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Abstract

A new test facility, with a vertical reflux condenser of 1500mm overall length and
45mm internal diameter, has been commissioned and tested and methods developed
for measuring key process parameters. An experimental study of reflux

condensation in a single tube using n-pentane and 1so-octane and binary mixtures of

these single component hydrocarbons has been undertaken.

Using water as the cooling medium, a correlation was developed for determining the
coolant-side heat transfer coefficient i1n the reflux condenser based on the Wilson

plot method. The composition of binary liquid mixture samples from the test facility

was determined using an empirical correlation developed wusing density

measurements from a vibrating u-tube densitometer.

The single components were condensed in the range 32.0-48.4°C and 0.106-

1.515bara by adjusting the test condenser heat load for fixed conditions on the
coolant side to investigate how the condensate-film heat transfer coefficient varied
with the condensate film Reynolds number. The results show good agreement with

the method recommended by HTFS for correcting the Nusselt theory for the effects

of waves. A further small correction was made to improve the fit to the data.

The binary hydrocarbon mixtures were condensed across the range 65.9-90.1°C and

0.729-1.531bara by conducting similar experiments where the feed vapour contained
50% and 70% n-pentane. Composition measurements of the condensate and vapour

leaving the test condenser were made to examine the separation of components

during partial reflux condensation. The results suggest that this separation is

influenced by heat flux and that it would be improved if the test condenser were



operated at a lower heat flux. Further experimental work is needed to verify this, and

to investigate how this influences the number of thermodynamic stages, which was

found to be less than one with the conditions reported here.

Analysis of the heat transfer resistances on the vapour side showed that the standard

procedure of using a dry-gas heat transfer coefficient, with or without a mass transfer
correction term based on the film theory, poorly predicted the experimental values.
These predictions were improved by the use of an enhancement factor, which may be

more relevant in counter-current than co-current condensing situations. The results

indicate that use of a dry-gas heat transfer coefficient with the film theory correction

factor, over-predicts the mass transfer resistance.

Comparison was made between the data and predictions based on the integral
condensation curve, as might be used in Silver’s method for condenser thermal
design. It was shown that this method poorly predicted the surface area and the
separation achieved in the test condenser. The results indicate that the heat and mass
transfer coefficients obtained in a plain tube are significantly higher than those based

on using a dry-gas heat transfer coefficient corrected by film theory. Implications for

the design of reflux condensers have been presented.
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1.0 Introduction

This chapter describes the background to the research work carried out and
documented in this thesis. Introductions to the Heat Transfer and Fluid Flow Service
(HTFS) and the Postgraduate Training Partnership (PTP) scheme are given, followed

by the reasons for undertaking this research and an outline of the main objectives of

the work. The chapter ends by outlining the remainder of the thesis.

1.1 Background to the Research Work

The Heat Transfer and Fluid Flow Service (HTFS) was established in 1968 to
advance the science and practice of heat transfer engineering. It is an association of

users, designers and manufacturers of heat exchangers, which has now gained the

reputation for being a source of advanced technology throughout the world. HTFS is

now a major international heat transfer research and software business.

HTFS has a number of guiding principles:

» Research is essential both to validate HTFS methods but also to understand fully

the processes and mechanisms in heat transfer equipment.

* The close relationship between HTFS and its Member companies provides a

valued additional resource of guidance and expertise to ensure the relevance of
the work.



» Heat transfer is a broad subject, which should not be confined to one type of

exchanger or transfer process. HTFS has therefore concerned itself with fired

heaters and compact exchangers as well as the trusty shell-and-tube exchangers.

» HTFS must be at the forefront of science and engineering and hence not just

content to follow trends as they develop.

» HTES researchers and developers must be recognised leaders in their field and

must be given their head to drive the subject forward.

The HTFS research philosophy has always been to study the basics in order to

develop understanding and hence produce prediction models and software. These

models are then tested in combination with other models and with overall

performance tests.

This research project was initiated by HTFS who sought funding from the UK’s
Department of Trade and Industry (DTI). It was decided that the project be run
through the Postgraduate Training Partnership (PTP) scheme. The DTI and the
Engineering & Physical Sciences Research Council (EPSRC) introduced the PTP

schemes in 1992.

The PTP scheme involved a PTP Associate undertaking a research project for a PhD
degree by carrying out practical work in a Research & Technology Organisation
(RTO) 1n partnership with a Higher Education Institute (HEI). Each partnership
involves a single RTO with a single HEI at which the PTP Associate was registered
for a PhD.



