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Abstract

The thesis describes the results of a research programme involving both experimental and
modelling work to study evaporation on the shellside of shell-and-tube heat exchangers. The
particular focus is on the study of evaporation over a range of mass fluxes typical of operating
practice. Current design procedures make simplifying assumptions (such as a uniform
gas/liquid distribution across the entire cross section of the shellside) which are thought to be
iInaccurate. The experimental work was conducted on a TEMA E-type shell and tube
evaporator. The evaporator has 97 tubes of length 1240 mm, and the unit is large enough to
represent full-scale industrial exchangers. Geometrical considerations such as baffle
orientation and presence of sealing strips were also tested. The results show that there is a
drop in the heat transfer performance at lower mass fluxes and higher vapour outlet qualities.
It Is suggested that the sudden drop in heat transfer performance at lower mass fluxes is
caused by a change in flow pattern on the shellside of the heat exchanger. Evidence
suggests that there Is a possible transition from a homogeneous to a stratified two-phase
flow. Support for this conclusion is that the transition in heat transfer performance appears to
coincide with a change in the behaviour of the measured two-phase pressure drop multiplier.
The thesis also describes the development of a model for shellside heat transfer and pressure
drop which allows for the effects of separated flow and also attempts to predict the apparent
transition in two-phase flow pattern. Knowledge of the existence of the transition and its
prediction is important in avoiding unexpected poor performance in practice. A close
correspondence is found when the predictions from the developed model are compared with

the data from the experimental programme.
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Nomenclature

Quantity

Geometric / ‘Non frictional’ two-phase Multiplier
Cross sectional area / flow area

FFactor in two-phase multiplier correlations
Value in equation 8.24

Constant in equation 2.52

Diameter

Wetting factor due to entrainment in Model-C
Boiling correction factor

Boiling correction factor

Friction factor

Acceleration due to gravity

Height

Specific enthalpy

Mixed flow superficial velocity

Slip ratio
Mass flowrate

Mass flux

Number of velocity heads in shellside pressure drop network/

Exponent in equation 2.5
Pressure
Tube pitch

Heat duty / Heat load

Heat flux

Liquid volume fraction

Radius
Suppression factor in equation 2.4

Height above base of shell at which baffle begins (Model-B)
Temperature

Overall heat transfer coefficient

Combined standard uncertainty

Instrument uncertainty

Measurement uncertainty

Standard uncertainty in parameter y

Units
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Subscripts

dCC

bc

boil
c, crit

cb
eg

evap

exp

fc

g, G,V, VAP

go

Volumetric flowrate

Superficial velocity
Wallis dimensioniess gas velocity

Lockhart-Martinelli parameter, also empirical parameter
in Stephan-Abdelsalam correlation

Vapour quality, vapour mass fraction

Heat transfer coefficient

Volumetric vapour/gas fraction

Difference operator

Specific latent heat of vaporisation

Void fraction

Two-phase pressure drop multiplier based on liquid-phase

flowing alone

Two-phase pressure drop multiplier based on total flow

with liquid properties
Dynamic viscosity

Thermal conductivity

Density

Surface tension

Dimensionless parameter in Figures 2.8 and 2.10

Acceleration term

Bulk property, bubble(diameter), baffle
Boundary condition

Boiling term

Critical parameter

Convective boiling
Equivalent(diameter)

Evaporating flow

Expanded

Forced convective

Gas/Vapour phase
Total flow with gas/vapour properties

Homogeneous

m°/s

m/s

Ns/m?

W/mK
kg/m®
N/m



i Inner

|, L, LIQ Liquid phase

lo Total flow with liquid properties
Model-A Parameter calculated in Model-A
Model-B Parameter calculated in Model-B
Model-C Parameter calculated in Model-C
nb Nucleate boiling

nc Natural convection

0 Outer

S Static (pressure), Shellside

Sat Saturated conditions

o Superficial gas property

sl Superficial liquid property

t Tubeside

tot, TOT Total

tp, TP Two-phase

W Wall

Abbreviations

HTFS Heat Transfer and Fluid Flow Service
HTRI Heat Transfer Research Inc.
NEL National Engineering Laboratory
TASC HTFS Shell-and-Tube Heat Exchanger Design Program

TEMA Tubular Exchanger Manufacturer's Association
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CHAPTER 1 - Introduction

The project Is concerned with advancing the technology used in the thermal design of shell
and tube heat exchangers in which evaporation occurs outside a bundle of tubes with the flow
being directed by baffle plates. The shell and tube heat exchanger is very commonly used in
chemical and process plant. This type of heat exchanger is by far the most popular for a
number of practical reasons including; reliability, availability of established design standards

and suitability for operation at high pressures.

