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Abstract

This thesis presents an investigation into the the important issues in the design of
reflux condensers. The main focus is on heat and mass transfer, particularly in
applying standard models to the design, although flooding is also considered as it is

crucial to the design. New data have been collected on an improved HTFS Reflux

Condensation Facility at NEL to provide information to back up the theoretical
arguments presented.

n-Penane (pentane) and 2,2,4-trimethylpentane (iso-octane) were condensed
separately and in binary mixtures with three different bulk compositions. Single
component data on the condensation of both pentane and iso-octane were used to

measure heat transfer resistances in the condensate film while mixture data were

used to measure separations and resistances in the vapour. Experimental

separations were extremely low, always less than one ideal stage, a fact caused by
the tube geometry and operating conditions which promoted very high mass transfer
rate factors. Condensate and vapour resistances were both lower than would be

expected in an equivalent condenser operated in co-current mode. It was argued
that this was due to the countercurrent flow of vapour which served to increase
turbulence at the phase interface. In the flooding analysis, the single vertical tube
was deliberately flooded while condensing iso-octane allowing the flooding point to
be defined in terms of condensate drainage and facility behaviour.

The experimental data were modelled to analyse the application of the film theory
and equilibrium models to reflux condenser design. The film theory model proved to
be by far the most accurate of the two with tube length (area) predictions to within
+23% and the majority of separations to within £30% of the actual. The equilibrium

model predicted tube lengths up to three and a half times longer than the actual tube

length while the low experimental separations meant that composition changes were
very overpredicted by both intergral and differetial condensation curves.



The reason for the failure of the equilibrium model was the high rate factors that are
experienced in reflux condensers and this facility especially. High rate factors lead to
large reductions in the vapour sensible heat transfer coefficient when correcting for
the effect of mass transfer. This upsets the balance achieved by overpredicting both
heat transfer in the vapour and overprediction of temperature-enthalpy (T-h) gradient.
This balance normally leads to the equilibrium model being reasonable accurate.

This was addressed by proposing a rate factor based correction to the equilibrium
method. The correction reduced the vapour composition predicted by equilibrium
thus reducing the T-h gradient and the predicted tube length. This correction is
applicable to all cases of rate controlled binary condensation in the absence of a
non-condensing gas although it will only be significant when rate factors are large
such as in reflux condensers. A simple correction factor was used to prove that the

correction improves the model, with predicted compositions and tube lengths in some
cases more accurate than those of the film theory model.
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1 Introduction

1.1 Reflux Condensation

Condensers are heat exchangers that are used to change the state of one or more

components from vapour to liquid by exchanging heat with a coolant. Reflux
condensation is the term used to describe the condensation of an upwardly flowing

vapour into a condensate that flows counter-currently under the influence of gravity.

The most popular design geometry for this type of condenser is a vertical shell and
tube exchanger with the vapour and condensate in the tubes and the coolant in the

shell. Historically, other geometries such as plate-fin and inclined shell and tube
have also been employed.

A reflux condenser can be considered as a mass transfer device as well as a heat
exchanger. The principle is similar to that of a distillation column in that at any point
in the tubes, the heavier components will condense preferentially. This leads to a
separation as the condensate will be richer in the heavier components than any
uncondensed vapour. Theoretically, it is expected that a reflux condenser will

produce more separation than a co-current condenser of similar geometry.

Applications of reflux condensers include distillation overheads partial condensers,
where the reflux condenser is known as a dephlegmator, knock-back and vent
condensers associated with reaction vessels, and air cooled steam condensers. The
process of reflux condensation has also been employed in the nuclear industry where
emergency cooling systems condense steam in an inverted U-tube,
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Figure 1.1: Schematic diagram of a vertical shell and tube reflux condenser

Reflux condensers offer a number of advantages over competing technologies.

(i) Dephlegmators are capital cost effective. A single unit can be flange mounted

onto the top of a column providing a capital saving over an equivalent total

condenser, reflux drum and pump. Running costs are also lower as there is
no pump.

(i) In a reflux condenser, inerts are flushed to the top of the tube by the vapour
flow hence the unit is self venting.

(iii) The countercurrent flow means that cooling condensate is reheated by hot
vapour. Not only is the condensate cooling minimised, but lighter

components may re-evaporate resulting in an additional rectification effect.



There is however one grave disadvantage to the use of the reflux condensation
process. Interaction between condensate and vapour at the tube entrance may
result in flooding of the tube. Flooding occurs when waves on the condensate
surface bridge the tube and are forced back up the tube meaning that the tube is

unable to drain. The need to operate below the vapour velocity which results in
flooding causes a number of problems

(i) Low vapour flow rates give low vapour heat transfer coefficients and as a
result larger area requirements.

(ii) Low vapour flow rates also tend to result in large diameter shells, which are
expensive.

(ii)  Flooding point correlations have a large uncertainty so safety factors are
required which may lead to inefficient design.

(iv)  Flow rate restrictions mean that reflux condensers are not suitable for fluids
with large amounts of inerts.

Other potential disadvantages include the reflux ratio being difficult to control, and

flow maldistributions that could arise from the very low pressure drop experienced in
reflux condensers.

Customer demand has resulted in the inclusion of reflux condensers into the HTFS
shell and tube design and rating package TASC. The HTFS philosophy is to base
design methods on theory validated by experimental data. This has led to the
commissioning of this project to study in more detail the heat and mass transfer

mechanisms involved in reflux condensation with the aim of developing and
validating a model suitable for inclusion into TASC.

The thermal design of a reflux condenser is based on heat and mass transfer in the
vapour and condensate films, with consideration given to estimation of the flooding
point. In this project the most important issue was developing understanding of the
underlying heat and mass transfer processes and applying this to the thermal design.
To this end, pure fluids and binary mixtures were both studied. Accurate thermal
designs are of limited use though, if poor understanding of flooding results in the

need for large safety factors. Because of this, the process of flooding and prediction
of the flooding point have also been studied.



1.2 Background to Project

This project was carried out as part of the Postgraduate Training Partnership (PTP)
scheme. This scheme was introduced jointly by the Department of Trade and
Industry (DTI) and the Engineering and Physical Sciences Research Council
(EPSRC) in 1992 to provide a framework for partnerships between research and
technology organisations (RTOs) and higher education institutes (HEIl). These
partnerships provide the backing for a post graduate student, known as a PTP

Associate, to study for a PhD while being based in the industrial environment of the
RTO, with EPSRC providing financial backing to the associate.

The PTP scheme benefits the associate in that he or she is able to conduct research
in an industrial environment while receiving training in a variety of skills such as
management and financial awareness. The RTO and HEl also benefit as they are

able to improve ties and extend common objectives leading to research that is
relevant to industry.

The partnership responsible for this project was between the National Engineering
Laboratory (NEL), based in East Kilbride, and the University of Strathclyde, in

Glasgow. Industrial sponsorship was received from Hyprotech UK Ltd (formerly AEA
Technology) under the HTFS brand.

The National Engineering Laboratory was founded in 1947 as a government run
research facility. Now privately owned as a business of TUV Product Service, it
provides state of the art research from a team of highly skilled professionals. With a

global client base including government and industrial organisations NEL provides

consuitancy, design, modelling, certification and testing in a multi-disciplinary field
backed up by extensive experimental facilities.



1.3 Aims and Objectives

In order to satisfy the overall aim of the project and successfully model the process of
reflux condensation, a number of key objectives were specified.

o Upgrading of the existing experimental facility to allow colliection of quality reliable
data.

o Expansion of the data bank for the condensation of single hydrocarbons and

binary hydrocarbon mixtures under refluxing conditions.

o Improve understanding of the detailed mass and heat transfer mechanisms
particularly in the vapour phase.

e Improve the understanding of flooding in a reflux condenser to allow improved
prediction of the flooding point.

1.4 Thesis Layout

In Chapter 2, the theory of the processes of condensation and of reflux condensation
are summarised. This is followed by a detailed literature review where some of the

important issues around the design of reflux condensers are considered. This review

focuses on the phenomenon of flooding, and application of standard thermal design
methods to reflux condensers.

The experimental facility is described in Chapter 3 with consideration given to the
improvements made by the author. The measurement systems, data collection and
data analysis tools are summarised, and with a detailled description of the

experimental method highlight the improvements not only in hardware but also in
operating procedures.



In Chapter 4 the techniques and equations used to analyse the experimental data are
presented. This is followed by a description of the method used to produce a
detailed uncertainty analysis of the experimental data. The experimental data and

results are then presented in Chapter 5 along with a summary of the uncertainty
analysis findings.

The issue of flooding is tackled in Chapter 6. Visual observations and experimental

data are used to focus discussion on the flooding mechanism and prediction of the
flooding point.

The two major condenser thermal design methods based on film theory and
equilibrium models were applied to the experimental data and are discussed in

Chapters 7 and 8. Simulations written in Visual Basic are used to model the

experimental data, and the results of the simulation used to compare and contrast
the two methods.

Finally, a summary is given in Chapter 9 followed by conclusions and
recommendations for future work. |



2 Literature Review

2.1 Introduction

In this chapter, a summary of the theory of the process of condensation is presented.
This is then followed by a detailed literature review on the main topics associated
with the thermal design of reflux condensers. Correlations for heat transfer in the
vapour and condensate films are presented and discussed, as are the two main

standard thermal design methods for reflux and co-current condensers. The issue of

flooding is also considered as the flooding point is a vital issue to any reflux
condenser design.

2.2 Theory of Condensation

When a condensate first begins to form on a cooled surface, it appears as small
droplets. As condensation proceeds these droplets grow in size and number and

begin to join together. In the vast majority of cases, the surface will become
completely covered with condensate in the form of a thin liquid film. This is known as

filmwise condensation. In some situations however the droplets do not join together

and remain as separate patches of condensate; this is known as dropwise

condensation. It is difficult to sustain dropwise condensation without treating the

cooled surface specifically for that objective. In reflux condensers, filmwise

condensation is the mechanism expected therefore dropwise condensation is not
considered any further in this work.

The most popular theory of the process of binary mixture condensation was
presented by Colburn & Drew (1937). They considered all heat and mass transfer in

the gas-phase to take place in a one-dimensional laminar film adjacent to the vapour
and liquid interface. This is shown in Figure 2.1.



A binary vapour with temperature T, and bulk composition y, cools through the gas
film towards the vapour liquid interface. The vapour at the interface, y., is assumed

to be in equilibrium with the condensate of surface composition Xx,, at the local dew

point temperature T .

The heat flux from the vapour to the coolant, ¢, is the sum of the sensible cooling

fluxes of the vapour and condensate, ¢, and ¢, respectively, and the latent heat

released by condensation, ¢, although in reflux condensation the condensate

cooling term is expected to be small.

Condensate

Coolant Wall

Gas film Bulk Gas

Figure 2.1: Film theory of binary mixture condensation, Colburn & Drew (1937)



2.3 Heat Transfer in the Condensate Film

The literature for heat transfer in condensing films on vertical surfaces is extensive.
Unfortunately, most of these studies were based on co-current condenser
arrangements, and there are relatively fewer data available for reflux condensers.

Film condensation in general will be summarised briefly, with reflux condensation
considered in more detail.

2.3.1 Condensate film hydrodynamics

Under condensing conditions, a film forming at the top of a tube will fall under the
influence of gravity. Initially, the small mass flow rate results in a smooth laminar
film, but as the film progresses down the tube, the flow rate increases and so does

the Reynolds number. At a Reynolds number of about 30, waves begin to form on
the surface although the bulk of the film is still in laminar flow.

The Reynolds number continues to increase down the tube until the film departs from

laminar behaviour and becomes turbulent. This is illustrated in Figure 2.2, which is
reproduced from Butterworth (1975).