An important feature of the scheme was that the PTP Associate spent much of their
time in the RTO rather than in the HEI. The commercial environment of the RTO

was designed to accelerate progress towards research goals and help the Associate to

adapt more rapidly to work in an industrial environment.

The PTP scheme aimed to increase the industnial relevance of PhD training, and to
create a mechanism to produce high quality postgraduate researchers whose training
had included elements of practical technology transfer and management skills. The
structured business training meant that the PTP Associate received a good grounding

in the core competencies for an industrial career, and was commercially aware with

knowledge of exploitable technologies and techniques.

The author was registered for a PhD at the University of Strathclyde, Glasgow
between 1996 and 1999, and was based at the National Engineering Laboratory
(NEL), East Kilbride, working as a PTP Research Associate during this time.

1.2 Justification for the Research Work

Effective use of heat exchangers is vital to the success of the UK’s power and
process industries, which contribute significantly to the UK’s Gross Domestic

Product (GDP). The achievement of these industries is interdependent with the

success of the UK contract engineering industry, which remains strong although

facing stiffer competition with US, Far Eastern and European contractors.

The umit operations of heat and mass transfer are usually treated separately in a
process plant. However, by operating a condenser in the reflux mode, condensation

and fractionation can take place together with possible substantial energy and



equipment savings. Despite this, the area 1s still one of considerable technical

difficulty, where very little experimental data and no reliable design procedures are

available.

As industry i1s unable to benefit from these possible savings, HTFS plans to develop

thermal design technology to handle condensation with reflux, to meet the

anticipated increase in the use of combined heat and mass transfer devices. At
present, some basic obstacles to the application of HTFS design technology to reflux

condensers exist:

» The absence of a computational model that takes into account the effects of

liquid-phase and gas-phase resistances in limiting the separation achieved.

* There are no data available for use in developing and testing models.

* Flooding velocity predictions, which have been derived from data taken often
under artificial, usually adiabatic, conditions, have not been properly validated in

condensing conditions.

A research programme was therefore required to develop a new thermal design

technology in this area, that extends the existing HTFS design methods in the area of
combined heat and mass transfer processes, and produces the results in a form that

can and will be taken up by industry.



1.3 Objectives of the Research Work

The objective of the author’s research project was to immtiate development of HTEFS

thermal design technology for partial reflux condensation by:

= Commissioning a new resecarch facility for the experimental work, the main
components of which were an electrically heated evaporator, a single tube test

section and an after condenser.

= Carry out experimental work, firstly using two single component hydrocarbons,

and then binary mixtures of these hydrocarbons to gather test data on the heat and

mass transfer aspects of the process.

* Analyse this test data to provide information on the heat and mass transfer

aspects of the process, which could then be validated by further experimental

work 1n the facility, perhaps using different test fluids.

There were several factors to consider when choosing the fluids to be used in this
new facility, although the author was not involved in this process. From the point of
view of data analysis, it was important that the properties and the vapour/liquid
equilibrium of both liquids were well known. It was also important that the

properties were sufficiently different so that they could be used as a means of

measuring composition.

From the point of view of operation, it was required that one of the components had a

normal boiling point in the range 35-50°C, and that the other had a normal boiling



point in the range 80-120°C. This ensured that the liquids were capable of operating
within the upper limits of the test facility. Furthermore, it was necessary that the

liquids were not unacceptably dangerous, and that they were miscible in one another.

The two single component hydrocarbons chosen were n-pentane and 1so-octane

(2,2,4 trimethylpentane), and various properties for these liquids are provided 1n
Appendix A1l at the end of this thesis.

Commissioning the new Reflux Condensation Facility at NEL involved calibrating
some of the instrumentation used and ensuring that the measurement systems
functioned as intended. Owing to the unique nature of the test condenser outer

surface geometry, it was necessary to carry out work to determine a suitable

expression for accurately evaluating the coolant-side heat transfer coefficient.

An on-line sampling system was designed, installed and commissioned, which was

used to withdraw and analyse liquid samples in order to determine the composition

of the exit streams from the test condenser. Some laboratory and off-line analysis

work was carried out to derive a reliable correlation that related the composition of
these samples to some suitable measurement.

Initial test work was carned out using single component hydrocarbon fluids. The
purpose of these tests was to provide a benchmark for later test work using the binary
hydrocarbon mixtures. In addition to this, these tests were used to verify the

measurement systems, correct any further technical difficulties, and to develop the
data analysis systems.

