4493
0.4035

" 0.3637

0.3359

0,2907

0.1520
0.1004
0.0374
0.5181
0.5380
0.43583
0.5233
0.3097
0.5042
047719
0.49%0
0.4307
0.4418
0.4327
0.4011
0.3188
0.1966
0.0833
0.2303
0.2333
0.2286
0.2527
0.3663
0.2678
0.3637
0.3747
0.3084
0.2785
0.2389
0.2270
0.1088
0.0282
0.0000

»
Jtin

0.2780
0.2949
0.3108
0.3289
0.3504
0.3708
0.3902
0.4087
0,423
0.437
0.1968
0.2198
0.2408
0.2801
0.2780
0.2949
0.3108
0.3289
0.3504
0.3708
0.3902
0.4087
0.4265
0.437
0.1986
0.2198
0.2408
0.2604
0.2780
0.2949
0.3108
0.3289
0.3504
0.3708
0.3904
0.4087
0.4263
0.4437
0.4603
0.1988
0.2198
0.2408
0.2401
0.2780
0.2949
0.3108
0.3289
0,3504
0.3708
0,3902
0.4087
0,4253
0.4437
0. 4803

*»*
5T

0.4330
0.4356
0.,3773
0.3748
0.3558
0.3134
0.3039
0.2523
0.2844
0.2781
0.5839
0.5719
0.5326
0.5157
0.5122
0.4976
0.4710
0.4840
0.4535
0.4270
0.3938
0.3973
0.3921
0.3868
0.6281
0.3918
0.3733
0.5714
0.5493
0.5630
0.5403
0.5168
0,3051
0.5138
0.5137
0.4833
0.4938
0.4953
0.30%4
0.6823
0.4383
0.6312
0.6363
0.8078
0.6034
0.3868
0.3843
0.5804
0.5472
0.0413
0.5243
0,3319
0.5439
0.5483

»
i

0.283%
0.3027
0.3194
0.3379
0,359
0.3803
0.3999
0.41%0
0.438%
0.4338
0.2001
06.220
0.2430
0.2648
0.2828
0.2999
0.3164
0.3347
0,336
0,374
0.3968
0. 4138
0.4334
0.4307
0.1963
0.2216
0.2428
0.2622
0.2802
0.2973
0.3133
0.3318
0.3333
0.3734
0.3933
0.4120
0.4299
0.4472
0.4839
0.1970
0.2204
0.2413
0.2606
0.2787
0.2933%
0.3143
0.3298
0.3511
0.3713
0.3909
0.4095
0.4273
0. 4445
0.4811

»
JSB

0.3963
0.8147
0.5979
0.6144
0.8217
0.8257
0.6318
0.4363
0.6350
0.6363
0.6300
0.6292
0. 4055
0.46000
0.4077
0.6030
0.6016
0.6067
0.8187
0.6183
0,6056
0.6220
0,624t
0.8322
0.4468
0.6184
0.4070
0.6088
0.392%
0.8107
0.5935
0.5827
0.3800
0.5903
0.5982
0.5851
0.6009
0.6017
0.623%
0.6475
0.8463
0.6397
0.6443
0.56201
0.6155
0.6008
0.4038
0.5
0.3661
0.5534
0.5473
0.5517
0.573%
0,3737
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APPENDIX D

B P
This Appendix gives the mathematical analysis of

Chapter six in more detail.