Specific applications in which shellside evaporation occurs are feed-effluent exchangers and
reboilers. In the feed-effluent exchanger the effluent from a process is used to heat and
possibly vaporise the feed stream. The reboiler is used to vaporise a fraction of the bottom
product from a distillation column. There are three principal types of reboiler: those which
have no circulation of the liquid phase through the exchanger, those which have forced
circulation and those which have natural circulation. The best example of the first type is the
kettie reboller where the evaporation takes place outside a bundle of tubes immersed Iin a
pool of liquid and the exit vapour stream is produced by the migration of the vapour phase to
the upper part of the shell. In the forced circulation case the process liquid is pumped through
the shellside of the exchanger where the evaporation takes place producing an exit stream
that is a mixture of liquid and vapour. In natural circulation, the liquid flow through the
exchanger is maintained by the difference in density of the two-phase mixture of vapour and
liquid in the exchanger and the single-phase liquid in the base of the distillation column. The
dependence on the process of natural circulation requires an accurate thermal-hydraulic

design for this type of reboiler.

Thermal design of a heat exchanger involves calculation of the surface area required to
transfer a specified heat duty from a hot fluid to a cold fluid within imposed constraints such
as pressure drop. It is very important to ensure that the design meets the required duty since
operating penalties for underperformance may be severe. Once the heat exchanger is
designed it may be necessary to conduct simulations to determine performance under off-

design conditions. Nowadays these calculations are almost always performed using

computer programs.

A computer model for the thermal performance of a heat exchanger needs to calculate heat
transfer coefficients and pressure gradients. In two phase flow an incremental calculation Is

required because conditions such as the vapour quality on which heat transter and pressure

drop depend can vary along the exchanger.



The methods Iin the programs are based on research data that are validated, if possible
against full-scale testing. The programs therefore offer enhanced accuracy and confidence in
design. Shellside evaporation is a particularly complex process for which research and

validation data are scarce, and this project was initiated to address the need both for more

data and enhanced understanding of the thermal-hydraulic processes.

In the design of evaporators or reboilers there are two types of boiling to be considered: pool
boiling and flow boiling. Pool boiling is the term used to describe nucleate boiling in a pool of
llquid. In many practical cases the boiling process is a combination of nucleate boiling and
convective boiling. Nucleate boiling describes the process by which heat is removed from the
hot surface through the generation of vapour bubbles. In convective boiloing heat is removed
by conduction/convection through a liquid layer on the heated surface and evaporation takes
place at the liquid/vapour interface. The heat transfer coefficient in flow boiling is usually
calculated by combining terms that describe the heat transfer due to nucleate boiling and that
due to forced convection. The heat transfer coefficient due to nucleate boiling is generally
larger than that due to forced convection and it is of concern to the designer of any
evaporator/reboiler that the process of nucleate boiling can be sustained at the heated

surface.

In the case of evaporation on the shell side of a shell and tube heat exchanger the heated
surface consists of the outer surface of all the tubes in the tube bank. To sustain the process
of nucleate boiling it is essential that the tubes in the tube bank are surrounded by the liquid
phase to enable the generation of new bubbles. Many of the tubes may become dry if there is
a change in the two-phase flow pattern which causes a separation of the liquid and vapour
phases as areas of the tube bank become full of vapour. The heat transfer coefficients
obtained in shellside evaporation are closely related to the local conditions of the two-phase
flow. Unfortunately accurate prediction of local conditions in boiling two-phase flow on the
shellside geometry is a very difficult task. The nature of shellside flow is very complex
because of the many different directions the flow can take due to the sheliside baffles and the
required mechanical clearances between the tubes, the shell and the baffles. The flow is even
more complex when there are two phases, especially when the fraction of the two phases are
changing (as in boiling). As a result computer based models generally make the assumption
that the two phases are sufficiently mixed to prevent dry patches of vapour around any of the
tubes. This is related to another principal assumption that the vapour void fraction around one
tube is identical to that around any other tube provided that they are at the same distance
between the inlet and outlet of the shell. In order to test the validity of such assumptions it Is

necessary to produce more data for evaporating shellside flows.