This description of the condensate film is accurate when there is no vapour shear

acting on the surface. In process situations, the flow of vapour will impart a drag onto

the film which can affect the heat transfer characteristics. In vapour downflow

configurations, the shear acts in the same direction as the fiim flows and has the

effect of thinning the film. The opposite effect is expected in a reflux condenser
where the counter-current vapour flow will serve to thicken the film.

The problem of flooding means that reflux condensers are designed with low vapour
flow rates giving low levels of interfacial shear. Hawley & Wallis (1982) found that
during normal operation, i.e. in the non flooding region, the effect of interfacial shear

on film thickness was negligible. Clements and Colver (1973) reported that this was
also confirmed by Chen (1961), Koh (1961), and Koh et al (1961).



Figure 2.2: Filmwise condensation on a vertical surface with no vapour shear
(Butterworth, 1975)

Recently, Gross et al. (2002) used an experimental reflux condenser tube to quantify
the effect of vapour shear on the condensate film heat transfer coefficient over a wide

range of Reynolds and Prandti numbers. They found that at some Reynolds
numbers, shear stress had a small effect on the heat transfer characteristics of the
film. With very thin films (Re, < 10), shear stress reduced the Nusselt number,
whereas in the laminar-wavy region, the Nusseit number increased in a parabolic
fashion with increasing shear stress. As the enhancements reported were small and

it is safe to assume that shear stress has no significant effect, interfacial shear will
not be considered further here.
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Figure 2.2 Filmwise condensation on a vertical surface with no vapour shear
(Butterworth, 1975)

Recently, Gross et al. (2002) used an experimental reflux condenser tube to quantify
the effect of vapour shear on the condensate film heat transfer coefficient over a wide
range of Reynolds and Prandtl numbers. They found that at some Reynolds
numbers, shear stress had a small effect on the heat transfer characteristics of the
fiim. With very thin films (Re, < 10), shear stress reduced the Nusselt number,
whereas in the laminar-wavy region, the Nusselt number increased in a parabolic
fashion with increasing shear stress. As the enhancements reported were small and

it is safe to assume that shear stress has no significant effect, interfacial shear will
not be considered further here.
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2.3.2 Film heat transfer resistance

In the laminar flow regime there is no cross mixing, and heat is transferred purely by
conduction through the film. It follows that as the film thickens and Reynolds number
increases, the resistance to heat transfer (which is the film thickness divided by
thermal conductivity) also increases. This is also true in the laminar wavy region but
the effect of waves is to reduce the resistance compared with purely laminar flow. It

is believed that this is because the effective thickness of the film is smaller between
the wave crests (Gross, 1992).

This is shown in Figure 2.3. In the laminar and laminar-wavy regions the film heat

transfer coefficient decreases with increasing Reynolds number, with a smaller
gradient in the laminar-wavy region.

Laminar Transilionol

Laminor-wavy Turbulent

Film heat transfer coefficient

Film Reynolds number

Figure 2.3: Typical variation of condensate heat transfer coefficient with film
Reynolds number (on log-log scales) (Butterworth, 1975)
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Figure 2.3 also shows the transition to fully turbulent flow. In the turbulent regime,
the resistance of the film to heat transfer decreases even though the film thickness

increases. This is due to the presence of turbulent eddies that cause mixing to
dominate over conduction.

2.3.3 Prediction of film heat transfer coefficients

In the laminar region, it is widely accepted that the analysis of Nusselt (1916) is
accurate. As reported by Clements and Colver (1973), most other studies of laminar

film condensation have tended to agree with Nusselt's findings. Examples of these

works are Minkowycz & Sparrow (1966), and Poots & Miles (1967) who investigated
the effect of variable fluid properties whereas Bromley (1952) and Koh (1961)
considered sub cooling and temperature distributions in the film respectively.

By defining a dimensionless film heat transfer coefficient a} as

ol o T
af=—f- ——(;—)—-’ (2.1)
Al P 1_pgg

Nusselt's analysis, which is applicable at film Reynolds numbers up to 30, can be
written in terms of the Reynolds number,

o), =1.1Re/’ (2.2)

where a} Is the local heat transfer coefficient for a vertical plain surface. In the

laminar-wavy region, the correlation of Kutadeladze (1963) is used. This is a
correction to Nusselt's analysis allowing for the formation of waves on the

condensate surface, and is applicable up until the film becomes turbulent.

a, =0.756 Re;* (2.3)
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Different workers such as Carpenter & Colbum (1951), Chunangad (1992), and

Palen et al. (1993) have suggested different Reynolds numbers for the onset of

turbulent flow. McNaught and Walker (1987) sought to rectify this by defining 3
transitional points.

A The Reynolds number at which the film heat transfer coefficient departs from
typical laminar-wavy behaviour (Rea).

B The intersection of the Kutateladze (1963) correlation for laminar-wavy flow
and the Chun & Seban (1971) correlation for fully turbulent flow (Reg).

C The Reynolds number (Rec) at which fully turbulent behaviour begins;

characterised by the point at which the Chun and Seban (1971) correlation
gives the same dimensionless heat transfer coefficient as at transition point A.

They argued that the locations of these transition points were not fixed Reynolds
number values but were variable dependent on the fluid properties. Although this
finding was backed by Butterworth (1975) and adopted as the HTFS
recommendation, it was contradicted by Blangetti and Schlunder (1978). They

reported that while condensing steam in the downflow arrangement no transition
region was found. The McNaught and Walker (1987) analysis allows for this in the

calculation of the transition points. In some cases, the calculated values of Rea, Resg
and Rec¢ indicate that there is no transition region.

A number of correlations exist for heat transfer in turbulent films. McNaught and
Walker (1987) argued that the correlation of Chun and Seban (1971), equation (2.4),

that they used in their estimation of the transition regions was the most suitable to
vertical condensers.

a} =0.0038 Re'}"‘ Pr,°’“ (2.4)
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This was preferred over the work of Dukler (1960) and Labuntsov (1957), equation
(2.9)

a} = 0.023 Re}‘zs o (2.5)

These correlations were all developed for co-current, or downflow, condenser

arrangements, but should be applicable to reflux condensers if the assumption of
negligible vapour shear is accurate.

Unfortunately there have been few studies of film heat transfer in reflux condensers.
Among the literature available, the work of Clements & Colver (1973) stands out.
They studied the effects of pressure and composition gradients on the reflux
condensation of light hydrocarbons and found no significant effect. This is important
as it means that pure component data, where the only resistance is that of the film,

can be used to estimate the film coefficient in mixture condensation where vapour
resistances become significant.

Chunangad (1992) performed a detailed review of reflux condenser design and
formulated a strategy for determining the local film heat transfer coefficient based on
whether or not vapour shear effects were significant. Gravitational and frictional

stresses were evaluated and vapour shear considered negligible if the frictional value
was less than half of the gravitational value.

For gravity controlled condensation, or insignificant shear, the methods of Nusselt
(1916), equation (2.2), and Kutadeladze (1963), equation (2.3), were used for film

Reynolds numbers of up to 30 and between 30 and 1,600 respectively. For
Reynolds numbers greater then 1600, Chunangad suggested either the Colburn

(1934) correlation, displayed in graphical form in Figure 2.4, or the Labuntsov (1957)

correlation. Except for the use of the Colburn (1934) chart, this is the same method
as proposed by ESDU (1989).

14



For significant vapour shear, Chunangad proposed the use of the correlation devised
by Soliman et al (1968). This is a general correlation for annular flow condensation
and is displayed in equation (2.6). The gravity controlled and shear controlled values
were then compared. If there was a large difference, the arithmetic mean was used,
otherwise, the higher of the two values was selected.

0.5__0.5
a, =0.036 Pr,® LPi T (2.6)
T

Two recent studies of reflux condensation in a vertical tube reported contradictory
results with reference to the film coefficient. Bartleman (2001) found that although

the film coefficient was predicted better by the HTFS method than the Nusselt
correlation, there was still a consistent under-prediction (Figure 2.5).

Bartleman argued that the higher coefficients measured than predicted by Nusselt's
theory confirmed the presence of waves on the surface. The under-prediction by the
HTFS method came from the fact that it was developed for vapour and liquid in co-

current flow. He suggested that the counter-current nature of the vapour in reflux

condensation may cause increased waviness in the film perhaps even leading to
turbulence at lower than expected Reynolds numbers.

Nusselt

10° 2 3 &4 S$S6) 10} ! 3 4 se¢ 8 108

RC.J_
Figure 2.4: Colburn (1934) correlation for condensation on a vertical surface with no
vapour shear
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To enable a more accurate prediction of the coefficients in a particular reflux

condensation research facility, Bartleman suggested a correction to the HTFS
method, equation (2.6), which would increase the coefficient.

Nu g, =1.0415 Nu ;s +1.362*10™ Re, (2.7)

Al-Shammari (2001) compared his data for the condensation of steam with the ESDU
method, as displayed in Figure 2.6. At the film Reynolds numbers reported, the
HTFS and ESDU methods are the same allowing for comparison with the work of
Bartieman (2001). Al-Shammari (2001) found that although there was relatively high
scatter in his results, the ESDU/HTFS method actually over predicted most of his

data. It was suggested that this could be attributed to vapour shear due to turbulent
vapour flow, which would thicken the film and reduce the coefficients.

It is clear from these findings that although reflux condenser film heat transfer

coefficients are reasonably well predicted by the classical co-current correlations
there is still an uncertainty as to the effect of the counter-current vapour flow. If
accurate design methods are to be proposed, then this issue should be resolved.

2.4 Heat Transfer in the Vapour

In a reflux condenser, it is expected that the vapour fed to the tubes will be in fully
developed turbulent flow. In this regime, single phase heat transfer will be by forced
convection, with condensation having an effect on the heat transfer characteristics.
The general approach is to calculate the rate of heat transfer expected for the vapour
flowing alone and apply a two phase correction as discussed in 2.6 later.

Single phase heat transfer is a well studied topic with many correlations available to
estimate the heat transfer coefficient. Among these are the classic Colburn (1933)

and Dittus & Boelter (1930) equations. The Dittus-Boelter solution was validated
experimentally over the range 0.7 £ Pr €120, 2500 < Re £12400.

16



0.32

b 0.28
B
5 024 +
> o og Eg f b
3 0.20 ~
2 _ A
E 0.16 GO*Om
= OO
021 4D
&
= 0.08 o Nusselt
o
&
o HTES

< 0.04

0.00

0.0 2000 4000 6000  800.0 10000 12000 14000 16000 1800.0
Condensate film Reynolds number

Figure 2.5: Comparison of Bartleman (2001) data with Nusselt (1916) and HTFS
method

1.0 -

0.0 -
0 20 40 60 80 100

Rey,

Figure 2.6: Comparison of Al-Shammari (2001) data with ESDU (1989) method



0.32

- 0.28
E
g 0.24 +
+ +
i Jo ng f"’-l’"
@ 0.20
Z i
5 0.16 + 90 o0p
= —
v
1 0.12 i | + Data
7))
=
- 0.08 o Nusselt
=
)
0 HTFS

> 0.04

0.00

0.0 2000  400.0 600.0 8000 10000 12000 1400.0 1600.0  1800.0
Condensate film Reynolds number

Figure 2.5: Comparison of Bartleman (2001) data with Nusselt (1916) and HTFS
method

14 -

0.9 ¢ Experimental

0.8 - — ESDU
0.7

0.6 -
I W
0.4

0.3
0.2
0.1 -
0.0
0 20 40 60 80 100
Rep

Nux

Figure 2.6: Comparison of Al-Shammari (2001) data with ESDU (1989) method

17



Nu, =0.023Re,’ Pr] (2.8)

The Colburn solution to equation (2.8) is n =l. and the Dittus-Boelter solution is

3
n = 0.3 for cooling and n = 0.4 for heating. ESDU (1993) reports that subsequent

testing of these correlations found that high inaccuracies were recorded at the
extremes of the Reynolds number range.