D.1.1 Mass Balance

Cohsidefing the control volume shown in Figure
6.1, the mass balance can be written as:

.o.d :
(M +*——(Mg)dz) - M

d , .
M.)dz] = 0 (D.1)
g9 dz f

+Me ~(M_+— (
f £ 3,

9

and hence

d d
—(Mg) = —(M_) D.2
‘dz £ . dz 9 ( )

D.1.2 Momentum Balance

In the momentum balance, the net force acting on
each phase in the direction of motion is equal to the rate
6f'change of momentum of that phase. Applying this
balance to both liquid and vapour phases, considering the

control volume shown on Figure 6.2, yields:
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(i) Liquid Phase:.

n n ds§ d

P
[(=D -—(0-25) %pe1- [—Dz-—(D-2(8+——dz)) ) (pg+—Ldz)) +
4 dz dz
5 ds ) LPIR 1 dp,
[(—D -—(D-2(8§+—dz))”)~-(-D"~—(D-28) )l[ (p +(Pl+-——dz))l
4 dz 4 4 dz
1 ds
-[- (n(D-28)+u(D-2(8+a—dz)))dzr ]-nbdzt ] +
-4
‘ 1 n, n n ds
[peg -((—D -—(D-ZS) )+—D -—(D-2(6+——dz)) )dz] =
4 4 4 dz
d ) d
[M Ug+—(M U dz] - M_U_.-U —(M _)dz (D.3)
28 £ £ £ gy, 9

where tg;, is the vertical component of Tey

Simplifying, equation D.3, gives

dé dé dp
[(nD&-n& )pfl [(nD8+nD——dz n(8+——dz) )(pf+———dz)] +
dz dz dz
as -~ ds 1 dp,
[(nD&+nD——dz-n(5——dz) )- (nD&-pS )1[py+— —dz] -
dz dz 2 dz
ds 1 2
[(n(D-ZS)-n(E;dz))Tfizdz] - [nDdez] + [pfgz((nDS-ns )
ds ds
+ (nD&-ns -n(D -28)—dz - n(—dz) ))dz] -
dz dz
d
—(McUg)dz - Ug ——Sdz (D.4)

dz
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dpf das ds
—n&(D-S)———dz n(D 28)(——dz)pf+n(D-26)(——dz)p -n(D-28)
dz dz
d
Tflzdz nDT, dz+n6(D—8)pfgdz = Mfd (Uf)dz +
. d d
(M ydz-U —(M_)dz (D.5)
fdz 94z 9

Assuming Pg = pg = Py = P, equation (D.5) becomes

dp
-n8(D-8)~—dz- n(D—ZS)Tf dz-nDT dz+n8(D-8)pfgdz =
dz -
d d d
M. —(U.)dz+U (M )dz-U -—(M ydz (D.6)
fdz £ fd 9dz

equation (D.6) can be written as:

dp (D-23) D (D-28)p U 2 d8
—_—= - Tey, — ——— T _+p g + _—-
dz . ..8(p-8) fi%Z  gp-s) ¥ f §(D-8) dz
2U d U 4
ns(D-§) dz ns§(p-§) dz 9



500

(ii) vapour:Phase

n ds 1 dp
- (D 25)2 pg=(= (D—2(8+E—dz)) ) (pg +——3dz)1 -[- (pi+(p +§__d2))

n as n 1 ds
(— (D-2(8+——dz)) -—(D 238) )] + [-(n(D=28)+n(D=-2(8§+—dz)))
4 dz 2 dz
ln 9 T dé
dzrgizl+[pg ;( (D-25) +Z(D-2(8+g;d2)) )dz] =
d
—[(MgUg+(—i—(Mgug)dz) MgUg -U —--9dz] | (D.8)
where Tgiz is the vertical component of Tgi
Simplifying equation (D.8), gives:
n : ds ds
[=(D-28)%p -( (n 28)%-n(D-28) (—dz)+n(—dz) %) (p +——5dz)1
4 g dz dz 9 a
ds ds 1 dp
-[(-(D 28) -n(n—25)(—dz)+n(—dz) -—(D 28) )(p +— —dz)]
dz dz 4 2 dz
1 1n

+[- ((u(D -28)- n(——dz))dzr , + e g—( (D-28)
dz

ds ds
(= (D-28) -M(D-2§)(—dz) + n(—dz)?))dz] =
dz dz

-t?—(ln u‘)d‘ gﬁg.d
dz g g zZ - Ug 4z Z] (D.g)
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neglecting high order terms and simplifying, equation