One of the primary objectives of this study was to produce data for evaporating shellside
flows which can be used to assess methods for the prediction of heat transfer and pressure
drop. This data would be used to assess the current methods used in industry and will also
provide means of testing future developments in modelling the behaviour of shellside two-
phase flow beyond the scope of this project. An additional objective was to identify any

limitations in current methods and if possible to produce an improved model for shellside
evaporating flows.

The boiling and condensing test facility at the National Engineering Laboratory in East Kilbride
was used throughout the project to generate a wide range of data for shellside evaporation.
The facility contains a shell and tube evaporator which is large enough to represent conditions
in a real industrial unit. The tests would be focussed on a wide range of operating conditions
and changes in the shellside geometry. The principal changes made to the shellside

geometry were the inclusion of sealing strips in the crossflow bypass lane and the orientation
(horizontal / vertical) and pitch of the sheliside baffles.

Data collected in the project would be compared with the HTFS shell and tube heat
exchanger design software program TASC. This program is widely used throughout industry

for designing shell and tube heat exchangers and would be used to represent the current
most sophisticated available method.

Any limitations in the current methods that were highlighted by the comparison with the
experimental data would be explored in an attempt to create an improved description of the
shellside evaporating flow.



CHAPTER 2 - Literature Review
2.1 - Introduction

The principal objective of the literature review is to examine the existing open literature on the
subject of two-phase flow (in particular evaporating two-phase flow) on the shellside of shell-
and-tube heat exchangers. Existing procedures for the design of shellside evaporators such
as the horizontal thermosyphon reboiler will be examined. These procedures will be assessed
in terms of accuracy, applicability to a variety of conditions and scope for improvement. The
aim of the literature review is to provide a starting point from which an improved model of
shellside two-phase flow can be developed. Key areas of interest include the performance of
shellside evaporators at relatively low mass fluxes (which may arise in off-design operation)
and the possibility of non-uniform distribution of the liquid and vapour phases. The related
problem of void fraction prediction in shellside evaporation will also be examined as it is likely

that this will have a significant impact on the prediction of heat transfer and pressure drop
performance.

2.2 — Shellside evaporation in baffled heat exchangers

The main focus of the current project is on the subject of shellside evaporation in baffled
exchangers which may be used as feed-effluent exchangers, reboilers or any application

involving vapour generation. Figure 2.1 shows some standard baffled shell types (Yilmaz,

1987) which can be used for shellside evaporation applications.

), 2-1 G

Figure 2.1 — Baffled heat exchanger shell types (Yilmaz, 1987)



The choice of the most appropriate shell type is dependant on the application of the heat
exchanger in the particular situation. The following guidelines have been recommended
(Yilmaz, 1987; Palen, 1990); for small shells the simple E-type configuration is effective. For
larger exchangers, pressure drop limits due to the necessity for adequate circulation may
require a J shell to be used. The X-shell type is generally preferable for vacuum service with
narrow boiling ranges. G and H type shells have horizontal baffles that prevent shortcutting of
fluid between the shellside nozzles and are preferable to X-shells for wide boiling mixtures.
For identical conditions the X shell has the lowest pressure drop followed by H, G and J, the E
shell has the highest pressure drop. In general the choice of shell often depends on balancing

the pressure drop and heat transfer relationship, usually shells which produce a higher
pressure drop will ailso produce the highest heat transfer rates.

As can be seen from Figure 2.1, the flow direction through the shell is largely controlled by the
shellside baffles. The choice of baffle type can have a large effect on the shellside heat
transfer and pressure drop. The baffle is chosen to control the flow direction between the inlet
and outlet shellside nozzles. The standard type of baffle is the segmental baffle. These can
be either single, double or triple segmental as indicated by Figure 2.2. Double or triple

segmental baffles are often used to split the flow. Triple segmental baffles are sometimes
used when there are strict limitations for pressure drop on the sheliside.