The main area of research was test work using binary hydrocarbon mixtures. As well

as the heat transfer measurements, it was hoped to obtain additional information



about the mass transfer processes from the composition measurements of the exit

vapour and condensate streams from the test condenser.

All test data were used to determine the heat transfer coefficients on the condensing
side of the test condenser. Also, the change in composition of the vapour stream

during test work with the binary hydrocarbon mixtures was measured. These

measurements formed the basis for the discussions and conclusions contained in this

thesis.

1.4 Layout of the Thesis

In Chapter 2, the condensation process is defined and a description of the ways in
which condensation may occur is given. A discussion on the basics of condenser

design follows this, and is concluded by an introduction to the methods available for
the thermal design of industrial condensers.

The reflux condensation process is described in Chapter 3, as is the design of reflux
condensers. The shortcomings of previous studies on condensation are highlighted
with respect to condensation with reflux, and the implications of these to the thermal

design methods presently employed for condensers discussed.

A description of the new research facility, the instrumentation and the method of

operating are contained in Chapter 4. The methods used to carry out the data

analysis are also presented in this chapter.



Following on from this, Chapter 5 contains the results of the main areas of the
research work. Firstly, findings from the work carmried out to investigate the
measurement of composition are presented. Secondly, work carried out to accurately

measure the coolant-side heat transfer coefficient in the test condenser is described.

The results of test work with single component hydrocarbons and then with binary

hydrocarbon mixtures conclude this chapter.

The conclusions of this research work along with the recommendations for future
work are given in Chapter 6. The References are then followed by a series of

appendices that contain additional matenal relevant to the main body of the thesis,

test data and data analysis calculations. These appendices are referred to at the

appropriate points of the thesis.



2.0 Condensation and Condenser Design

This chapter defines and describes the condensation process and the mechanisms by
which condensation occurs. The remainder of the chapter provides an outline of the

basic features of condenser design, and an introduction to the methods for condenser

thermal design.

2.1 Definition of the Condensation Process

Condensation is the change from vapour to liquid. This change can occur when
vapour comes into contact with a surface or fluid at a temperature below the

saturation temperature of the vapour. In some circumstances, the vapour condenses

straight away, in others the vapour cools down first before it condenses.

During condensation, molecules change state by passing from the vapour to the
liquid state. This 1s accompanied by a release of energy, known as the latent heat of

condensation. Therefore condensation i1s both a heat transfer and a mass transfer

process.

Condensation can occur by two distinct modes, filmwise and dropwise, as shown In
Figure 2.1 [p.10]. As the vapour is condensed, small drops of liquid begin to appear
on the cold surface in contact with the vapour. As the condensation continues, the
number of drops increases until they completely cover the surface. The condensate
drops join to form a continuous sheet of liquid that flows with the properties of a

liquid film. This 1s known as filmwise condensation.



Condensate

Condensate
“— Bim Dr0plets
Coolant Coolant
Tube Tube
Wall Wall

Figure 2.1. The filmwise and dropwise modes of condensation.
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In dropwise condensation, the condensate exists as patches of liquid on the surface
where it forms. As with filmwise condensation, the condensate that forms exists as
droplets. Although these droplets may grow in size as condensation proceeds, they
do not join together. This method of condensation may be sustained by coating the
surface on which the condensate forms, or by doping the vapour with additives to

promote the dropwise mechanism. However it is extremely difficult to maintain this

mode of condensation 1n industrial condensers.

As no steps were taken to sustain the formation of droplets, it was assumed that
condensation occurred only by the filmwise mode. In addition, it was assumed that

the entire surface of the test condenser remained free from dirt and thus suitable for

the formation of a continuous liquid film. Dropwise condensation was therefore not

considered beyond this point, and will not be discussed further.

2.2 Condensation Process for a Single Component Vapour

A single component vapour in contact with a flat, solid surface whose temperature is

maintained below that of the vapour will condense, and assuming filmwise

condensation, the condensate produced will form a film of liquid on the solid surface.

The pressure difference between the bulk vapour and the condensate on the surface

of the solid means that the condensing vapour molecules are transported by

molecular diffusion to the vapour-liquid interface. Vapour molecules are also

transported to the vapour-liquid interface by convective motion of the vapour itself.

The vapour-liquid interface represents a resistance to the condensation process.
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At this interface, the vapour molecules pass into the liquid phase by releasing their
latent heat. At the same time, liquid molecules absorb this latent heat to evaporate

and pass back across the interface. Under equilibrium conditions, the rates of arnval
and departure of vapour and liquid molecules would be exactly equal. However,

during condensation, the rate of arrival is much greater than the rate of departure and

hence a liqud film 1s produced and maintained.