(D.9) yields

n dp ds ds
~—(D-28)2—9dz+n(D-25) (—dz)p -n(D-28) (—dz)p,
4 - dz dz 9 dz
n 2 d
* W(D-28)dzTy, , + —(D-28)%dzpgg = ~Mi—(Ug)dz
d d
=Ug—(M;)dz + U —(M_)dz (D.10)
9dz 9dz

Using the assumption of pg = p; = p and simplifying

equation (D.10) gives -

n dp

n
-—(D-28)2——dz+n(D—25)dz1 ., + —(D-28)%dzp_g =
4 dz 4 g
d
M —(U,)dz (D.11)
93z

equation (D.11) can be re-written as

. dp J 4p U _“° d§ g
d— - —— iz + p g + -—g-—g-—p -_— ——'(M )
z  (D-2§) 9 (D-28) dz  n(D-28)2

(D.12)

D.1.3 Energqgy Conservation

When a saturated vapour moves counter-current to a

subcooled liquid film, condensation occurs and energy is-
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transferred. Considering the control volume shown in

Figure 6.3, the energy balance is:

d d
[Mfﬁ'f + (M hg+;:(ngh )dz)] - [M h +(M et ” (MfoL)dz]=q

R : (D.13)

If the liquid film is assumed to flow over an adiabatic
surface i.e. no heat losses across the tube wall, then
equation (D.13) yields:

d d

—(M _h ) ‘ (D.14)
dz dz 99

Since it is assumed that the vapour phase is dry saturated

and the saturation temperature remains constant, therefore

d d

;—;(Mfﬁ ) = hy = (M) (D.15)
or

d _ d

d_z("fcprf) - (hf + h ) d_z' (M ) ({D.16)

Using equation (D.2) and equation (D.16) and simplifying

gives
- dMg d _ d(mg) d
—_—+ M, — T.) = —_— .
cprf dz + T dz (Cpf £) hfg dz + Cpf S4z (M )
(D.17)
I1f Cpf is assumed constant, then
d d d(Mf)

(D.18)

—(T¢) = hfg————-

(C_.T T )—(M;) + M.C
peTe Cpels gz f £ pfy, 4z
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which, after rearranging, yields

d M.C d _
—(ng) = —LPE —(T,) (D.19)
It is assumed that there is no slip between the two
phases at the interface, therefore
Tgi - Tfi - Ti (D.20)
and since © is a very small angle, Figure 6.4, then
Tgiz'-‘Tfiz =T (D.21)
substituting equation (D.2) into equations (D.7) and
(pD.12), and eliminating the pressure gradient, gives
- - \‘:
§(D-§) = &(D-8) n3(D-3) 94z . §(D-8§) dz
4 4p U % ds w a
T 4Pt —e — + ——d—s  — (M) (D.22)
(D-2§) (D-28) dz n(D-28) dz . .
or
(D-28)p.U_% a5 4p U 2 ds D-25 4
£Uf P DT
5 — - SO ~+ )ri+ - pgg
(D-8) - dz  (D-28) dz &(D-8)(D-28)' &§(D-8)
1 dM, 4u, d -
+p g+ (ZUf-Ug) + — (Mf) (0.23)

9° ns(p-8) dz  n(D-28)% dz
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2 2 2
(D-28)pgUg” 4p U “ d8 (D-28) +48(D—8l , DT,
§(D=5) (D-28) dz  &§(D-§)(D-28) * &(D-8)
2U.-U 4vu am
~(pgmpglgt(——I- y—L—0) L (D.24)
n&(D-8) n(D-28)° dz
and hence
2
d§  (D-28)%+48(D-8) DT 2U,.-U
— o T + w -(pge-p )g+(——£——3
dz §(D-8)(D=28) §(D-8) g ns(D-§)
2 2
4U aM (D-28)p.u 4p u
» —3—) £y, ££f _(—24y (D.25)
n(D-28) dz §(D-8) (D-28)