The correlation recommended by ESDU is that of Petukhov (1970). Based on a

theoretical analysis, this correlation is valid in the range 0.6 < Pr <60,
4000 < Re < 50000.

Nu (2.9)

where

1

= 2.10
/ 4{1.82log,, Re, —1.64) (210)

Gnielinski (1976) modified the Petukhov correlation using the best fit line to a large

data set. This had been found to be more accurate at Reynolds numbers above
10000. The parameter f is again evaluated using equation (2.10)

[125-) (Re, ~1000)Pr,

Nuy = =————efrm——— (2.11)
1412 7(1:-) (Pr¥2-1)
15 :
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2.5 Flooding

The major drawback in the application of a reflux condenser is the phenomenon of
flooding. Flooding occurs when the vapour velocity reaches a critical limit which
causes condensate drainage from the tubes to be impaired or even stopped

altogether, and as such represents the operational limit of a reflux condenser.

It is desirable to operate condensers at high vapour velocities to promote good heat
transfer in the vapour. Flooding thus leads to a trade off as the condenser must be

operated at a low enough velocity so that the condensate can drain freely but this

lowers the vapour heat transfer coefficients and leads to large area requirements.

The result of this trade off is that for optimum performance of a reflux condenser, it
should be operated close to but never reaching the flooding point. The definition of
the flooding point itself is thus crucial to the design of the condenser as is the

selection of a suitable correlation to predict the vapour velocity at the flooding point.

Flooding is a problem affecting many two phase countercurrent flow operations

including falling film evaporators and wetted wall columns, and as a result there have

been many studies of the phenomenon. Between the numerous studies, there have

been varying definitions of the flooding point, various tube entrance and exit

geometries, and various fluids used. All of these factors combined have resulted in
large differences in the predicted flooding velocities.

It should be noted at this point that as the flooding is not the central focus of this work
the intention is not to give a detailed review and comparison of a large number of

flooding correlations but rather to give an overview of the problem with the intention
of discussing the important factors affecting the design of reflux condensers.
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2.5.1 Flooding Mechanism

It is apparent from the available literature on flooding in two phase counter-current
flow that there is still no clear understanding of the detailed mechanism leading to

flooding. A number of theories have been put forward describing this process, but as
vet no agreement has been reached.

Classically, there were two widely accepted theories; bridging of waves and droplet

entrainment. More recently a Bernoulli or lift effect, as droplets exit the tube, has
been cited.

In reflux condensation, vapour and condensate flows are both at their maximum at
the tube inlet meaning that this area wili always flood first. This is an important point
as it is the major difference between flooding with condensation and flooding in a

adiabatic system where flooding may start further up the tube, for example at the
liquid injection point.

2.5.1.1 Wave Formation

This mechanism was described by Deakin et al (1978). These workers condensed

steam in a custom built glass single tube reflux condenser with measurements and
visual observations both recorded. The flooding point was approached by increasing
the vapour flow rate in a step wise manner. Deakin found that as vapour velocity
increased, so did disturbances in the condensate film in the form of waves (see

Figure 2.7, ii). At some point, these waves bridged the tube and a churn flow was
observed local to the bottom of the tube (iii).

Upon further increasing the vapour flow, hence velocity, the region of churn flow
increased in size until the entire tube was filled and slugs were ejected from the top
of the tube (v). At this point the condensate flow had become greatly reduced, and

further increasing of the velocity caused the condensate to stop draining altogether
with co-current annular upward flow observed (vi).
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This view is backed by Imura et al. (1977) and McQuillan et al. (1985) who said that
flooding occurred as a result of the formation and motion of a large disturbance wave
on the surface of the liquid film. McQuillan and his co. workers used photographs of
a perspex tube to show that waves that formed on the surface of the liquid grew in
size but decelerated as they travelled downwards. Eventually the waves became
stationary at the base of the tube before moving upwards to cause flooding. They

also noted that some droplets were entrained after breaking off from the wave but

this was seen as a minor occurrence.

Increasing vapour velocity

Figure 2.7: Wave formation as mechanism of flooding
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2.5.1.2 Droplet entrainment

In this mechanism, flooding occurs when larger droplets are torn off the surface of
the film and carried upwards (see Figure 2.8 iii and iv). Experimental work by Dukler
and Smith (1979) and Zabaras and Dukler (1988) under adiabatic conditions
iIndicated that increasing gas velocity caused the formation of large waves at the

liquid inlet. At a critical gas velocity, droplets were torn off this wave and flooded the
tube. No upward wave movements were reported.

This description highlights the differences associated with adiabatic and reflux
condensation flooding experiments. In the work above, flooding initiated at the liquid

Injection point some way up the tube, a phenomenon that would not occur in reflux
condensation.

Increasing vapour velocity

Figure 2.8: Droplet entrainemt as the flooding mechanism
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Both of the mechanisms discussed above were described by Jayanti et al. (1996),

who proposed that either of the two mechanisms were possible depending on the
diameter of the tube.

For bridging and upward transport of waves to prevail, they stated that the
gas/vapour force on the waves would have to be large. This would occur in small

diameter tubes where ring type waves formed round the circumference causing a

relatively large reduction in gas flow area in turn causing a large increase in drag.

This would not occur in larger tubes where it would be more difficult for a ring type
wave to form and the area reduction would be relatively less than in a smaller tube.

However, in larger tubes, large amplitude waves would have droplets torn off
resulting in flooding when these droplets became entrained.

2.5.1.3 Bernoulli effect

More recently, Rabas and Arman (2000) introduced a new theory into the discussion;

a Bernoulli or lift effect. They described drainage from a tube in terms of gravity
overcoming surface tension and causing droplets to break off from the tube end.

Vapour entering the tube accelerates as the flow area decreases causing a pressure
difference between the top and bottom of the droplet. Flooding was initiated when

the velocity was high enough to cause a large pressure difference which in turn
caused the droplet to be sucked back into the tube.

Rabas and Arman used this argument to explain why using an end cut on the tubes
increases the flooding velocity as described by English et al. (1963). With a tapered
tube end, the condensate flows to the end of the taper and collects in a larger
droplet. The pressure difference, hence vapour velocity required to draw the droplet
upward is therefore greater. Furthermore, the vapour enters the tube from the front

of the taper meaning that the droplet collection area is removed from the accelerating
vapour area.
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Figure 2.9: Bernoulli effect as the flooding mechanism (from Rabas & Arman (2000))

2.5.2 Definition of the flooding point

In the design of reflux condensers, the most important issue around flooding is the
prediction of the flooding point and the operation of the condenser at a vapour
velocity lower than this point. Generally, the flooding point is defined as the vapour
velocity that causes the tube to flood. However, due to the lack of agreement in the
flooding mechanism, the point at which the tube can be said to be flooded has been
very arbitrary and has been expressed by different workers in different ways. The
problem with this is that different correlations for the flooding velocity are based on a

number of flooding point definitions and the accuracies of the correlations are
dependent on the definition used.

In most cases, the flooding point definition has been based on observations of the
liquid film behaviour backed up by pressure drop measurements. Based on the
theory of wave formation, McQuillan & Whalley (1985) and Vijayan et al (2001)
defined flooding as occurring when waves first begin to move vertically up the tube.

Deakin et al (1978) found that wave bridging caused the condensate to drain
intermittently in a churn flow, but noted that at this point the refiux operation was still

observed and there was no liquid carryover.
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They defined the flooding point as the velocity that first caused liquid to be ejected

out of the top of the condenser.

Other definitions based on this theory include

disruption of the liquid film (Hewitt & Wallis 1963) and loss of stability (Imura, et al
1977). Where the droplet entrainment theory was preferred, Rabas & Arman (2000)

stated that “some liquid begins to be entrained” at the flooding point whereas Diehl &
Koppany (1969) based their definition on a sharp increase in entrainment rate.

Definitions which refer to the liquid injection point, such as Jeong & No (1996) and

Zapke & Kroger (1996) are applicable only to adiabatic systems and again serve to
highlight the differences between these systems and reflux condensation.

Where there is general agreement in this area is in the shape of the curve of

pressure drop through the tube against vapour mass flux at the inlet. Proposed by

Deakin (1977), this curve describes the transition from smooth downward liquid
drainage through to concurrent upward annular flow
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Figure 2.10: Pressure drop and vapour mass flux during flooding (Deakin, 1977)
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Important points to note are the dramatic rise in pressure drop around the point
where bridging of waves was said to occur, the fact that there is a maximum at the

transition point between partial and total carryover, and a minimum at the transition to
fully annular upward flow.

As stated, there is agreement between many workers in the shape of the curve, but
disagreement is noted in the fixing of the flooding point on this curve. The definitions
described earlier refer to various points between the onset of wave bridging and total
carryover which on the curve fall anywhere between the point where pressure drop
begins to rise sharply up to the maximum turning point. For example, English, et al

(1963) based their flooding point on the second break point of a similar curve (Figure
2.11), representing the maximum in Figure 2.10.

Based on the preceding discussion, when using a particular flooding correlation, it is
important to bear in mind the definition of the flooding point used by the author. In

future work, it would be best if a consistent flooding point was defined and universally

accepted as this would allow more accurate comparisons between new correlations.
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Figure 2.11: Pressure drop v's gas mass flow rate as reported by English et al (1963)
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2.5.3 Flooding point correlations

There are many correlations available for the prediction of flooding velocity in both
reflux condensation and adiabatic systems, based on many different geometries and
fluids. Authors who have conducted a review of a number of different correlations

include Deakin (1977), Imura et al (1977), and McQuillan & Whalley (1983). All of
these reviews found considerable differences between correlations.

Imura and his co-workers indicated that the choice of correlation was dependent on

the tube geometry, selected from Figure 2.12, a suggestion backed by Deakin
(1977). Bearing in mind that the most suitable correlation in terms of geometry may
have been developed for adiabatic and not reflux flow, Deakin also said that the

velocity yielded by the this correlation should be compared with one specifically
developed for reflux condensation and the lowest value taken.

The most comprehensive study was that of McQuillan & Whalley (1983). They
combined the data from a large number of other workers into a single databank and
tested 22 correlations against it (17 empirical and 5 theoretical). They also modified
the correlation of Alekseev at al (1972) into a more workable format and found that it
was the most successful in predicting the flooding point over the wide range of data.

In his thesis on the sizing of reflux condensers, Chunangad (1992) devised a strategy
for the design of a reflux condenser such that flooding would be avoided. His idea

was to use a number of correlations to predict the flooding point and select the most
conservative value as outlined below

Chunangad (1992) method for flooding point prediction in a reflux condenser.

1. Compare design geometry with Figure 2.12. Select most appropriate
correlation and calculate flooding velocity.
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Figure 2.12: Flooding studies/correlations and geometries (Imura et al. (1977))

Calculate flooding velocity using Alekseev (1972) correlation as modified by
McQuillan & Whalley (1985)

_K,(golp = pg))”

Uy toog = ————————— (2.12)
g flood pg.s

where K . is the Kutateladze number

K, =0.286Bo** Fr*® F (2.13)

and the Bond number, Bo, Froude number

, Fr, and liquid viscosity
correction, F , are

2 —
Bo = P-%—&—) (2.14)
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Fr w D {8 (P: "‘3Pg)J T (2.15)

F=(l+ d ) | (2.16)

Calculate flooding velocity using English, et al (1963) correlation

D0.3 0.46 _0.09

P @ (2.17)

. 0.07
_ , 0.32 M
pionf(osof™| 4L

U, 1ooq = 1550

where @ is the angle of taper on the tube end, measured from the horizontal.