The liquid phase itself also represents some resistance to the condensation process,

and this resistance i1s much greater than that represented by the vapour-liquid
interface. Therefore, the resistance due to the condensate film is taken to be the

controlling resistance during condensation of a single component vapour.

As well as a difference in pressure between the bulk vapour and the condensate

surface, there is also a temperature difference. This difference is so small that it is

often i1gnored. Condensation of a single component vapour is therefore regarded as

taking place at constant temperature, and this temperature is known as the pure
vapour saturation temperature.

For condensation to continue to form on the surface of any existing liquid film, a
temperature difference must exist between the vapour-liquid interface and the
condensate film. The condensate film is therefore regarded as being sub-cooled

below the saturation temperature corresponding to the pressure of the system. This
process 1s illustrated in Figure 2.2 [p.13].
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2.3 Condensation Process for a Vapour Mixture

A mixture of vapours can mean several things: a mixture containing a vapour and a

noncondensable gas, a mixture of two condensable vapours, or a mixture of more

than two vapours, which might include noncondensable gases.

Consider first a mixture containing a single component vapour and a noncondensable

gas. This mixture is in contact with a flat, solid surface whose temperature is
maintained below the dew point temperature of the mixture. Assuming filmwise

condensation, the mixture will condense to form a thin layer of condensate on the
surface.

The partial pressure difference between the bulk vapour-gas mixture and the vapour-

liqud interface means that vapour molecules diffuse towards the interface. The

convective motion of the vapour also carries vapour molecules to the interface. In
addition, gas molecules are also transported towards the interface as a result of the
pressure difference. However, as the gas molecules are noncondensable, the vapour-

liquid interface is impermeable to them and they accumulate next to the interface.
This 1s 1llustrated 1n Figure 2.3 [p.15].

This accumulation of noncondensable molecules adjacent to the interface creates an
additional resistance to the condensing vapour molecules. This layer of
noncondensable gas is often referred to as the diffusion layer, as vapour molecules
must diffuse through it to reach the vapour-liquid interface. This resistance is greater

than that presented by the liquid condensate film, and so is taken to be the controlling

resistance during the condensation of vapour mixtures.
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The accumulation of gas molecules means that the partial pressure of the gas is
higher in the diffusion layer than in the bulk vapour-gas mixture. This produces a
driving force for gas diffusion back into the bulk of the mixture, which is balanced
by the diffusion of the vapour-gas mixture towards the diffusion layer.

Similarly, the molecular diffusion of vapour towards the interface means that the
partial pressure of the vapour is lower at the interface than in the bulk of the mixture,

and so a driving force is created and maintained. The total pressure of the system

remains constant.

The reduction in the partial pressure of the vapour at the interface means that the
saturation temperature of the vapour is also reduced. Compared with the

condensation of a single component vapour, the temperature driving force during

condensation of a single component vapour and a noncondensable gas is lower.

Furthermore, as the relative amounts of vapour and gas change throughout the
condenser, the partial pressure of the vapour at the interface and hence the saturation
temperature change throughout. As the vapour condenses, the number of molecules

decreases and so its partial pressure is subsequently reduced. It follows therefore,

that the dew point temperature decreases as condensation occurs.

Now consider a mixture containing two condensable vapours, a light (low boiling

point) component and a heavy (high boiling point) component. This mixture is in

contact with a flat, solid surface whose temperature 1s maintained below the dew

point temperature of the mixture. Assuming filmwise condensation, the mixture will

condense to form a thin layer of condensate on the surface.
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Unlike the situation for the single vapour and noncondensable gas, both components

are capable of being condensed but do so at different rates. In general, the heavy

component condenses preferentially while the light component accumulates at the
interface. A diffusion layer, made up of the light component, exists adjacent to the

vapour-liquid interface, and the heavy component must diffuse through this layer to
reach the interface.

The accumulation of light component molecules means that the partial pressure of
the light component 1s higher in the diffusion layer than in the bulk vapour mixture.

This produces a driving force for diffusion back into the bulk of the mixture, which

s balanced by the diffusion of the vapour mixture towards the diffusion layer.

Similarly, the molecular diffusion of heavy component molecules towards the
interface means that the partial pressure of the heavy component is lower at the

interface than in the bulk of the mixture, and so a driving force is created and

maintained. The total pressure of the system remains constant.

As the heavy component condenses, the number of molecules decreases and so its

partial pressure is subsequently reduced. It follows therefore, that the dew point

temperature decreases as condensation occurs.