Substituting the values of T and Ty (See Chapter 6) into

equation (D.25), gives

ds { p? | (1 . DCprf2
—_— - - £, (U -U)° + - (pe=p_)g
dz  D2s-3s%p+2s3 2 919 °f 26(D-8) (Re )" £7g
2U.-U 4au dM, (D-28)p U2  4p U 2
P juiet - AN 9 £ Pff _ “Pggq
n8(D-§) n(p-28)2 dz §(D-3) (D-28)
. (D.26)
re-arranging, gives ‘
ds p2 DCp U 2
dz  2(p“s-3§%ps2s’) I 1 9 (Reg)" - J
2U_~U , - 2 2
[ £ Vg . 4 Ug : de (D 26)pfuf _ 4pguq
n&(D-8)  n(p-2§)% dz §(D-8) - (D=28)

(D.27)
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Consider the non-dimensional terms

u Q
. £ . 9
£ (gu)/? rs(p-8)(gr)/?
u 4Q '
st = 5/L Fr_ = —3 - —d ‘ (D.28)
9 (gr)l/%  n(p-28)%(gr)t/?
pt = D/L
+ prf
p = p_/p Re, = ———
gt £ r(p-s)ug

then equation (D.27) can be made dimensionless by using

(D.28), to give

+ +2 2
ds D 2 D+Cpngrf

— = - p f.gFr -Fr_“+
gzt 2(pt2st-3st2ptezstd 9T 9 TS 26%(0%-5)* (Re ()"

) g +[2Frf—Fr i 3 1/2*41=‘r:g i E 1,2 de
(pg=pgl9 Tt o D) s = () =Y
nst(p*-s%) L 1 n(p*-2s%H)“ L L dz
+ + :
D' -28 )p.g 4p g
£

S Py ety (.29)
st (pt-st) (p*t-25%) 9

Dividing by (pgg), and re-arranging, yields:

+ 2 ,
ds - p* .y 2 D+Cth2
dz 2p*4gt ggtiptigstd 1 g 'f 28" (D-8") (Re)"
2Fr .-Fr ‘ "dM,
“(1-p*) 41 £ Frg 4Frg 1 dM y

+ ]
n8*(0*-s")  n(p*-26")% 5 (gr)1/? dzn}

(0*-28%)rc 2 gotpr 2
T — - 1} (D.30)
8T (p*t-st) (pt-28%)
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Substituting equation (D.19) into equation (D.30) gives

as* pt? ' p*c rr 2
ol S B Er— fi°+(Fr 'Frf)z AP +f n
dz 2pt“st-65"“DY+4s g 287(D"-8") (Rey)
2Fr _-Fr 4Fr né(D-8)U
~(1-p") + [ + g+ g + + . 7.2 l/g
nst(pt-s7) n(p*T-28%) L(gL)
Cp, dr, (D+—28+)Frf2 4otFr 2
/1 - 3
heg+CPE(T~Ty) dz s*t(p*t-st) (pt-25%)
(D.31)
consider the non-dimensional terms of
+ - co
T - T /T
s £ in (D.32)
T, = Tg/Tin.
+
Substituting (D.32) into equation (D.31), gives
as* ~ p*? . , otcre?
¥ o a2, fip (Frg-Fre)4—ea—ps
dz (2D7“8-681“Dp*+454) 9 2(8'p*t-5* )(Ref)n

ZFrf-Frq 4E‘rg ]
(8+D+-8+2) (D+-28+)2

-(1-p%) + [

+
Frfs (D+-8+) ar* (D+-28+)Frf2 4p+Fr 2
M= - "
(s*p*-5¢) (p*-25%)

HCP'+(T *-1%)  gp*

(D.33)
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As 8<<D, then equation (D.33) can be wirtten as

ds* 1 , ¢©Frg’ .
— = {(—f.pY(Fr -Fr )% + —E—— — (1-p%) +
dzt st i g 't 28% (Re,)"
4+ + +
- T
Frf Frg 4Frg 8§D Frf d 1/