@ @ Single

Horizontal Yertical

Figure 2.2 — Segmental baffle types (arrows indicate flow direction) — (Perry et al, 1997)



With the horizontal baffle, the predominant flow direction is up and down along the length of
the shell. For the vertical cut, the flow will mainly be horizontally from side to side along the

length of the shell. The choice of baffle type, baffle size and length (pitch) between shellside
baffles are all important considerations which can have a significant impact on shellside
pressure drop and heat transfer rates. Baffle size is usually quantified by a term called the
baffle cut which refers to the ratio between the open segment height and the shell internal
diameter. As a general rule the larger the baffle cut, the larger the space between shellside
baffles and the smaller the area of the baffles (generally smaller with double and triple
segmental baffles) the lower the shellside pressure drop. This is because with these
arrangements there is Iess. restriction to the flow between the sheliside nozzles. A
consequence of having little flow restriction is that the flow across the banks of tubes (termed
crossflow) is at a lower velocity than with the arrangements where there is greater restriction
(closely spaced baffles with small baffle cuts and large baffle areas). A higher crossflow
velocity will lead to higher rates of heat transfer as the flow velocity has a large impact on the
convective component of heat transfer. As a result the choice of type and layout of shellside
baffles is usually a choice of balancing the importance of increasing crossflow velocity and
heat transfer with the need to minimise shellside pressure drop. In arrangements such as the
horizontal thermosyphon reboiler (Figure 2.3) a larger baffle pitch is usually desired to ensure
that the shellside pressure drop is kept to a minimum. This is an important consideration as in
such circumstances the process stream flowrate is driven by natural circulation and a large
shellside pressure drop would require a large liquid level in the distiliation column. This larger

liquid level would imply a taller column and in turn increased capital costs.

Distillation Ri
Column ISer
H Vapour and Liquid
Horizontal Thermosyphon
Reboller
- Liquid
Downcomer

Figure 2.3 — Horizontal Thermosyphon reboiler arrangement



2.3 — Existing Data in the Literature on Shellside Two-Phase Flow

There has been a significant amount of study on the subject of two-phase flows in geometries
that resemble the shellside of a shell and tube heat exchanger. The focus of this section is to
examine the literature which may be considered the most applicable or relevant to the subject
of boiling two-phase sheliside flow. Studies Involving non-boiling flows and two-phase flows in
test sections where the geometry significantly differs from that of the typical sheliside layout

are also examined where they have been particularly influential in creating design methods
for boiling two-phase shellside flow applications.

Many attempts have been made to study the behaviour of two-phase flow on the outside of
bundles of horizontal tubes. Polley and Grant (Poliey et al, 1973) and Grant, Findlay and
Harns (Grant et al, 1974) studied two-phase air/water flowing vertically in a rectangular test
section past a horizontal tube bank (Figure 2.4). The purpose of the particular test was to

assess the influence of the crossflow bypass region on phase separation and two-phase
pressure drop.
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Figure 2.4 — Rectangular tube bundle test section

Many other tests have been carried out on rectangular test sections with and without bypass

streams similar to the arrangement in Figure 2.4. A number of these tests (Cotchin, 1980;
Cotchin et al. 1979: Dowilati et al, 1990, 1992, 1996; Grant et al, 1986; Schrage et al, 1938)
focussed on developing methods for predicting pressure drop in two-phase crossflow.
Generally these tests involved measuring the pressure drop of the two-phase flow and
comparing this result with the pressure drop when only the liquid or vapour phase was flowing
(generally the comparison is made with the liquid phase pressure drop). As a result of these
studies. a number of correlations have been developed for a parameter called the two-phase
pressure drop muitiplier’ which is used to describe the effects of two-phase flow on pressure
drop. Another parameter which is closely linked to the prediction of the pressure drop and



heat transfer in two-phase flow is the vapour void fraction & o This is defined as the fraction of

the cross sectional area occupied by the vapour phase. Tests on the rectangular type tube
bank geometry (Figure 2.4) have been carried out to measure the void fraction during two-
phase crossflow (Dowlati et al, 1990, 1992, 1996; Feenstra et al, 2000: Grant et al, 1982,
1986, Schrage et al, 1988). Different methods have been identified for measuring the void
fraction. In earlier studies (Grant et al, 1982, 1986; Schrage et al, 1988) the use of quick
closing valves was preferred. These valves were used to control plates which almost
Instantaneously shut-off the flow into and out of a length of rectangular test section allowing
the fraction of vapour and liquid remaining in the test section to be determined. In the more
recent tests (Dowilati et al, 1990, 1992, 1996; Feenstra et al, 2000) gamma densitometers
have been used to determine the fraction occupied by the liquid and vapour phases. Other
tests that were carried out on the geometry of Figure 2.4 included tests to measure boiling
heat transfer coefficients in vertical crossflow (Cornwell, 1990; Jensen et al, 1988; Roser et al,
1999) and tests to measure two-phase flow patterns (Hassan et al, 1990; Noghrehkar et al,
1999).