2.4 Basic Design of Condensers

The aim in designing any heat exchanger is to transfer heat from one fluid to another
within the allowable pressure drops of the two fluids, and without risking the plant or

the safety of the plant operators. The design must be capable of withstanding both

the process conditions and those of its surrounding environment, and should be
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maintainable during its expected operational life. In addition to all of these, the

design must be economical.

With condensers, this transfer of heat is accompanied by vapour changing to liquid,
and the condensation can be total or partial depending on the process requirements.
It is normal for the condensing and coolant streams to be kept separate, the heat
being transferred through a surface upon which the liquid condensate will form.

However, some occasions exist when both streams are brought into direct contact to

produce condensation.

The first stage in the design process i1s to fully specify the design problem.
Information on the operating conditions and any initial details of the condenser must
be given. This includes details on the flow rates, compositions, inlet temperatures

and pressures, corrosiveness, and fouling charactenstics of the process streams as

well as any likely fluctuations in all of these. The required heat duty and the

maximum allowable pressure drops must also be specified. Information on the

overall size, weight, matenals, costs and alternative condenser types plus information

on the flow arrangement, surface characteristics and allocation of process streams to
sides of the condenser should be included.

Once the design problem has been fully specified, a thermal and hydraulic design is
attempted, followed by a mechanical design. The thermal and hydraulic design

calculations estimate the heat transfer and pressure drops involved in the

condensation. The thermophysical properties of the process streams and of the
condenser materials have to be known to perform these calculations, as well as
surface heat transfer and fluid friction characteristics, and all geometrical parameters
of the condenser. The mechanical design of the condenser is where the structural,

thermal and vibration analyses are performed. The operating temperatures, pressures
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and stream velocities must be known, along with the corrosiveness and fouling

charactenistics of these streams.

The condenser design has to meet a number of basic requirements to ensure that the
thermal performance is not inhibited. The thermal performance of the condenser
must be achieved, and the allowable pressure drops 1n both streams should be fully
utilised. Noncondensable gases have to be removed through suitable vents to avoid
gas blanketing, and the condensate produced drained from the exchanger, thus
maintaining the same available heat transfer surface area. The removal of

noncondensable gases must be achieved despite the reduction in vapour volumetric

flow rate and subsequent changes in the vapour velocity.

When the thermal and mechanical designs are complete, it is likely that several

condenser designs will have been produced. At this stage, serious consideration is

given to the manufacturing and cost of each of these designs, and trade-off factors
are employed to establish which design is the optimum. It is here that the real art of
design comes into play. As well as making decisions based on the results of the

calculations, some decisions will have to be made based on experience or

understanding of the condensation process, or of the physical design. The design

process 1s therefore based on quantitative and qualitative decisions.

2.5 Condenser Thermal Design Methods

The vapour stream entering the condenser might be a single component vapour, a

binary mixture of vapours, a vapour and a noncondensable gas, or 2 multicomponent

mixture of vapours, which may or may not contain noncondensable gases. The

complexity of the situation increases as the number of components within the vapour
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phase increases, and becomes further complicated if there are noncondensables

present.

The simplest design would be for condensing a single component vapour, but

industrial condensers rarely handle single component vapours. It 1s more likely to be

a mixture of vapours, possibly containing noncondensable gases. The purpose of the
condenser might be to partially condense the vapour mixture to recover one of the

components, or to reduce or remove the amount of noncondensable gas present.

The two most commonly used methods for the thermal design of condensers are the

film-theory and the equilibrium (or approximate) methods and they are outlined
briefly below.

2.5.1 The Film-theory Method

This is the most physically realistic model of the condensation process that has been
incorporated into a design procedure used in industry. The method assumes that
there is a thin, laminar film next to the phase interface. Within this film,
concentration, temperature and pressure gradients exist, and all changes in these

occur in this film. Outside the film, the concentration, temperature and pressure are

assumed to be at the conditions of the bulk mixture.

The emphasis in this approach is on the heat and mass transfer in the vapour phase.

Mass is transferred through this film by molecular diffusion and convective

transport. Heat and mass transfer rates are evaluated through the use of heat transfer

coefficients and heat and mass transfer analogies. The effect of mass transfer on heat
transfer is taken into account.
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2.5.2 The Equilibrium Method

In this method, the mass transfer resistance is estimated using the resistance to the
sensible heat transfer in the vapour phase. This means that there is no need for mass
diffustvity data. It 1s also assumed that the condensing vapour and condensate are in
local equilibrium at every point in the condenser, so therefore, the condensation
process 1s assumed to follow a pre-determined equilibrium condensation curve. The

method has been improved to allow for the effect of mass transfer during

condensation.
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3.0 Reflux Condensation and Reflux Condensers

~ This chapter deals with the reflux condensation process and the design features of

reflux condensers.