+ ]
stpt (pt-25%)2 HCP++(TS+-T+) dz*

2
g9
st (D*-za*)}‘ (-3

Frfz _ 4p+Fr

{

This is equation 6.27 in Chapter 6 which represents the

variation in the film thickness along the test tube.

p.2 Flooding with Uniform Film Including Condensation:

The velocity potential in a stream of gas (vapour) flow

with flat interface, Figure 6.6, can be defined as

$ = Ugz-+ Vgy | (D.35)
Then
Y ) ‘ , ‘ ,
u- z Ug (D.36)
and
3¢ f . .
v ay = V¢ Q g (D.37)

The velocity potential can be represented by
b= Ugz + Voy 4 ¢ (D.38)
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where ¢’ is the velocity potential variation due to the

perturbation, then

seeking a soiution of equation (D.39) of the form
¢’ = G(t) H(z) I(y) (D.40)

gives, from equation (D.39)

1 3% 1 %1 .
H 23z I 3y

The constant of separation is assumed negative since a

solution sinusoidal in z and exponential in y is required,

thus

H = AcosBfz . + B sinfBz : (D.42)
and

I = EgoshBy + F sinhBy . T (D.43)
which gives from equation (D.40) (D.44)

‘¢’ = G(t)(AcosBz+Bsinpz) (EcoshBy+Fsinhgy) © (D.45)

and.consequently

a¢' .

;; - G(t)B(Acosﬁz+BsinBz)(Esinh5y+FcoshBy) (D.46)

The boundary conditions are:

(i) no veloc}ty normal to the wall at some distance h from the

wall where h = 0 for the liquid ﬁhase and « for the gas

phase, i.e.



509

or (D.47)

]
o

(ii) the kinematic¢ condition at the gas (vapour)-liquid

interface, i.e.

S

CL A an
y=8 Vgt— = — + u— + v(§,n) (D.48)
oy ot 9z

where
© n = n, exp (ik(z-ct)) (D.49)
Then
9’ : L .
vg+;; = -ikengexplik(z-ct)]+uikn_explik(z-ct)]+v(8,z) (D.50)
= ikn (u-c) explik(z-ct)]+ v($,2) (D.51)

-

For flat surface the gas (vapour) velocity normal to the

interface can be reérééénted by

_.kf(Ts-Tf) 1

Vg = S - (D.52)
Pglleg
or
. )
V(&lZ) = - f(Ts Tf) 1 [ M(l-ﬁ) (D 53)
&+ ’
n PoPtq Spgheg

n
> v(§,2z) = S (l-g) (D.54)
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9’ n
S V., ¢4— = ikn (u-c) explik(z-ct)]+v_ (1--) (D.55)
9 ay 9 8
..l 3¢'
— = exp [ik(z-ct)] [ikn (u-c)- —9——1 (D.56)

oy
Now, boundary conditions (D.47), gives from equation (D.46)

0 = B(Esingh + Fcoshgh) (D.57)
or F = -E tanhgh (D.58)

when h » =, then
F = -E (D.Sg)

Then equation (D.45), becomes

$' = G(t) (AcosBz+Bsinfz) E(coshBy-sinhgy) (D.60)

or ,
¢’ = G(t) (AcosBz+BsinBz) E exp(-By) (D.61)

Applying boundary condition (D.49) to equaﬁion (D.61), gives

9’ -
;; = ~EB exp(-BS$) G(t) (AcosBz+Bs1nBz) (D.62)

but from equation (D.56)

24
— - exp[lk(z-—ct)][ikn (u-c)-—9-—l
dy 8
hence
.
B = k' - = ]
A

and then equation (D.61) becomes
$' = G(t)(AE) explk(iz-y)]=G(t) (AE) explik(z+iy)])(D.63)

and
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g’ vgh
— = Ek exp(-k8)G(t)A expl(ikz)= explik(z-ct)] [ikno(u-c)——ﬂggl