Note that in this equation, imperial units must be used.

Calculate flooding velocity using Diehl & Koppany (1969). Again, note that

imperial units must be used.

0.5
u, = F,F,[-‘l] (2.18)

where

0.4
D D,
‘ ] <1 (2.19)
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F =1, for 21 (2.20)
| (0/80)
M -0.25
F. =|—L (2.21)
2 {MV]
S. Select lowest value as design flooding velocity

Although the author is of the opinion that this is a sensible approach to the flooding
problem, it does highlight the large uncertainties in the prediction of the flooding
point. The modified Alekseev correlation (Step 2) was found to be the most accurate
over a wide range of experimental flooding data (McQuillan & Whalley, 1985) and as

such is the correlation recommended by HTFS. The equation proposed by English et
al (1963) (Step 3) includes a factor based on the degree of end cut, and the Diehl &
Koppany (1869) solution (Step 4) is a function of the tube diameter.

Add to that the fact that a totally different correlation may be the most suitable for the
required geometry (Step 1) and there may well be 4 completely different velocities

predicted. Merely selecting the lowest prediction as the flooding point and designing
to operate below that value may result in designs that are overly safe.

Each of the flooding velocity correlations described above were developed for a
single tube. In a practical environment however there will always be a tube bank in a
reflux condenser, with associated issues of flow maldistribution. ESDU (1989)
discusses this phenomenon and, bearing in mind that flow rates may be different in
different tubes, recommends that a factor of 0.7 be applied to the predicted velocity

to ensure conservative design. Potentially this will make conservative designs even
more safe resulting in exchangers with larger than necessary diameters. It is

therefore vital that the whole flooding issue in reflux condensers is addressed and
some consensus reached.
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2.6 Equilibrium Based Design Method

The most commonly used design procedure for the condensation of vapour mixtures
is the equilibrium method. This is an approximate general method that takes its
name from the assumption of equilibrium between the vapour and the condensate
allowing the use of equilibrium condensation curves. The equilibrium method was

first proposed by Silver (1947), then reinvented by Bell and Ghaly (1972). A similar
method was devised by Ward (1960).

The simplicity of the equilibrium method comes from the fact that complex mass
transfer calculations are omitted. A proportional relationship between mass transfer

resistance and heat transfer resistance was assumed to exist, and the mass transfer
resistance compensated for by over estimating the heat transfer resistance.

The total resistance to heat transfer in a condenser is the sum of the resistances of

the vapour, condensate film, coolant, tube wall and fouling. The film, wall, coolant

and fouling resistances can be grouped together to give an effective condensing side
heat transfer coefficient, denoted by «..

The design equation for required area in a condenser is

Qr 1
A= I'f/_(r_-_-'ﬂ dO (2.22)

0

where the local overall heat transfer coefficient, U , is related to total local heat flux
by

g, =U(T,-T,) (2.23)
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A further assumption of the equilibrium method is that all of the heat (sensible and
latent) is transferred from the vapour/liquid interface (denoted by i) through the

entire thickness of the condensate film giving

gr =a (- T,) (2.24)

c

Further, the vapour sensible heat flux is related to the gas-side heat transfer

coefficient by

g, =a,(T,-T) (2.25)

Combining equations (2.23), (2.24) and (2.25) to remove the unknown interfacial
temperature gives

L
S, (2.26)

The ratio of sensible heat flux to total heat flux (or sensible to total heat duty) is
denoted by Z to give

+— (2.27)

This is the Ward (1960) formulation of the equilibrium method. Silver (1947), and
Bell and Ghaly (1972) considered condensate cooling and included this in the
analysis of sensible heat transfer. This would be expected in a co-current condenser
where the condensate and vapour are both cooled as they travel through the

condenser together.
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One of the advantages of a reflux condenser is that the counter-current geometry
causes hot vapour travelling upwards to interact with cooling condensate travelling
downwards. The result is that the condensate is reheated (leading to further
evaporation and the rectification effect), and the condensate leaves at close to the
inlet temperature of the vapour. This suggests that the Ward formulation is more

suitable to the design of reflux condensers, an observation that is also made in
ESDU (1989).

Substituting equation (2.27) into the design equation (2.22) gives

VAo
Je
0, 1+

a‘P
A= jmdg (2.28)

0

In the case where Z =0, there is no sensible heat exchanged from the vapour, and

equation (2.28) reduces to the form for a pure component condensing isothermally.

By splitting the condenser up into a number of increments, the design equation can

be evaluated numerically. The increments are chosen such that the condensing

curve can be approximated linearly hence Z can be evaluated from equation (2.29)
over each increment.

AT,

inc

Z = M‘,va-@— (2.29)

The area of the increments are calculated independently and summed to give the

total area required to meet the specified duty. The method is subject to selection of
an appropriate condensation curve as is discussed below.

McNaught and Emerson (1977) developed the method further to include a correction
factor for the effect of mass transfer on the sensible heat transfer in the vapour. By

performing an Ackerman analysis, they incorporated “equivalent laminar film theory”
into the heat and mass transfer calculations.
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poma (2 )T -

where

Py = Z(M ,-Cp,)/ a, (2.31)

Jj=1

This should not be confused with the correction of Ackerman (1937) and Colburn &
Drew (1937) for the effect of mass transfer on the heat flux at the condensate

surface. In that situation the correction factor derived was 1 ¢’f_ ol
—~e

In Figure 2.1, the temperature profile through the gas film was represented as a
curve. In the case of sensible cooling with no mass transfer this profile would be
linear as shown below in Figure 2.13. Mass transfer effects serve to modify the
temperature profile and increase the resistance to heat transfer with higher mass
transfer rates having a larger effect. The correlations presented earlier estimate heat

transfer coefficient for a dry gas so including the correction (2.30) makes the

coefficient a better representation of the true process of the condensation of a binary
mixture.
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Figure 2.13: Mass transfer effect on heat transfer through gas film
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2.6.1 Condensation curves

The main simplifying step in the equilibrium method is the use of a pre-determined
cooling or condensation curve in the estimation of the parameter Z. 1t follows that the
accuracy of the method depends on how well the condensation curve represents the
true process. In general there are two types of condensation curve, the integral and

differential curves as shown in Figure 2.12, but recently a second form of the
differential curve has been proposed.
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Figure 2.14: Example of a condensation (heat release) curve

(from McNaught, 1984)

2.6.1.1 Integral condensation curve

The integral curve is used to represent a process where the vapour and liquid remain

in intimate contact such that the bulk liquid is in equilibrium with the bulk vapour. An
example of this is in a co-current vertical condenser.
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Consider a temperature/composition (T-xy) diagram for a binary mixture at a known
pressure, Figure 2.15. The saturation curves divide the diagram into three distinct

regions. Above the dew curve the mixture exists as a superheated vapour and below

the bubble curve it exists as a subcooled liquid with the two-phase region in the
middle.

The integral condensation of a saturated vapour into a saturated liquid is represented
by a vertical line from the dew curve to the bubble curve. At any temperature
between the dew and bubble points, a horizontal tie line can be drawn to give the

compositions of the vapour and condensate. The mole fraction of the mixture

existing as vapour, 8, is defined as the fraction of the tie line between the bubble
curve and the vertical line (the ratio of DC to DE).

Using the T-xy diagram, the vapour and liquid enthalpies can be calculated at a
number of temperatures and used to describe the heat released as the vapour cools
through a condenser thus allowing the condensation curve to be drawn.

120.00
100.00

80.00

Temperature (°C)

60.00

40.00 -
0 0.2 04 0.6 0.8 1

Mole Fraction Pentane

Figure 2.15: T-xy diagram for integral condensation of pentane and iso-octane
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2.6.1.2 Differential condensation curve

The original differential curve represents a process where the vapour and liquid are
separated from each other such as in a horizontal shell and tube condenser where

the vapour condenses in the shell and condensate falls into a liquid pool. In this

situation, the buik vapour is in equilibrium only with the newly forming condensate
and not the bulk liquid.

Due to the removal of previously formed condensate, the lighter component is

removed from the vapour at a faster rate than in integral condensation. This causes

the equilibrium temperature to drop at a faster rate resulting in the larger gradient in
the differential heat release curve.

Jibb et al. (1999) liken this differential process to the situation expected in a reflux
condenser where there is no mixing in the liquid film. As new condensate forms, it
lies on top of the previously formed condensate thus there is no contact between the
vapour and the old condensate. This is also the view taken by ESDU (1989) where

the recommendation is given that the differential curve should be used in the design
of reflux condensers.

The construction of the T-xy diagram shown in Figure 2.16 for the differential
unmixed curve is a step wise process where a number of stages are selected and a
fraction of the vapour condensed in each stage. The condensate formed in each
stage Is effectively removed and plays no further part in the equilibrium calculations.

A mass balance is required to calculate the vapour fraction, 8, in each stage from

T -32
M,+M, (232)

where M, represents the vapour flow rate leaving the stage and M, is the liquid

condensate formed in the stage.
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In the first stage, a vertical line is drawn down from the dew curve. An iterative
solution is then used to find the temperature that gives the correct value of 8 when a
horizontal tie line is drawn. Following this tie line to the dew curve gives the

composition of vapour leaving this stage and entering the next stage. This process is
followed for the number of stages specified.

Developing the T-xy diagram this way allows the vapour and condensate

compositions leaving each stage to be estimated and the condensation curve to be
drawn.

2.6.1.3 Differential (mixed) condensation

The situation in a reflux condenser where there is perfect mixing in the liquid film
would result in equilibrium between the local vapour and all of the local condensate.
To describe the equilibrium in a countercurrent flow situation similar to this process,
Jibb et al. (1999) introduced a third curve, differential (mixed).
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Figure 2.16: T-xy diagram for partial differential condensation (4 stages) of a
pentane and iso-octane mixture
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It is different from the integral curve as a number of separate equilibria are
considered instead of one overall equilibrium, and it is different from the original
differential (unmixed) curve as the unmixed curve does not consider previously
formed condensate. As in the unmixed case, a number of stages are selected and a

mass balance solved over each stage.

The construction of this curve is similar to the unmixed curve except that previously
formed condensate is considered in the mass balance. This means that overall and

component balances are required and as the composition of the condensate leaving
the first stage is unknown the solution is iterative.

For the equilibrium method to be suitable as a design tool for reflux condensers, a
condensing curve must be selected that accurately represents the true process
behaviour. The following discussion is aimed at determining which if any of the

curves are theoretically suitable, and whether or not the findings are confirmed
experimentally.

2.6.2 Theoretical Assessment of Condensation curves in reflux condenser design

The integral curve assumes equilibrium along the whole length of the condenser.
The counter-current geometry of reflux condensation means that such an equilibrium

is physically unrealistic therefore it can said with confidence that the integral curve is
unsuitable.

The main assumption in the differential (unmixed) curve is that there is no mixing In
the condensate film. In most cases, the limitations imposed by flooding cause reflux
condensation to take place at low liquid Reynolds numbers, in the laminar or laminar-
wavy region. Although there will be little turbulent mixing in these regimes, there will

still be a concentration gradient over the thickness of the film, thus promoting mixing
by mass diffusion.
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A recent study of mixing in liquid films was conducted by Al-Shammari (2001). This
was a theoretical analysis of mixing on a vertical plate. They reported that even at

low Reynolds numbers (Re, < 64) the film was fully mixed within 10cm of the top of

the plate. The problem was simplified by considering the film to be a pure solvent
brought into contact with a solute gas. The solute spread across the film, and total

mixing was defined as occurring when the mean concentration in the film was 99% of
the saturation value.