A description of the heat and mass transfer processes that take place during reflux
condensation 1s provided to give the reader an appreciation for the subject area. The
available subject literature has been reviewed to present the existing knowledge for

reflux condensation, and to highlight the areas where the understanding of the

processes involved 1s limited.

The basic design features of the reflux condenser are also outlined in this chapter,

examining the advantages and disadvantages for this type of condenser. The

applications for reflux condensers in the chemical and process industries are briefly
discussed.

A detailed review of the methods used for industrial condenser thermal design is

included 1in this chapter, with attention focused on how these methods might be
applied to the design of a reflux condenser.

3.1 The Reflux Condensation Process

A diagram showing the basic features of the reflux condensation process is given in
Figure 3.1 [p.23].
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The process is characterised by the current-current flow of the condensing vapour
and liquid condensate streams. In reflux condensation, the hot vapour mixture flows
upward and the condensate flows (or drains) downward under the influence of
gravity. It is this unique feature that gives rise to the difficulties in describing both

the heat and mass transfer processes taking place. Normally, the vapour mixture

would be on the tube-side and the coolant on the shell-side.

This can result in the light component in the condensate phase being re-vaporised
and passing back into the vapour stream. The condensate that drains out of the
bottom of the tubes would be more concentrated in the heavy component, and will
approach the temperature of the vapour entering the tubes. The vapour leaving the

top of the tubes would therefore be more concentrated in the light component.

This separation can be the major advantage offered by utilising the reflux

condensation process over other types of condensation process. Although
condensation 1s seen primarily as a heat transfer process, the process of reflux

condensation 1s mass transfer dominated. Thus, the operation of a reflux condenser

would be improved if it were operated under those conditions that are most

favourable for the transfer of mass across a phase boundary.

Mass transfer from a condensing vapour is improved if the rates of heat transfer in

the condenser are low. This can be explained by examining the equation used to

describe mass transfer in condensing systems.

Ay = BTy, = Fo, )+ 7,7, (3.1.1)
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The first term on the right-hand side of (3.1.1) represents the transfer of mass by
diffusion, which results from the concentration gradient between the bulk of the

mixture and that at the interface. The second term represents the transfer of mass

due to convective motion of the condensing vapour toward the interface.

At high rates of heat transfer, the convective term in (3.1.1) will dominate the mass
transfer process, as the motion of the vapour will sweep the molecules towards the
interface at high velocities. This means that the concentrations of the condensing

molecules in the bulk and at the interface are virtually identical, and hence a small

concentration gradient exists. Therefore, the diffusive term in (3.1.1) becomes very

small in comparison to the convective term.

At low rates of heat transfer, the convective term is much smaller as the vapour
travels much slower at low rates of heat transfer. In this case, the concentrations of
the condensing molecules in the bulk and at the interface are very different, and
hence a large concentration gradient exists. Thus, the diffusive term in (3.1.1)

becomes dominant, and the concentration gradient means that a separation of the

components in the vapour mixture can occur.

An important feature of the reflux condensation process is mass transfer in the liquid
film, the behaviour of which is characterised in one of two ways, either as a well
mixed film or an unmixed film. A film of condensate on a vertical condensing

surface will initially be unmixed but as it flows downward it will become more

mixed due to the increased flow rate and turbulence in the film. In a reflux

condenser, this effect is likely to be exaggerated by the fact that as the film reaches
the bottom of the tube, the flow rate of vapour is higher, and hence more likely to

produce surface turbulence on the film. This will in turn be expected to promote

good liquid mixing within the film.
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The mass transfer of components within the condensate film will depend upon which

of these models is assumed for the film behaviour. If the film is described as being
well mixed, all of the condensate formed on the surface is in contact with all of the
condensing vapour and is involved in continuous mass transfer between the phases.
Thus 1t 1s possible to enhance the mass transfer caused by the condensation of some
of the vapour. If the film is unmixed, only the freshly formed condensate is assumed
to be in contact with the bulk vapour. Hence the potential for mass transfer is
reduced and the separation achievable with an unmixed film is smaller than with a
mixed film. A well mixed condensate film corresponds to a very high liquid-side
mass transfer coefficient, and hence a low resistance to mass transfer. This is

important in aiding the rectification effect, caused by re-evaporation of the more

volatile component back across the phase interface.