Ay
(D.64)

then

v_n
G(t) = (1kno(u-c)-—§-21exp(ikct)/(Ao)k exp(-k§) (D.65)
substituting equation (D.65) into equation (D.63) gives
v no
' = [i(u-c)no-—ﬁz——lexp[—k(y—S)]exp[ik(z-ct)] (D.66)

Applying equation (D.66) for the liquid phase when u = U’ e

then
¢'f-[i(Uf-C)lhoexp[ik(y-S)]exp[ik(z-ct)] (D.67)

and for the gas(vapour) phase where u = ~Ug to give

) v
¢'g--[i(Ug-C)+;§]noexp[—k(y-8)] exp{ik{z~-ct)] (D.68)

Bernoullis equation can be written as

P 3¢ 1 23 1 3¢
PEAPTol el o B (O L (D.69

where ¢, is a constant or time dependent function.
since ¢ = ez + vgy + ¢', then equation (D.69) can be written
as

p 3’ 1 3y 1 3¢’

—+ =+ =(U+—)" 4+ - (V_ + ——)2 = C .
P at 2 92 2 g Y 1 (e.70)
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Note that all perturbed quantities (denoted by (’)) are all

proportional to perturbation n.

Neglecting terms of order nz or above, equation (D.70)

becomes, for the liquid phase, as
P 3¢'¢ Ug 3¢' ¢

ot 2 9z

-Cz

3¢’ U 3 '
P %9, % _ 3% Vg 3¥q_
+ U + + Vv C3
o at 2 9 32 2 9 3y

The boundary condition is that at z = 0 all perturbed

quantitites are negligible, thus

2
P U
C2-—°+-L
Pf 2
and
2 2
o] U _“+v
c3-_°+-£~9_
Pg 2

where‘po is the static Pressure at =0

Defining a perturbed pressure difference by -

! = -
P P = P, |
allows equation (D.71) to be rewritten as
_p' a¢l 34,'
_f..q.—-—f--l-uf_fao
@f ot 92

and equation (D.72) becomes

(D.71)

(D.72)

(D.73)

(D.74)

(D.75)

(D.76)

(D.77)
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Using equation (D.67) gives for the liquid phase

a [ 4
—iﬁ - -k(Uf-c)no expl-k(y-8)) explik(z-ct)] (D.78)
32z

and
a f 4
_i{ = ke (Uf-c)noexp[—k(y—S)] explik(z-ct)] (D.79)
ot

and hence from equation (D.77)
Pe' = pgk(Ug—c)?n, expl-k(y-8)] explik(z-ct)]  (D.80)

For the gas phase, from equation (D.69)

°¢ ! v
— = - ik [i(U_+c) + —2In_ expl-k(y-8)] explik(z-ct)]
9z ‘ 9 ks ©

(D.81)

X S v
—2 = ikc [1(U_ +c)+ —L]n_ expl-k(y-8)] explik(z-ct)]  (D.B2)
at 9 ks ©

and
¢

v
;;3 - k [i(Ug +c)+ ;ilho expl{-k(y-8)] explik(z-ct)] (D.83)

and hence from equations (D.78)

A%
Py’ = -pgk[i(Ug+c)+;§] [i(ug+c)+vg)noexp[-k(y-8)lexplik(z-ct)l

(D.84)
which is equation (6.67) in Chapter 6.