In reflux condensation of a binary mixture the problem is much more complex. The
film will initially be richer in the more volatile component as this will concentrate in the
rising vapour. As the film falls, more condensate forms. This newly forming
condensate will be more concentrated in the least volatile component thus
establishing the concentration gradient across the film. Further, it is expected that as
the film falls and comes into contact with hotter vapour, some of the most volatile
component will re-evaporate. As have been described, there are therefore a number
of mass transfer processes occurring simultaneously creating a complex problem.

Although Al-Shammari (2001) simplified the problem, the analysis presented still

showed that cross film mixing due to mass transfer was a relatively quick process
and concluded that the film can be classed as well mixed.

Applying this result to reflux condensation, a well mixed film is expected, even in the

laminar region of flow. This would suggest that the unmixed version of the differential
curve is inappropriate for the design of reflux condensers.

One of the main reasons for designing reflux condensers is to take advantage of the
rectification effect observed when the most volatile component is preferentially re-
evaporated. The assumption of the differential unmixed curve that no liquid mixing
takes place means that the condensate from the top of the tube (which is richer in the

lighter componeht) IS ignored, thus the rectification effect is ignored. Again, it would
seem that this choice of curve is not reasonable.
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The mixed differential curve would seem to be the curve best suited to reflux
condenser design but there are still some assumptions made in the construction of
the curve that are not totally realistic. Firstly, the assumption of perfect mixing is non-

conservative. At the top of the tube the film is relatively unmixed, and further down
the tube mixing will not be infinitely fast.

2.6.3 Experimental evaluation of the equilibrium method

Two recent studies, Bartleman (2001) and Al-Shammari et al. (2002) have used
experimental data to attempt to evaluate the accuracy of the equilibrium method. Al-
Shammari et al. (2002) compared experimental data collected by themselves to three
equilibrium models based on each of the curves described above. Working with a
number of binary mixtures of methanol and water condensing in a single tube, data

was collected over varied process conditions resulting in methanol feed compositions
of 0.26 to 0.43 and vapour exit compositions of 0.67 to 0.81.

All of the data showed significantly better separations than would be expected in a
single equilibrium stage with heat removal i.e. integral condensation. The differential

mixed curve, which allows for the rectification effect, over-predicted all of the

separations. These differential mixed predictions are the maximum possible

separations that could theoretically have been achieved.

The unmixed differential curve however produced the best predictions, a result that

the author indicated was surprising and disappointing as the expected rectification

effect was not achieved. In the preceding discussion, the unmixed curve was

deemed to be inappropriate, but these experimental results contradict that
conclusion.

Similarly, Bartleman (2001) used a single tube to represent conditions in a reflux
condenser. In this body of work, Bartleman condensed steam, pentane, iso-octane,

and mixtures of pentane and iso-octane in a newly commissioned research facility.
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Whereas Al-Shammari and his co-workers concentrated on the separation aspect of
the equilibrium method, Bartleman concentrated on the prediction of the vapour heat
transfer coefficients. As the coolant and condensate film coefficients are weill
predicted in condensers, it is accurate prediction of the controlling vapour resistances
that will lead to good estimates of the surface area requirements. It is worth noting
however that Bartleman reported experimental separations equal to less than one

equilibrium stage. This is a disappointing result as not only was the rectification

effect not observed, but the separations were less than would be expected in a co-
current condenser.

Bartleman chose to compare his experimental values with predictions based on the
integral curve. To achieve this, a standard design tool for co-current condensers was
provided with the relevant inputs based on the experimental values. It was then run
In checking mode to produce the exit vapour temperature and an estimate of the

surface area required for the specified heat load. These results made it possible to
evaluate equation (2.29) as if the integral curve had been calculated.

As composition measurements were only available at the inlet and outlet of the tube,

the condenser was treated as one complete stage, an approach justified by the linear
nature of the condensation curves obtained.

Bartleman found that the equilibrium method used in conjunction with the integral

condensation curve under-predicted the effective vapour side heat transfer coefficient
leading to an over estimation of the area requirement. The inclusion of the mass

transfer correction term (McNaught & Emerson 1977) actually caused the data to be
further underpredicted.

Bartleman's data gave a temperature enthalpy gradient smaller than that expected
from integral condensation. As the differential curves have a larger gradient than the
Integral, it would seem that the use of a differential curve would not improve matters.

Bartleman concluded that there were a number of objections to the use of

condensation curves, and that the equilibrium method was inappropriate for the
thermal design of reflux condensers.
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This view was backed by Al-Shammari et al. (2002) who concluded that reflux

condensers should not be designed using the equilibrium method, and that the fiim

theory method was the correct approach to use. This conclusion will be discussea
further in Chapter 8.

2.7 Film Theory Design Method

A more realistic approach to the design of a condenser is the application of film
theory as proposed by Colburn & Hougen (1934) for the condensation of a single

vapour from a gas. This was later expanded to a binary vapour with no gas by
Colburn & Drew (1937) in their work on downflow condensers. In this approach local

condensing fluxes are calculated by solving heat and mass transfer rate equations
simultaneously at a number of points in the condenser. Temperature and

concentration profiles are then determined by integration of the classic equations of
downstream development.

Film theory models are more realistic than equilibrium based models, but their

complexity has, in part, led to equilibrium models being favoured in industry. An

example of the increased complexity is the requirement for extra physical properties
such as diffusion rates.

2.7.1 Heattransfer

Referring back to Figure 2.1, an overall heat flux is defined from the vapour liquid
interface to the coolant to include condensate, wall, coolant and fouling resistances.

g, =U(T,-T,) (2.33)

This flux is made up of latent heat and sensible vapour cooling contributions. As
described in section 2.4, heat transfer in the vapour is caused by convection due to
mass transfer and conduction due to a temperature gradient between the bulk vapour

and the cooler interface, and both of these mechanisms must be considered.
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Using a correlation to obtain a heat transfer coefficient for single phase heat transfer,

¢, the vapour sensible cooling flux is written as equation (2.34). The correction

term is as defined in equations (2.30) and (2.31) and represents the difference
between single phase heat transfer and heat transfer with condensation.

io =, 28— (T,-T)=d(T, - T) (2.34)

g, =nrlh, (2.35)
Applying the principle of continuity of energy across the interface

dr =q; +q, (2.36)
and substituting in equations (2.33), (2.34) and (2.35) gives

U(T, - T,)=a,(T, ~T,) + i, Ah, (2.37)

The use of mass transfer equations is then required to estimate the total and
component condensing fluxes that solve this equation.

2.7.2 Mass transfer

The mass transfer flux across the interface is made up of a diffusive flux from the
concentration difference and a convective flux from the removal of latent heat. If the
diffusive flux is assumed to obey Fick’s Law and the gas film thickness is denoted by
s , the individual component fluxes can be written as

. —n dy .
n; = ~cD, _c}; + Yy (2.38)
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If the ratio of component to total flux is denoted by r;, this can be rearranged to

—¢Dys 4, (2.39)

ot

n,ds =
rp=Jj

Integrating over the thickness of the film with boundary conditions ?j =ygat s=0,

and ¥, =y;s at s=3S results in the classical Colburn-Drew (1937) equation.

r.=-y.
nr =P, h{#} (2.40)
where f,, is the mass transfer coefficient.

_ cD,,

2.41
S (2.41)

Pra

By defining a rate factor, @, ,as the ratio of total condensing flux to mass transfer

coefficient, the component condensing fluxes can be evaluated

iy = Bt (5 = s )+ Fistir = BraFp = s )+ Tt 2.42)
where
v
d, =— (2.43)
B2
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2.7.3 Downstream development

Simultaneous solution of the heat and mass transfer equations defined earlier will
yield the component condensing fluxes at a single point in the condenser. It is then
necessary to integrate the equations of downstream development to determine

temperature and concentration profiles over a small increment in the condenser, and
either the corresponding surface area requirement or flow rate.

The calculations require knowledge of the vapour and coolant temperatures and flow

rates at the condenser inlet. A full derivation of the following equations is given in Al-
Shammari (2001).

Over the increment in question, the temperature change of the bulk vapour and
coolant are given by the following equations

dTG a: (Tv — T:’)
T (2.44)

dT ac(Ti_z:r)

A G (2.45)

Vapour mole flux is related to the incremental area and change in vapour flow rate by
equation (2.46). This equation can be applied in two ways. In a process design, flow
rates through the condenser will be specified and this equation used to determine the

area requirements. Conversely, in a rating calculation for an existing exchanger, this
equation is used to calculate the change in flow rate over a specified area increment.

dN .

== >, (2.46)
J=!
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Finally, the composition change of the bulk gas is calculated from equation (2.47)

B _ 1y~ Vs (2.47)
dA N

2.7.4 Liquid Mixing

During the solution of the mass and heat transfer equations, it is necessary to
evaluate the interfacial temperature between the gas film and the condensate film.

This is achieved by assuming local equilibrium between the two phases and taking
the condensate surface temperature to be the corresponding dew point temperature.

The role of liquid mixing is crucial as the condensate composition at the interface
must be known. Liquid mixing will be driven by a combination of diffusive mass
transfer due to concentration gradients and turbulent eddies due to the flow regime.

There are two extremes to consider.

2.7.4.1 Perfect mixing

The condensate film is assumed to be in fully turbulent flow with an infinite mass

transfer coefficient. The result is that cross mixing is assumed to be infinitely fast
hence a uniform concentration profile exists. The interfacial composition is then
equal to the bulk composition, calculated from condensation rates further up the tube.

v Y N]J
Xjs =%jp “""ﬁ; (2.48)

2.7.4.2 No Mixing

The opposite case is where laminar flow and a negligible mass transfer coefficient
are assumed resulting in no cross mixing. Newly forming condensate is said to
“bury” existing condensate and the surface composition is determined from the local

molar condensing rates.
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Xg=1;=—" (2.49)

Al-Shammari (2001) concentrated his study on the importance of liquid mixing In
reflux condensation. As discussed earlier, he used a detailed falling film model and
found that mixing was a fast enough process that the film could be assumed to be
well mixed less than 10cm from the top of the tube. This was confirmed by film
theory based modelling of experimental data which showed that the data were
predicted more closely by perfect mixing models with no mixing only in the first

increment at the top of the tube. The modelling work conducted by Al-Shammari will
be discussed in more detail in Chapter 7.

2.8 Summary

A literature review has been conducted on some of the main topics of concern in the

thermal design of reflux condensers. Firstly, heat transfer in the condensate film and

vapour were considered, with the focus on the application of co-current correlations

to the countercurrent situation in a reflux condenser. It was shown that recent

experimental studies have given conflicting results, but that using co-current
correlations gave reasonably accurate predictions of the condensate heat transfer.

Much of the review concentrated on the flooding phenomenon as this is vitally

important to the design of a reflux condenser. The review found that there were a

number of different interpretations of the flooding point. These arose from the

general disagreement in the mechanism dominating the approach to flooding and led
in part to the varied results given by different flooding correlations.

It was reported that most studies of flooding were based on adiabatic situations
where flow rates remained constant meaning that some of the flooding definitions

were not applicable to the case of reflux condensation where flows are at a maximum
at the bottom of the tube.
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The application of two major co-current condenser design methods to reflux
condensers was also reviewed. A summary of the derivations of the equilibrium
(Silver) method, and film theory (Colburn-Drew) method were given, and the
application of the equilibrium method discussed in detail. The equilibrium method
relies on condensation curves accurately representing the physical system, and it

was found that there were objections to the use of each of the three theoretical
curves.