The major drawback to reflux condensation concerns the stability of the vapour and
condensate phases flowing counter-currently to one another. Under certain

conditions, the upward flow of vapour may prevent condensate drainage, and the

condensate will either be held up within the tubes, or will be carried upwards and out

of the condenser by the vapour.

Flooding 1s a complicated physical phenomenon, which has received a great deal of
attention 1n the open literature on two-phase flow. However, it is still a poorly
understood subject with regard to reflux condensation, and is therefore a major
obstacle to the application of reflux condensers in the modern chemical processing
industries. Most studies on flooding have been carried out either under adiabatic
conditions, or where the test section geometries do not accurately reflect the

geometry of industrial reflux condensers. It is unclear whether the results from such

work can be applied to reflux condensing situations with any real accuracy.
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3.2 The Reflux Condenser

Reflux, or knock-back condensers, sometimes known as dephlegmators, have been
used in the chemical and process industries for the control of chemical reactors or for
separating the components in a vapour mixture. Reflux condensers can also be used

as air-cooled heat exchangers. The principles have also been applied to the design of

emergency core cooling systems in nuclear reactors, but this is beyond the scope of

this particular study.

The most common configuration for a reflux condenser is the vertical shell-and-tube

exchanger. In this arrangement, the vapour flows upwards inside the tubes and
condenses on the tube walls, while the coolant stream flows on the shell-side. The
condensate drains downward under the influence of gravity, counter-current to the

rising vapour. Any noncondensable gas present is carried up and out of the

exchanger by the rising vapour. A typical reflux condenser is shown in Figure 3.2

[p.28].

Other common arrangements for reflux condensers are for the condensation to take
place inside the inclined surface of a shell-and-tube heat exchanger, inside the
vertical passages of a plate-fin heat exchanger, outside a helical coil bundle, or

through the vertically orientated passages of a spiral heat exchanger. Horizontal
shell-side reflux condensation is also possible.

The reflux condenser can be mounted on top of|, or internal to, a distillation column
to produce further separation of the vapour. The tops product from the column enters
the reflux condenser where it is partially or totally condensed. This condensation

helps to remove some of the light components from the vapour stream, and the final

vapour product leaving the top of the condenser is richer in the more volatile
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Figure 3.2. A typical reflux condenser.
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components than it was leaving the top of the column. The separation achieved in

the reflux condenser has been likened to a number of additional theoretical plates in

the column.

A reflux condenser used on its own to produce this sort of separation by partially
condensing a vapour mixture is known as a dephlegmator, and it has found wide use
in the hydrocarbon processing industries. These units combine the mass transfer and
heat exchange to achieve the desired separation, and the units are found to work well
and be economical (Chiu (1990)). Typical applications of dephlegmators include the
recovery of ethylene from cracked gas, olefins recovery from fluid catalytic cracking
off-gas, and methane recovery from hydrogen-carbon monoxide synthesis gases

(Bernhard, Goodwin and Rowles (1986) and Bernhard and Rowles (1988)).

A further use of reflux condensers is in the control of exothermic chemical reactors.
As with distillation columns, the condenser can be positioned directly on top of, or
internal to, the reactor. The boiling solvent from the reactor will enter the condenser
tubes and flow upwards, along with any noncondensable gas present. The solvent
will be condensed and returned to the reactor and the noncondensable gas vented
from the system. The condensate return acts like additional material that has been

added to the reactor, at or near to the reaction temperature. The condensate is

therefore capable of absorbing the heat of reaction, causing it to be vaporised, but

only to be condensed and returned back to the reactor. As this means that the

pressure losses will be very small, the temperature and pressure of the reactor can be
easily controlled.

Despite no rigorous design procedures for reflux condensers, they do still find use in

industry, as illustrated above. As units they offer some distinct advantages that the

design engineer and process operator might be willing to trade-off against the

disadvantages faced in using such a unit. These advantages and disadvantages are
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summarised below, using information provided from ESDU (1989) and Chunangad
(1994).

Advantages of Reflux Condensers

1. Mounting condensers directly on top of columns or reactors reduces the piping
requirements and number of joints, This reduces or eliminates leakage problems
and helps to minimise pressure losses. It also removes the need for a reflux

pump and its associated costs, and makes a saving on the space required.

2. Reflux condensers are self-venting. Light components and noncondensables

gases are swept up and out of the condenser by the vapour flow.