	382278_001
	382278_002
	382278_003
	382278_004
	382278_005
	382278_006
	382278_007
	382278_008
	382278_009
	382278_010
	382278_011
	382278_012
	382278_013
	382278_014
	382278_015
	382278_016
	382278_017
	382278_018
	382278_019
	382278_020
	382278_021
	382278_022
	382278_023
	382278_024
	382278_025
	382278_026
	382278_027
	382278_028
	382278_029
	382278_030
	382278_031
	382278_032
	382278_033
	382278_034
	382278_035
	382278_036
	382278_037
	382278_038
	382278_039
	382278_040
	382278_041
	382278_042
	382278_043
	382278_044
	382278_045
	382278_046
	382278_047
	382278_048
	382278_049
	382278_050
	382278_051
	382278_052
	382278_053
	382278_054
	382278_055
	382278_056
	382278_057
	382278_058
	382278_059
	382278_060
	382278_061
	382278_062
	382278_063
	382278_064
	382278_065
	382278_066
	382278_067
	382278_068
	382278_069
	382278_070
	382278_071
	382278_072
	382278_073
	382278_074
	382278_075
	382278_076
	382278_077
	382278_078
	382278_079
	382278_080
	382278_081
	382278_082
	382278_083
	382278_084
	382278_085
	382278_086
	382278_087
	382278_088
	382278_089
	382278_090
	382278_091
	382278_092
	382278_093
	382278_094
	382278_095
	382278_096
	382278_097
	382278_098
	382278_099
	382278_100
	382278_101
	382278_102
	382278_103
	382278_104
	382278_105
	382278_106
	382278_107
	382278_108
	382278_109
	382278_110
	382278_111
	382278_112
	382278_113
	382278_114
	382278_115
	382278_116
	382278_117
	382278_118
	382278_119
	382278_120
	382278_121
	382278_122
	382278_123
	382278_124
	382278_125
	382278_126
	382278_127
	382278_128
	382278_129
	382278_130
	382278_131
	382278_132
	382278_133
	382278_134
	382278_135
	382278_136
	382278_137
	382278_138
	382278_139
	382278_140
	382278_141
	382278_142
	382278_143
	382278_144
	382278_145
	382278_146
	382278_147
	382278_148
	382278_149
	382278_150
	382278_151
	382278_152
	382278_153
	382278_154
	382278_155
	382278_156
	382278_157
	382278_158
	382278_159
	382278_160
	382278_161
	382278_162
	382278_163
	382278_164
	382278_165
	382278_166
	382278_167
	382278_168
	382278_169
	382278_170
	382278_171
	382278_172
	382278_173
	382278_174
	382278_175
	382278_176
	382278_177
	382278_178
	382278_179
	382278_180
	382278_181
	382278_182
	382278_183
	382278_184
	382278_185
	382278_186
	382278_187
	382278_188
	382278_189
	382278_190
	382278_191
	382278_192
	382278_193
	382278_194
	382278_195
	382278_196
	382278_197
	382278_198
	382278_199
	382278_200
	382278_201
	382278_202
	382278_203
	382278_204
	382278_205
	382278_206
	382278_207
	382278_208
	382278_209
	382278_210
	382278_211
	382278_212
	382278_213
	382278_214
	382278_215
	382278_216
	382278_217
	382278_218
	382278_219
	382278_220
	382278_221
	382278_222
	382278_223
	382278_224
	382278_225
	382278_226
	382278_227
	382278_228
	382278_229
	382278_230
	382278_231
	382278_232
	382278_233
	382278_234
	382278_235
	382278_236
	382278_237
	382278_238
	382278_239
	382278_240
	382278_241
	382278_242
	382278_243
	382278_244
	382278_245
	382278_246
	382278_247
	382278_248
	382278_249
	382278_250
	382278_251
	382278_252
	382278_253
	382278_254
	382278_255
	382278_256
	382278_257
	382278_258
	382278_259
	382278_260
	382278_261
	382278_262
	382278_263
	382278_264
	382278_265
	382278_266
	382278_267
	382278_268
	382278_269
	382278_270
	382278_271
	382278_272
	382278_273
	382278_274
	382278_275
	382278_276
	382278_277
	382278_278
	382278_279