The equations presented for the film theory method were for the countercurrent flow

of vapour and condensate in a reflux condenser, and a discussion on the application
“of the method will be covered fully in Chapter 7.

It is clear from the discussion presented that there are still many uncertainties
associated with the process of reflux condensation. The understanding of the
underlying heat and mass transfer mechanisms in the process need to be improved
thrbhgh experimental and theoretical analysis, and this used to further design
methods. On the issue of flooding, there is a requirement for work focussed purely

“on reflux condensers so that flooding point predictions can be improved and reflux
- condensers designed and operated as close to the flooding point as possible.
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3 Experimental Equipment and Methods

This chapter describes the equipment used to collect all experimental data reported
in this thesis. The facility measurement and analysis system and the methods used

to collect and analyse the results are discussed, detailing the strengths and
weaknesses of the system.

The HTFS Reflux Condensation Facility is situated at the TUV National Engineering

Laboratory (NEL) in East Kilbride. It was designed by Dr. C. Chu in 1994 and
commissioned by Alan Bartleman, a PTP associate, in 1997. Bartleman (2001) gives

a detailed description of the facility as used by him when evaluating design methods
for reflux condensation.

In the period October 1999 to December 2000, the author conducted a programme of

upgrades aimed at improving the overall performance of the facility. The
measurement systems were almost completely overhauled, and some alterations

were made to the facility. All calibration and operating procedures were improved
incorporating some of the changes suggested by Bartleman (2001).

34 The Test Facility

The main features of the HTFS Reflux Condensation Facility, as described by
Bartleman (2001), are a boiler, reflux condenser, dump condenser and sampling
loop. These pieces of equipment comprise the test fluid circuit and are housed,
except for the sampling loop, in a vapour containment cabinet (VCC). A coolant
circuit provides mains water to the two condensers and rejects heat to the main NEL
chilléd water supply via a small shell and tube heat exchanger.

For safety purposes, the facility is located in a small outhouse which is isolated from
the control area in the main building. A further safety precaution is the vapour
containment cabinet. Effectively a sealed box, this prevents the possible build up of
hydrocarbon vapours in the outhouse.
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The VCC is vented by a fan which draws air out continually. The air outlet duct is
situated at the bottom of the cabinet with the inlet duct at the top of the opposite wall.

If any hydrocarbons are released, the heavy vapours will sink and be vented to
atmosphere.

3.1.1 Test Fluid Circuit

3.1.1.1 Boiler

The total volume of the boiler was about 35 litres, 20 of which taken up by liquid test

fluid. Heat was supplied from 6 cartridge heaters each with a capacity of 1 kW.
These heaters were kept fully submerged in the liquid.

Vapour leaving the boiler entered the test condenser where a proportion was

condensed and returned back to the boiler via a stub pipe protruding into the vapour

space. Condensate flowing from the stub pipe was gathered in a collecting tray and
redirected to the bottom of the boiler where it was introduced back into the bulk

liquid. Two windows, perpendicular to each other, allowed visual observations to be
made of the condensate as it drained. This feature was useful during studies of the

flooding phenomenon when a CCTV camera was set up and the behaviour of the

condensate studied from the control area. These main features are shown in Figure
3.1 below.

Vapour conditions in the boiler were measured by a pressure transducer and

precision resistance thermometer (PRT). The location of these instruments is also
shown in Figure 3.1.

3.1.1.2 Test condenser

The test (or reflux) condenser was made up of three identical test sections each of
length 503 mm and internal diameter of 45mm. A diagram of a single test section

can be seen in Figure 3.2. A small rectangular groove was cut into the outside of the
tube to create a flow channel for the coolant. This allowed high velocity coolant to be

used over a relatively large area resulting in a high coolant heat transfer coefficient
while maintaining a significant measurable temperature rise.
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Coolant temperatures were measured at the inlet and outlet of the test condenser
using PRTs and between the individual test sections with class 1 thermocouples.
The vapour temperature at the outlet of each test section was measured using a

class 1 thermocouple, and three class 2 thermocouples provided data on the wall
temperature along the test section.

3.1.1.3 Dump condenser

The dump Condenser was 2m long with an internal diameter of 45mm. Any vapours
passing through the reflux condenser were condensed in the dump condenser.

The coolant flowed in an annular jacket with PRTs measuring the temperatures at the

inlet and outlet. The temperature of the condensate, usually sub-cooled, was
measured by a class 2 thermocouple at the base of the condenser.

Condensate produced in the dump condenser was returned to the base of the boiler
through the lower leg.

3.1.1.4 Sampling loop

The sampling loop was used to make on-line measurements of composition of the
condensate from the reflux and dump condensers. Samples were withdrawn either
from the condensate return channel in the boiler or the bottom of the dump

condenser and passed through small bore pipes to the control area. A water bath
cooled the samples to a known temperature before a vibrating u-tube densitometer
measured the density of the sample. The sample was then returned to the boiler in

similar small bore pipes. In-house calibration of the densitometer (see Appendix A)
allowed the measured density to be converted to a sample composition.

The sampling loop was designed to operate on very small flow rates meaning that it
could be operated with little or no disruption to the rest of the facility. The major

disadvantage of the system however was that only one sample could be tested at a

time. This meant that there was a time difference between the measurement of the
composition in the two condensers.
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3.1.2 Coolant Circuit

Coolant was supplied to the reflux and dump condensers from a closed loop
containing mains water. Heat gained by this coolant while passing through the
condensers was rejected to the central NEL chilled water supply through a small

shell and tube heat exchanger. A line diagram of the coolant loop is displayed in
Figure 3.3.

Coolant temperatures at the inlet to the reflux condenser were controlled using a

three-way valve which was set by a PID controller based on thermocouple
measurements at the condenser inlet port. The system worked by recycling a
fraction of the warm coolant into the feed to the condenser thus bypassing the shell

and tube exchanger. This allowed the conditions inside the reflux condenser to be

altered by increasing or decreasing the coolant temperature at the inlet over the

range 10 to 50°C. In practice however coolant inlet temperatures were kept in the
range 30 to 42.5°C.

A similar system existed for the dump condenser although it was not used and
coolant was always fed to this condenser at 15°C.

A series of valves existed adjacent to the reflux condenser which allowed the coolant
to enter into any of the three test sections. This system was in place to allow the
length of the condenser to be altered. In practice it proved difficult to operate with
fewer than three test sections because the nominally uncooled test sections were not

isolated from the cooled section, and condensate tended to form in the uncooled
section due to conduction from the cooled sections.

3.1.3 Measurement Systems

Most of the facility upgrades planned and implemented by the author were
concentrated on the collection of reliable and accurate data. Every aspect of the

data collection and analysis system was improved and the details of this are
discussed below.
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3.1.3.1 Instrumentation

As mentioned previously, vapour temperature and pressure in the boiler were

measured, as were the vapour and wall temperatures in each test section and the
coolant flow rates and temperatures in each condenser.

Measurements were also made of the air temperature inside and outside the cabinet,

and of the temperature of air entering and leaving the ventilation system. A full
instrumentation diagram can be seen in Figure 3.4.

No measurements were made of mass flows inside the test condenser. Instead, an
enthalpy balance was conducted across the test condenser and the mass flows were
derived from that. The use of this method causes the heat balance to become

critical, in fact the most important measurement. The calculation of the heat balance
is discussed in detail in 4.3.

The instrumentation review concentrated mainly on the measurements required for

the heat balance, and as a result a number of improvements were made. Low

accuracy thermocouples were replaced by much better PRTs for the temperature rise
across each condenser. The result of this is that a single temperature rise could be

measured to a standard uncertainty of £0.095°C whereas previously the figure was
+0.707°C

These PRTs were not calibrated in house as the method resulted in uncertainties that
were higher than those quoted by the manufacturer. Instead, a periodic calibration
check was performed with ice and a water bath to ensure that performance was still
within quoted tolerances. Isothermal offsets were applied where a temperature

difference was measured to remove any uncertainties associated with minor
differences in PRTs.
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Two instruments are unlikely to give exactly the same measurement. Isothermal
offsets are used to effectively calibrate two instruments against each other to
increase the accuracy of a temperature difference across the instruments. A number
of isothermal tests were conducted by running water through the coolant loop with no
heat supplied to the boiler. Over a long period of time and a range of nominal
temperatures there were only very minor differences between the measurements.
An offset of —0.088°C was applied to the dump condenser with +0.012°C applied to

the reflux condenser. Both of these offsets are well within the tolerance of the PRTs
indicating that the isothermal test was successful.

New thermocouples were fitted to the air ventilation ducts enabling the temperature

rise of the air to be measured as it passed through the VCC. When combined with

measurements of the air velocity at the exit of the duct, this allowed the heat losses
due to the ventilation system to be estimated.

A new wattmeter was purchased and installed to measure the heat input to the boiler

as the original unit was found to have been damaged by prolonged use above its
maximum. Combined with improved calibration procedures, it was felt that these
upgrades improved the quality of results obtained from the facility.

Full details of instrument uncertainties are given in 4.5.1

3.1.3.2 Data logger

Signal processing was carried out by an HP3852A data logger. The main unit and

voltmeter had a combined standard uncertainty of +0.02%+3uV with additional
uncertainties incurred when plug-in cards were used for some instruments.

When measuring thermocouple voltages the additional uncertainty was quantified as
:tO{1°C due to cold junction compensation and when measuring flow rates was

quantified as 0.04%. Resistance measurements were not subject to further
uncertainties as all the PRTs used were the 4-wire type (TC Ltd, 1999).
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3.1.3.3 Data acquisition software

Data were recorded using a unique Visual Basic based data acquisition program
developed in house specifically for this work. Although in the main designed and
coded by technical staff at NEL the author had some input into the design stage and
took part in the commissioning. The program was based on a standard format used

in other NEL research facilities, and was designed and coded to programming quality
assurance standards.

The software incorporated features such as a rig monitor and stability monitor. The
rig monitor was used to view a layout of the facility with all the measurements shown

thus giving a complete picture of the facility and the stability monitor was used to
indicate the behaviour of the main instruments over time.

The software also allowed all of the test conditions to be recorded, and when the
flooding phenomenon was studied, comments relating to visual observations were

recorded. The output from the program was a file designed to be input directly into
the analysis spreadsheet.

3.2 Data Analysis

3.2.1 Analysis spreadsheet

Results were analysed on a spreadsheet developed by the author based on similar
spreadsheets for other experimental facilites at NEL. The spreadsheet was
designed not just as an analysis tool, but to fulfil a number of requirements. Raw
data and results were to be displayed in a meaningful format and the spreadsheet

was to be fully self contained so that all relevant information such facility geometries
and physical properties were available.
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3.2.2 Physical properties

In order to make the analysis spreadsheet as self contained as possible, physical
property functions were built into the code. A standard NEL visual basic module was
included which predicted physical properties as a function either of temperature, or
pressure and temperature. Common fluids like air and water were included, but the
hydrocarbons studied in this research were not. The author carried out work aimed

at including pentane and isooctane properties into the module over the full working
range of the reflux condensation facility.

The method used to achieve this goal is discussed below, and some consideration is
given to the uncertainties of estimated property values.

3.2.2.1 Overview of the method

Physical property data were extracted from a commercially available package (PPDS
v2.32) for both pentane and isooctane over the temperature range 0 to 100 °C and
pressure range 0 to 2 bar (abs). These data were plotted and regression analysis

used to fit polynomial curves. The physical property was then described by a
polynomial equation as a function of temperature.

For vapour properties, curves were fitted at a number of different pressures, and the

value at a known pressure was estimated by linear interpolation between the curves
immediately above and below the required pressure.