All of the above test data is useful for the purpose of designing a shell and tube heat
exchanger with shellside boiling. The primary limitation of all this work for the objectives of the
current project is that the test geometry displayed in Figure 2.4 can only truly represent the
crossflow stream of a real heat exchanger. In a real shell and tube exchanger a large
proportion of the flow is likely to be moving in different directions as the flow is directea
between successive crossflow regions by shellside baffles. In addition there will be flows
between various mechanical clearances between the tube bundle and the shell, the tubes and
the baffles and the baffles and the shell, which are likely to affect the measured values of two-
phase pressure drop and void fraction. To accurately recreate the conditions on the shellside
of a real industrial heat exchanger it is necessary to undertake tests in a geometry which
includes the baffles and mechanical clearances that would exist in the real case. Cornwell
and Schuller (Cornwell et al, 1982) and Leong and Cornwell (Leong et al, 1979) have carried
out flow boiling tests in a kettle reboiler. With this geometry there is a circular tube bundle,
however the flow paths on the shellside are significantly different than those in baffled
shellside geometry where the exit stream contains both vapour and liquid phases. Cotchin
and Young (Cotchin et al, 1979) carried out a series of experimental tests on a TEMA E-type
shell-and-tube heat exchanger. The fluids used were air and water and the tests were
designed to produce methods for calculating the two-phase pressure drop in shellside
geometries. Grant, Cotchin and White (Grant et al, 1987, 1989) also used an E-type heat
exchanger as the test geometry when they carried out studies to examine two-phase pressure
drop and flow patterns in shellside two-phase flow. Once again the test fluids used were air

and water. The limitations of applying air/water data to predict the behaviour of a boiling two-



phase flow are that the vapour quality rarely varies as it does in the boiling case and the ratio
of the vapour and liquid densities may be very different for air/water than for the boiling fluid.
This could have significant implications as vapour and liquid densities are important
characteristics in predicting the two-phase flow behaviour. From an analysis of the papers
which contain data on the subject of two-phase flows in geometries closely resembling the
shellside of a shell and tube heat exchanger, it is apparent that there is very little data on
actual boiling two-phase flows. Recently HTFS have carried out commercial research and
produced a small amount of data on shellside boiling two-phase flow in a TEMA E-type shell
that has been unavailable in the open literature. The data represents limited measurements
taken on one particular shell geometry and the results of the tests are contained within
internal HTFS reports (Chu et al, 1998; McNaught et al, 1999). The data collected in these
tests represents a starting point for testing methods for boiling shellside flow (Further analysis
of these tests is contained in Chapter 5). To adequately assess existing methods far more

data Is required for boiling two-phase flows in geometries that are typically used in industry for
such applications.

On the evidence of the literature most of the existing data on the subject of shellside two-
phase flow Is based on data from test sections which represent idealised crossflow. The
majority of the data in more realistic shellside geometry is for flows of adiabatic air and water.
There currently exists very little (none in the open literature) data for actual boiling flows in
realistic shellside geometries. As a result, in order to assess existing commercial methods for
predicting shellside two-phase boiling heat transfer coefficients and pressure drop there Is a

definite necessity to produce more test data for boiling two-phase flow on realistic shellside

geometries.

2.4 — Development in areas related to shellside two-phase flow

2.4.1 — Introduction

The purpose of this section of the literature review is to examine areas which have been the

subject of research in the open literature which may be of use in providing an improved
description of shellside two-phase evaporating flow. The focus shall be on research which

may help to describe the best approach to predicting shellside pressure drop and heat
transfer. The heavily related problem of predicting the shellside vapour void fraction will also

be examined.