	382278_280
	382278_281
	382278_282
	382278_283
	382278_284
	382278_285
	382278_286
	382278_287
	382278_288
	382278_289
	382278_290
	382278_291
	382278_292
	382278_293
	382278_294
	382278_295
	382278_296
	382278_297
	382278_298
	382278_299
	382278_300
	382278_301
	382278_302
	382278_303
	382278_304
	382278_305
	382278_306
	382278_307
	382278_308
	382278_309
	382278_310
	382278_311
	382278_312
	382278_313
	382278_314
	382278_315
	382278_316
	382278_317
	382278_318
	382278_319
	382278_320
	382278_321
	382278_322
	382278_323
	382278_324
	382278_325
	382278_326
	382278_327
	382278_328
	382278_329
	382278_330
	382278_331
	382278_332
	382278_333
	382278_334
	382278_335
	382278_336
	382278_337
	382278_338
	382278_339
	382278_340
	382278_341
	382278_342
	382278_343
	382278_344
	382278_345
	382278_346
	382278_347
	382278_348
	382278_349
	382278_350
	382278_351
	382278_352
	382278_353
	382278_354
	382278_355
	382278_356
	382278_357
	382278_358
	382278_359
	382278_360
	382278_361
	382278_362
	382278_363
	382278_364
	382278_365
	382278_366
	382278_367
	382278_368
	382278_369
	382278_370
	382278_371
	382278_372
	382278_373
	382278_374
	382278_375
	382278_376
	382278_377
	382278_378
	382278_379
	382278_380
	382278_381
	382278_382
	382278_383
	382278_384
	382278_385
	382278_386
	382278_387
	382278_388
	382278_389
	382278_390
	382278_391
	382278_392
	382278_393
	382278_394
	382278_395
	382278_396
	382278_397
	382278_398
	382278_399
	382278_400
	382278_401
	382278_402
	382278_403
	382278_404
	382278_405
	382278_406
	382278_407
	382278_408
	382278_409
	382278_410
	382278_411
	382278_412
	382278_413
	382278_414
	382278_415
	382278_416
	382278_417
	382278_418
	382278_419
	382278_420
	382278_421
	382278_422
	382278_423
	382278_424
	382278_425
	382278_426
	382278_427
	382278_428
	382278_429
	382278_430
	382278_431
	382278_432
	382278_433
	382278_434
	382278_435
	382278_436
	382278_437
	382278_438
	382278_439
	382278_440
	382278_441
	382278_442
	382278_443
	382278_444
	382278_445
	382278_446
	382278_447
	382278_448
	382278_449
	382278_450
	382278_451
	382278_452
	382278_453
	382278_454
	382278_455
	382278_456
	382278_457
	382278_458
	382278_459
	382278_460
	382278_461
	382278_462
	382278_463
	382278_464
	382278_465
	382278_466
	382278_467
	382278_468
	382278_469
	382278_470
	382278_471
	382278_472
	382278_473
	382278_474
	382278_475
	382278_476
	382278_477
	382278_478
	382278_479
	382278_480
	382278_481
	382278_482
	382278_483
	382278_484
	382278_485
	382278_486
	382278_487
	382278_488
	382278_489
	382278_490
	382278_491
	382278_492
	382278_493
	382278_494
	382278_495
	382278_496
	382278_497
	382278_498
	382278_499
	382278_500
	382278_501
	382278_502
	382278_503
	382278_504
	382278_505
	382278_506
	382278_507
	382278_508
	382278_509
	382278_510
	382278_511
	382278_512
	382278_513
	382278_514
	382278_515
	382278_516
	382278_517
	382278_518
	382278_519
	382278_520
	382278_521
	382278_522
	382278_523
	382278_524
	382278_525
	382278_526
	382278_527
	382278_528
	382278_529
	382278_530
	382278_531
	382278_532
	382278_533
	382278_534
	382278_535
	382278_536
	382278_537
	382278_538
	382278_539
	382278_540
	382278_541
	382278_542
	382278_543
	382278_544
	382278_545
	382278_546
	382278_547
	382278_548
	382278_549
	382278_550
	382278_551
	382278_552
	382278_553
	382278_554
	382278_555
	382278_556
	382278_557