A visual basic function was written to calculate any required hydrocarbon property
from four inputs; the measured temperature and pressure, pentane mole fraction

(which could be 1 or 0 if a pure component property was required), and a flag
number to indicate the required property.

This function then called a number of other functions to calculate either a vapour or
liquid property for each pure component, and a mixture property based on the mass
or mole fraction of pentane using a weighted average. A summary of the extraction

of the polynomial equations is given below, and a full list of the equations is given in
appendix C.
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3.2.2.2 Liquid properties

Saturation line values were used in the estimation of liquid properties. In the case of

enthalpy, the datum was set at 0°C such that the property would be zero at the
bottom of the working range.

Although it was known that the condensate film could become sub-cooled, the
degree of sub-cooling was assumed to be small and have a negligible effect on all

the required physical property values except specific enthalpy.

Each property was plotted against temperature with both pentane and isooctane on
the same axis. A polynomial trendline was then fitted for each component and the
equation of the line extracted. This is displayed in Figure 3.5 below, using density as
the example. The residual values of the curve fits were found to be almost exactly

unity, thus the assumption was made that the curve fit procedure did not cause any
significant uncertainties.
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Figure 3.5: Saturated liquid density as a function of temperature
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3.2.2.3 Vapour properties

The situation was more complex for vapours as their properties are a function of
pressure to a much higher degree than liquids. A similar method was used as
described above, but for vapours the graphs contained values of the physical
property against temperature at a number of different pressures as shown in Figure
3.6.

Visual Basic code was developed to calculate the property at the required pressure.
Within the working range, the code used a checking procedure to find the property
curve at the first pressure value above the required value, followed by property curve
immediately below the required pressure and then interpolate between the two.

Vapour specific enthalpy was referred to a datum of liquid specific enthalpy at 0°C.

This meant that the vapour and liquid enthalpies had the same basis, thus simplifying
any enthalpy changes where a change of phase occurred.
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Figure 3.6: Pentane vapour density as a function of temperature and pressure
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3.2.2.4 Physical property uncertainty analysis

The use of interpolation in the manner described above incurred additional
uncertainties for any pressure value that did not lie on one of the curves. A full
statistical analysis was carried out to compare the calculated values to the raw data
values over the entire working range. By comparing predicted values with the data
extracted from PPDS it could be shown that in most cases, the added uncertainty

was very small when compared with the uncertainty of the original data.

The uncertainties associated with this method are summarised in Table 3.1 below,

where the expanded uncertainty is estimated to the 95% confidence level.

3.2.3 Vapour/ Liquid equilibrium calculations

Due to the complexity of vapour/ liquid equilibria (VLE), the analysis spreadsheet was

linked directly to the physical property package PPDS. A number of VB functions

were written to enable VLE calculations to be performed directly by the package and
the results returned to the spreadsheet.

Mean Expanded Mean Expanded
Difference (%)

Specific Heat Capacity m
Thermal Conductivity mm

Specific Enthalpy

Difference (%)

uncertainty uncertainty

'
-
Q
oo

Table 3.1: Summary of vapour properties uncertainty analysis
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The advantages of this were that accurate results were obtained, and with most of
the required information coded into the function (e.g. equations used), only inputs of

either temperature or pressure, along with pentane mole fraction were required. The
main disadvantage, however, was that the spreadsheet was no longer stand alone,

thus limiting its use to a PC containing the physical property package. Passing data
between the programs also resulted in longer processing times.

Each function was called from a cell in the spreadsheet. The vanable inputs
(temperature, pressure, mole fraction) and other constant values such as component
number and VLE model were then passed to the property package where the VLE

calculation was performed. The package then passed the required value back to the
function which in turn returned it to the cell.

The functions used are summarised in Table 3.2, and the full code is included in
Appendix D.

ulated
Calc Function name | Description
Value
Dew Point Dew point temperature of saturated
fn_Tdew
Temperature vapour mixture
Bubble Point Bubble point temperature of saturated
fn_Tbub P, Xp
Temperature liquid mixture
Dew Point Dew point pressure of saturated vapour
fn_Pdew
Pressure mixture
' Liquid pentane mole fraction in
Bubble point _ o o
| fn_EqLiqComp | equilibrium with input vapour
composition N
composition
Dew Point Vapour pentane mole fraction in
| fn_EqVapComp P, Xp
composition

Table 3.2: VLE function summary

equilibrium with input liquid composition
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3.3 Experimental Method

This project was a follow up to the work of Bartleman (2001), and as such, the
experimental work was based on Bartleman's findings. The same hydrocarbons
were used; n-pentane and iso-octane (2,2,4-trimethylpentane), both AnalR grade

supplied by McQuilken and Co. of Glasgow, with the on improved accuracy over a
wider range.

Three sets of tests were carried out; single component for each of the fluids, flooding
tests using iso-octane, and mixture tests. After recommissioning of the upgraded
facility, pure component tests were performed. The aims of these tests were to

validate the work on improving the overall heat balance and to expand the range of
the mean film heat transfer coefficient against Reynolds number curve.

Following on from this, a flooding test was carried out to study the behaviour of the
facility under flooding and non-flooding (normal) conditions to enable prediction of the
flooding point. The bulk of the test work concentrated on binary mixtures of the
hydrocarbons. The objective of these tests, which proved more complicated because

of the requirement for composition measurements, was to provide useful data to
enable further modelling of the reflux condensation process.

3.3.1 Controlled variables

The facility was designed to allow control of the heat supplied to the boiler, the
coolant flow rates and inlet temperatures to both condensers, and the length of the
reflux condenser. Bartleman (2001) found that altering the condenser length by
shutting off the coolant supply to one or more of the test sections was unreliable with

condensate forming in the uncooled test sections, so in this project only the full
length was utilised.

Coolant flow rates were controlled by a valve from a switch located next to an
indicator. The coolant flow rates were left constant through all the tests since the

analogue nature of this system made it difficult to reproduce settings. Conversely,
the control mechanism for the coolant inlet temperatures used a PID controller with

digital settings that resulted in accurate control allowing inlet temperatures to be
repeated.
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In all of the tests carried out therefore, only the heat supplied to the boiler and the
coolant inlet temperature to the reflux condenser were altered. The mass of vapour
generated and hence the velocity was set by the power input to the boiler.
Increasing the power to the heaters caused a higher heater surface temperature, and
the liquid boiled more vigorously resulting in a higher vapour mass flow at a higher
temperature. The ratio of condensate to vapour flow (reflux ratio) was controlled by
the temperature driving force which in turn was set by the coolant inlet temperature.
Reducing the inlet temperature of the coolant caused a higher driving force which
increased the reflux ratio and reduced the overall system pressure and temperatures.

3.3.2 General procedure

The general operating procedure was based on the procedure developed during the

preceeding project on this facility. Some changes were made, mostly due the use of
the new data acquisition program and data collection method.

At the start of each test day, the vacuum pump was run for a short time to remove
any inerts that may have leaked into the system. When the pressure was well below

saturation pressure at the ambient boiler temperature the pump was stopped and

vapour flashed off to return the system to saturation. This was potentially more of a
problem in the pure iso-octane tests because of the very low saturation pressures.

Once the system stabilised, the coolant pumps and boiler heaters were switched on.
The facility was then left for between 2 and 4 hours to heat up and approach steady-
state. During this pericd, the rig monitor (see Figure 3.7) was left on and checked
every half hour to ensure normal operation. When the overall heat balance reached
0.85 - 0.90 the rig monitor was switched off and replaced by the stability monitor
(see Figure 3.8). The stability monitor was used to chart the progress towards
steady state. Steady state was defined as being achieved when the overall heat

balance was level over a period of five minutes; this usually occurred at heat
balances of 0.95 -1.00.

After about half an hour of steady state operation, results were recorded. The

settings were then changed and the facility left to reach steady state again before the
process was repeated.
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In most cases the heat input level was held constant and the coolant inlet
temperature altered and 2 to 3 sets of data were recorded in a day.

3.3.3 Data collection procedure

Before every test run a number of settings were entered into the data acquisition
program. These included the date, the test name, and the test fluid. Because of the

requirement for composition measurements during mixtures tests, there were
differences in the collection methods for each of the tests.

3.3.3.1 Pure component

After allowing the facility to run at steady state, three sets of measurements were
made. These were denoted by n.1, n.2, and n.3, where n was the run number. In

true steady state all three would have been the same, however slight fluctuations

caused slight differences to appear. The effect of these fluctuations was reduced as
each set of measurements was the mean of 10 scans.

3.3.3.2 Flooding

The only difference between the flooding tests and the initial single component tests
was that a record was made of the condensate flow pattern as it drained from the

tube. The data acquisition program was modified slightly to allow for this. Visual
observations were made just before data collection started using a monitor placed
next to the facility PC, and checked a number of times during scanning to ensure that

the pattern did not change. This became standard procedure for all subsequent
tests as a check that the facility was in fact operating in the non-flooding region.

3.3.3.3 Mixtures

As stated above, the facility was left to operate at steady state for about half an hour
before any data were recorded. In the mixture tests this was important as a build up
of condensate was required from each of the condensers to create a condensate

pool so that a sample could be removed. The refiux ratio was always kept below
0.95 so that enough condensate formed in the dump condenser for the same reason.
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Figure 3.8: Screenshot of the stability monitor




While the sampling loop was in use, the stability monitor was left on to ensure that
steady state was obtained. Although the flow through the sampling loop was small in
relation to the flow rates in the condensers, a small effect was noticed when the

pump was switched on. In most cases this was a minor drop in the overall heat
balance which recovered reasonably quickly.

A sample was withdrawn from the dump condenser by opening the solenoid valves

from the control panel and the densitometer isolating valves manually, then switching
the sampling pump on. While fluid was flowing through the sampling loop, the old
sample was flushed out of the densitometer and replaced by the current sample.
This was confirmed by monitoring the densitometer reading. When the reading

became approximately constant, the pump was stopped and the isolating valves
shut. The sample was then left for about five minutes to read a steady temperature

and the densitometer reading entered into the data acquisition program.

Temperature equilibration was considered to occur when the densitometer reading
changed only in the last digit.

For every sample, three sets of data were recorded and denoted by nD1, nD2 and
nD3, where n was the run number. As in the single component work, every set
contained the mean of 10 scans. Once the three sets were recorded, a sample was

withdrawn from the reflux condenser and the process repeated giving the
measurement sets nR1, nR2, and nR3.

The result was that for each data point, there were 6 sets of measurements, with one
sample from each condenser. In the analysis spreadsheet, the 6 sets were

combined to give one mean set denoted by n, which was completed by including the
densitometer measurements.

In designing a data collection system the author considered that with only one
densitometer this method was the most accurate. With measurements being made
over a period of time, it was important that steady state was maintained. By using
the stability monitor it was possible too check this, and in most cases, steady state
was observed save for minor fluctuations. The effect of these fluctuations was

reduced by taking many measurements and averaging them. This is discussed in
the uncertainty analysis presented in Chapter 4.
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4 Data Analysis Calculations

4.1 Mass and energy balances

The flow of mass and energy across a reflux condenser are illustrated in Figure 4.1.

The diagram represents condensation of a vapour mixture, with vapour and liquid

mole fractions used to represent composition changes.

Vapour at mass flow rate M, and temperature T, , enters the bottom of the tube

in

and condenses into a falling film as it rises through the condenser. The condensate

leaves from the bottom of the tube at 7, ,, and mass flow rate M r.ox While

out

and T

v,out *

uncondensed vapour exits the top of the tube at M Coolant is passed

v, out

through the condenser where its temperature increases as it gains the heat released

by condensation.