2.4.2 - Predicting heat transfer in shellside two-phase flow

The calculation of the boiling heat transfer coefficient in shellside flow IS based on a

shellside boiling coefficient is calculated by combining these two parameters. This section
examines some of the principal methods used for combining these terms.

Equation 2.1 shows one approach (Palen, 1990) in which the average boiling heat transfer

coefficient is calculated using the nucleate boiling coefficient for a single-tube and terms for
the convective boiling and natural convection.

aboil = 6znb(l)]?b}TC T anc (21)
The factor £, contains the convective boiling term and is given by equation 2.2.

ra,.,+a,
Fb _ b(1) b (22)
Fcanb(l)

F_is the correction factor due to the presence of a mixture. For a pure component equation
2.1 reduces to.
Apoyy = Ay 'y + &, (2.3)

The combination approach suggested by Yilmaz (Yilmaz, 1987) is similar to the tubeside
model of Chen (Chen, 1966). It contains a suppression factor to the nucleate boiling term
which accounts for the fact that the temperature difference for nucleate boiling is decreased

when the convective boiling contribution is significant. The equation is presented in 2.4
aboil — Sanb + acb (24)

Another approach to describe the combination of the nucleate and convective boiling terms Is
the asymptotic method of equation 2.5 used by several authors.

" /n

abm‘l — (anbn + acb (25)

For sheliside boiling a value of n = 2 is recommended (Kutateladze, 1961; McNaught, 1994).

2.4.3 — Nucleate boiling term

Methods for describing the heat transfer coefficient due to nucleate boiling for a case with a
flowing fluid (as on the shellside of a shell-and-tube heat exchanger) are examined in this

section. The mechanism can be defined by considering a tube surrounded by a vertical

10



crossflow of liquid. As the heat flux increases from the tube side 3 point is reached where the
convective heat transfer on the shellside is not strong enough to prevent the tube wall
temperature rising above the saturation temperature of the shellside fluid. The elevated wall

temperature superheats the liquid in contact with the wall and activates the nucleation sites
generating bubbles (Figure 2.5).

Figure 2.5 — Formation of a spherical bubble in a nucleation site

At first only some nucleation sites are activated and forced convection continues to be the
controlling mechanism in the remaining areas. This condition is defined as partial nucleate
boiling. As the heat flux is increased the number of nucleation sites activated increases and
eventually the nucleate boiling mechanism dominates. This is defined as fully developed

nucleate boiling. The nucleate boiling heat transfer coefficient is usually calculated using

physical property based correlations and is generally presented in either the form of equation

2.6 or equation 2.7.
a , =C (AT, )" (2.6)
anb = C2 (q)m2 (27)

For typical non-enhanced commercial tubes the value of m,is in the range of 2-3 (Palen,
1990). Since g = aAT , the corresponding value of m,is in the range 2/3 — 3/4. For a large

range of published correlations the value of m, is taken as 0.7(Palen, 1990).

Stephan and Abdelsalam (Stephan et al, 1980) presented a correlation (equation 2.8) based
on dimensionless groups of applicable physical properties with the constants determined from

a very large data set for a wide range of geometries ranging from wires to flat plates and

cylinders.

A _ |
a, =—Lx 023X, X x xS X (2.8)

d,

Of the dimensionless groups X is the most significant and contains the heat flux (q) which is

raised to the power of 0.674 in equation 2.8. A simpler correlation which has been found to
give reasonable results (Palen, 1990) is that of Mostinski (Mostinski, 1963).
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0.69
X,y = 0.00417p " F (2.9)

@,y S the nucleate boiling coefficient for a single tube, p_ is the critical pressure and £ is
P

a pressure function correction factor. Palen suggests the use of equation 2.10 for mixtures

and high pressures ( p/ p. > 0.2) and the use of equation 2.11 for vacuum operation.

0.17
p
F =1.8/ £ 2 1
g [ch (2.10)

a,=a,l FF (2.12)

@, 1S the reference nucleate boiling coefficient, the subscripts, m, sand e indicate mixture,

surface and fin efficiency respectively. For the boiling of mixtures a correlation based on the

boiling range ( BR ) is used to determine the mixture boiling correction factor (F,).

1

Fm = 1+0 O235q°"58_k—°'75) 1

The boiling surface correction factor ( /) and the enhanced surface correction factor (F,)

take Iinto account the change in the nucleate boiling heat transfer coefficient due to the

condition of the surface and the presence of enhanced tubes.