The assumption was made of no heat losses from the condenser. This is discussed
in detail in 4.3.1. The further assumption that no condensation took place above the

top of the condenser tube was also made. This meant that there would be no
condensate flow into the condenser, as would be expected if there were significant
heat losses above the coolant inlet point.

There are two special cases to be considered here. Firstly the case of total reflux,
where all of the vapour is condensed in the test condenser. In this case there is no
vapour flow out of the condenser and the mass balance is simple. There will also be
no overall change in composition between the vapour and condensate.

=Mf.out (4'1)

j;j.l'n = "fj.aut (4.2)
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Secondly, in the case of single component condensation, the composition terms can
be ignored, again simplifying the mass balance. Single component condensation
occurs almost isothermally, a fact that is evident in the experimental results. There
are no sensible heat effects in the vapour and the only sensible heat transfer

expected is conduction from the cold wall through the condensate film resulting in
sub-cooling of the film.

Tv.in = T;.aut (4.3)
Mv.out
T, out
j;P.aur
<« i
T

M,
I‘c.our
M S, out M v,in
Tf,out Tv,in
}‘P out }‘P. in

Figure 4.1: Mass and energy balances over the reflux condenser
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4.2 Mass balance calculations

The total and component mass balances over the reflux condenser tube give

y,out

Mv.in = M + Mf,out (4'4)

Mv.iu ;P,iu ~= Mf.out '?P.out -Mv,out ;P,out (4'5)

As no flow rate measurements were made on the process side, the mass balance

was fully specified by performing an enthalpy balance over the test condenser tube.
Assuming negligible heat losses from the condenser jacket, this gives

Mv.in hv.in+M h 1 =M h +Mf,ourh

€ "TC,in v,out "“v,out £ out +Mc hc,our (4‘6)
Rearranging
Mv.:’n hv'i" B M""’"' h""’“‘ _Mf-'-’“f hf:OHf = MC hc.aur - Mc hc.in (47)
= Mﬁ (hc,out - hc,;,, )

=0,

Originally, two compositions were measured using the densitometer, namely the
condensate from the reflux and dump condensers. As all of the vapour leaving the
reflux condenser was condensed in the dump condenser, it can be said that the
composition of the vapour was measured at the outlet. Analysis of the results
showed that there was a problem with the measurements of composition in the reflux
condenser and as a result all of these measurements were rejected as being
unreliable. This is discussed fully in 5.3.3. As one composition measurement was

not enough to calculate the mass balance, the composition of feed vapour from the
boiler was estimated from VLE calculations by assuming full saturation.
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The flow rate of vapour leaving the reflux condenser was calculated from
measurements on the dump condenser. As total condensation occurred in the dump
condenser equation (4.7) can be simplified

M}D,our (th.iu o th.out ) = Qc.D (4-8)

The flow rate of vapour leaving the reflux condenser was then found by rearranging
this equation to give

MvR,aut = MjD.our = _' (4.9)

In order to evaluate condensate enthalpies temperatures were required. In the dump
condenser, the condensate temperature was measured but no such data was
available in the reflux condenser. Since the value was known to lie between the

vapour and wall temperature, an estimation was made based on the work of
Rosenhow (1956).

T} o = 0.68T,,, +0.32 T, (4.10)

In Rosenhow's work on the condensation of a vapour mixture, the vapour
temperature in (4.10) was actually the interfacial temperature, but this was not
available in the present work. Bartleman (2001) analysed the effect of using the bulk
vapour temperature instead of the interfacial temperature and found that using an
estimated interfacial temperature had less than a 1% effect on the condensate film
heat transfer coefficient and less than a 10% difference on the vapour side heat
transfer coefficients. As there was no measurement of interfacial temperature,
Bartleman felt that using the vapour inlet temperature was justified.

Although the mass balance was fully specified by equations (4.4), (4.5) and (4.7), the
fact that the reflux condenser condensate composition was unknown meant that

there were 4 unknowns; M, ., M, ... ?f,ou;' h, ... An iterative solution was

therefore required. This was achieved by guessing the condensate composition and
solving.
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4.2.1 Density to composition conversion

As the densitometer measured only sample density, it was necessary to convert this
to composition manually. Throughout the measurement process, the densitometer
measuring cell was kept at a constant temperature of 20°C. This effectively removed
any uncertainties associated with the effect of temperature on density. Data on the

relationship between density and mass fraction of pentane and iso-octane mixtures
were extracted from PPDS v2.2. Mass fraction was selected as the relationship is
very linear, unlike the mole fraction/density relationship which is a curve. The

conversion from density to composition was then based on the equation of the line.

xp =2.290*107 p* —4.534*1072 p + 2.042 *10" (4.11)

1.00

)

0.80 y=2.290E-05x*« 4.534E-02x + 2.042E+01
R*=1.000E+00

0.60 >

0.40 v

Pentane Mass Fraction
%

0.20 S

0.00
620 630 640 650 660 670 680 690 700

Density (kg/m?)

J

Figure 4.2: Mass fraction against density for pentane and

iso-octane liquid mixture at 20°C
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4.3 Heat balance calculations

The heat balance over the reflux facility is a measurement of how accurately the heat
flows have been accounted for. As no mass flow measurements were made in the
test fluid circuit, the heat flows became vital to the mass balance. As a result of this,

the author spent time developing the heat balance estimation to improve the
accuracy.

The balance of heat over the facility is described by (4.12) below. This states that
the heat input to the boiler is accounted for in the coolant heat loads across the test

and dump condensers plus the heat transferred between the facility hot surfaces and
the air inside the vapour containment cabinet.

Qa =QR+QD+QL (4.12)

If an attempt is made to measure or estimate the heat losses, then a fourth term can
be added to the right hand side of (4.12) to give (4.7) below

0, =0, +0,+0, +0; (4.13)

The Q,_ term now represents heat losses that are accounted for, and QE IS an error

term caused by a combination of the measurement uncertainties and errors in the
estimation of heat losses.

The accuracy of the heat balance was calculated by defining a term R, as the ratio

of measured heat out to heat input.

R, =9_1_+%3_019_£_ (4.14)

In the ideal situation where there are no significant measurement uncertainties and
the heat losses are measured accurately, the error term Q. would approach zero

and R, would be 1 (or 100%).
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4.3.1 Heatlosses

During normal operation, test fluid temperatures in the boiler and reflux condenser
reached almost 90°C. With the air inside the VCC at ambient temperature before
operation, it was expected that heat would be transferred from the hot unlagged
surfaces of the test fluid circuit to the cooler air causing the air to heat up. This was
confirmed experimentally as results showed that the ambient temperature inside the
VCC was always greater then the ambient temperature of the surroundings once

steady state had been reached. To combat this, most of the hot surfaces inside the
VCC were well insulated.

The air extraction system was in place to remove any possible leakage of
hydrocarbon vapour from the bottom of the VCC. With no extraction system the VCC

would effectively be a stagnant volume of air with free convection and possibly
radiation from the hot surfaces as the modes of heat transfer. The presence of the
flow of air however caused forced convection away from some of the hot surfaces. It

resulted in the extraction of warm air, which was replaced by cooler air from the
surroundings.

4.3.2 Estimation of heat losses

Experimental results taken with the vapour containment cabinet (VCC) closed
showed that as the rig heated up and approached steady state, the air temperature

inside the cabinet increased. When steady state had been reached, no further
increase in air temperature in the VCC was recorded.

At this point the assumption can be made that the heat transferred from all of the hot
surfaces to the air in the VCC was exactly balanced by the heat lost from the VCC to
the surroundings. [f this was not the case, the temperature in the cabinet would

either continue to increase (if the rig was losing heat at a faster rate then the VCC),
or begin to decrease (if the VCC was losing heat at a faster rate then the rig).
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By making this assumption, the total heat lost by all of the hot surfaces can be
calculated by estimating the heat rejected by the VCC to the surroundings. As stated

earlier, heat is lost by the hot surfaces by free and forced convection and by
radiation. Calculating the heat transfer coefficient for each relevant mode for each

separate surface would be extremely time consuming and at best very approximate.

Estimating the heat lost by the VCC to the surroundings was a much simpler process
that can be calculated far more accurately.

There were only three routes by which heat could be transferred from the VCC to the
surroundings:

1. Through the walls of the VCC.
2. Through the floor of the VCC.

3. Warm air removed by the extraction system and replaced by cooler air
from the surroundings.

The heat loads due to each of these routes should be calculated separately and then
summed to give the total heat lost from the VCC.

0, =0, +0r+0, (4.15)

4.3.2.1 VCC Walls

A number of assumptions were made in order to estimate the extent of heat lost
through the VCC walis

o Perfect mixing of air inside the VCC resulting in a uniform temperature throughout
the cabinet.

o The walls were deemed to be flat plates such that the effect of fittings from the
ceiling and screws on all the walls were assumed negligible.

e The walls were made of stainless steel with a thermal conductivity of 16 W/mK.
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e Air inside the cabinet was quiescent. This was not strictly correct as the

extraction system caused a flow of air over part of the cabinet however most of
this flow was over the bottom of the cabinet and did not affect a large part off the
VCC walls.

o The surroundings were quiescent such that heat could only be transferred from

the walls via free convection and radiation.

Making the further assumption that the outside temperature of the cabinet walls was
the same as the air temperature inside the cabinet meant that any value calculated

would be a slight over estimate.

Heat transfer coefficients were calculated for free convection from the horizontal

upward facing ceiling and the four walls of the cabinet using the equations described
in Incropera and De Witt (1981).

For the vertical wall, the average Nusselt number over the full height x was

described by equation (4.13)

1

Nu, ™ 3[ 2 ) g(Pr) (4.16)

where the Grashof Number Gr, was defined as

T -T,)L
Gr, =.é;/i§_w;2____§)_ (4.17)

and the temperature gradient parameter g(Pr) is a function of the Prandtl number

0.75 Pr%

g(Pr) = (4.18)

% 7
(0.609 +1.221Pr° + 1.238Pr)
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The cabinet ceiling was taken as a horizontal plate, the mean Nusselt number was
defined as either (3.16) or (3.17) below

Ny =282 _ 054 Ra’*, (10* <Ra < 107) (4.19)
W

Ny =242 _ 0.15Ra% (107 <Ra <3.1510™) (4.20)
W

The vertical and horizontal Nusselt numbers were then used to determine the

respective resistances to heat transfer allowing the total heat lost through the four
vertical walls and the horizontal ceiling was then calculated.

Qw = ACabW (TVCC o TS)aCabW + ACabC (TVC'C - TS)aCabC (4-21)

4,3.2.2 VCC Floor

The VCC floor was a steel plate raised about 20mm above the floor of the outhouse.
It was covered by a thick layer of absorbent material to soak up any liquid leaks.

There was very little draft under the floor and it was assumed that the heat lost
through the floor was negligible.

4.3.2.3 Air Extraction System

The air extraction system was driven by a single speed fan and operated whenever
the rig was filled with hydrocarbons. Measurements were made of the air velocity at
the outlet of the extracted air as well as the geometry of the ducting. From these
measurements, a value was calculated of the air mass flow rate through the VCC.

MA =A e Y4 Py (4.22)
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The density of the air was taken at the assumed pressure of 1.01325 bar and the

measured outlet temperature.

Two new thermocouples were installed; one at the inlet and one at the outlet each

placed 5 cm inside the extraction ducting on the VCC side. These thermocouples

gave reasonably accurate measurements of the air temperature entering and leaving
the cabinet, allowing the heat load associated with the system to be estimated.

O, =11y My =) (4.23)

4.4 Heat Transfer Coefficients

The reflux condenser was described by the general heat exchanger equation (4.24),
where the heat load was defined as the heat gained by the coolant (4.7).

Op =U 4, AT (4. 24)
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