2.4.4 — Convective boiling term

As the void fraction surrounding the outside of a tube increases the liquid layer surrounding
the tube can become so thin that the mechanism of heat transfer changes. The simple
conduction-convection mechanisms from the tube wall through the liquid layer can become
more important than the nucleate boiling. In these circumstances the heat transfer coefficient

must be calculated from correlations for forced convective boiling.

One estimate (equation 2.14) of the convective boiling term is given by Taborek (Taborek,

1974)

Ap, )
o, z( p,pr a, (2.14)
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The coefficient «,is calculated from ideal tube bank correlations for iquid flowing alone. The

calculation of this term requires the flowrate through the tube bundle to be known. The value

of m,in equation 2.14 ranges from about 0.4 — 0.5 and a value of 0.45 can be used as an

approximation. Yilmaz (Yilmaz, 1987) presents equation 2.15 for the calculation of the
convective boiling term.

acb = Fcbai (215)

Where F, is correlated using equation 2.16

nim
]
F — |

R, is the liquid volume fraction and nand m are constants which must be determined from

experimental data. HTFS have their own proprietary method (McNaught, 1991) for

determining the contribution from convective boiling based on the form of equation presented

in 2.15. In this method the parameter F

C

, IS calculated using an equation that relates the

contribution of the convective boiling term to the two-phase frictional pressure drop multiplier
of equation 2.17.

2 _ Appp
o, AD,

(2.17)

2.4.5 — Prediction of Void Fraction in Shellside Two-phase Flow

There has been a significant amount of study on the subject of determining the void fraction
during two-phase crossflow across banks of tubes. The accurate determination of void
fraction is an important subject, as it has a strong influence on both the heat transfer and

pressure drop during shellside boiling. The void fraction is defined as:

s = Ag (2.18)

A, + A,
Where A_ is the area occupied by gas and A, is the area occupied by liquid at a given cross

section of the flow.

The simplest model for void fraction is that calculated for homogeneous flow, the
homogeneous void fraction is likely to be an accurate correlation when the two phases are
well mixed. as is the case with bubbly flow. The expression for the homogeneous void fraction

IS:
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V

(7

E = —
T+,

(2.19)

Where VG and V, are the volumetric flowrates of gas and liquid respectively. The problem

with this model is that several studies have shown that it over predicts the void fraction at low
mass- fluxes, during upward two-phase flows and also under predicts void fraction in down
flows. When dealing with low pressures and high mass fluxes or high pressures the
homogeneous equation can give reasonable results (Palen et al, 1990). When the two
phases are not well mixed, other correlations are required which take account of the different
phase velocities, and these models are generally referred to as separated flow models. There

has been a considerable amount of work done to develop separated void fraction models for
flow in tubes.

2.4.5(a) - Tubeside Fiow

One of the earliest of these studies in two-phase flows by Lockhart and Martinelli (Lockhart et
al, 1949) produced a set of maps for predicting the void fraction. The basis for their study was

fitting an empirical correlation to a map on data of void fraction, and the correlation which
proved the best fit to their data was:

—1
gg = ¢lﬂ (220)
D
Where ¢, is the two-phase frictional multiplier for turbulent-turbulent flow:
20 1
g, =1+ —+— (2.21)
X X
X is the Martinelli Parameter
az ), (2.22)

X% =

[dpf )
dz
g

It has been suggested that the maps for void fraction produced in the study take inadequate

account of mass flux and other effects and are not generally recommended in the calculation
of void fraction (Palen et al, 1990). In some other early studies the calculation has been
attempted by measuring the extent to which the void fraction deviates from that of a
homogeneous flow. This deviation is quantified by using a velocity ratio or Slip ratio between
the phases, the larger the slip ratio the more separated the two-phases and the less

homogeneous the flow. The slip ratio is defined as:

K = ot 1 Where, u, and u, are the gas and liquid phase velocities. (2.23)

U,
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The void fraction itself can be calculated using:

Vg
g =—F%5

]
Chisholm suggests using a value of =( P )2 where p,, is defined as the homogeneous

PH

two-phase density and can be calculated from:

1 =X > 2.25)
pH pl pg

This calculation procedure is limited, and is unlikely to predict data accurately for conditions
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