3. When used in conjunction with distillation columns, reflux condensation is
accompanied by additional separation of the components in the vapour and liquid

phases. This separation is equivalent to several additional separation stages.

4. In a reflux condenser, the rising hot vapour will be cooled by the condensate
flowing down the tube walls. This heat transfer minimises cooling of the

condensate. A hot condensate return reduces the heat input requirement of the

vessel or column, representing an energy saving.

5. A further consequence of a hot condensate return is that condensation of

‘unwanted light (low boiling) components is prevented. They are discharged at

the top of the condenser together with any noncondensable gases present.

30



6. Reflux condensers are operated at low vapour velocities, and so pressure losses 1n
the system are small. Combined with the fact that the condensate is returned at

the hottest temperature in the system, reflux condensers provide excellent thermal

and mechanical stability of the system, and require very few controls.

7. With dirty vapours, a reflux condenser acts as a scrubber.

Disadvantages of Reflux Condensers

1. Flooding limits the maximum design vapour velocity at the tube inlet. A higher
number of tubes are needed for the same flow throughput than would be required
with co-current vapour and condensate flow. Consequently, the shell diameter
will be larger and the condenser more expensive. Furthermore, the predictive

accuracy of flooding correlations is such that a significant safety margin has to be

applied to any calculated flooding velocity.

2. The possibility of flooding the condenser tubes implies that vertical in-tube reflux

condensers are not normally appropriate where large amounts of noncondensable
gases are present.

3. The possibility of poor flow distribution between tubes, or groups of tubes exists
with attendant parallel path instability, occasioned by the very low tube-side

pressure drop inherent with in-tube reflux condensation.

Reflux condensation in tubes requires a single tube-side pass, and in the case of a

shell-and-tube heat exchanger, the insertion of expansion bellows or a packed
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head to relieve the resultant tube stresses may be required. These may be

unacceptable to the process operator.

As mentioned previously, the design of reflux condensers is not based on rigorous

procedures. The critical features that need to be considered may be summarised as

follows:

1. Heat transfer in the condensate film. Previous studies on condensation heat
transfer have examined and quantified the effects of surface waves, turbulent
films and interfacial shear forces at high vapour velocities. However, no study
has aimed at addressing the problem of condensation heat transfer in vertical

counter-current vapour-liquid flow, where the vapour velocities may be relatively
low.

Heat and mass transfer in the vapour and condensate phases. The processes of

combined heat and mass transfer during condensation of vapour mixtures has
been studied intensively, and rigorous design procedures now exist for
calculating the rates of heat and mass transfer. Mass transfer behaviour in the
liquid film 1s just as important in reflux condensation because it is crucial in

describing the additional rectification effect that takes place. Despite this fact,

condensate mixing is paid little attention to in the literature.

. Prediction of condenser flooding velocities. Numerous studies have been carried

out, experimental and analytical, on the subject of flooding in vertical tubes, for

both adiabatic and condensing situations. As a result, there are a large number of

correlations available for predicting the flooding velocity. Unfortunately, there is

vast disagreement amongst these correlations under similar operating parameters.

No single correlation has yet been identified which can predict the flooding

32



velocity without having to introduce significant safety margins for a wide range

of operating conditions.

As the heat and mass transfer processes were of most interest in this particular
research, the first and second points highlighted above were examined in more detail

by reviewing some of the open literature on condensation heat transfer, and the more

specific literature on reflux condensation and reflux condensers. The remainder of

this chapter examines the findings of this review.
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3.3 Heat and Mass Transfer during Reflux Condensation

3.3.1 Heat Transfer during Reflux Condensation

During condensation inside tubes, heat is transferred from the condensing vapour
across the phase interface, through the condensate film and the walls of the

condensing surface area, before entering the coolant on the outer surface of the heat

transfer area.

Each of these stages presents some resistance to the heat that is transferred, and these
resistances can be quantified by individual heat transfer coefficients, which are
related through an overall heat transfer coefficient. This overall heat transfer

coefficient can also be calculated from the condenser heat load, the temperature

driving force for condensation, and the condenser surface area.

1L (4 (AL 131
UI al Ao A'w Ao aa ( - )
O=U AAT,,, (332)

The heat transfer resistance on the vapour side is evaluated using a heat transfer
coefficient assuming that the vapour phase is on its own, which can then be corrected
for the presence of a condensate film and the effects of condensation. The

condensate-film heat transfer coefficient is calculated from a correlation that reflects

the orientation of the condenser surface (horizontal or vertical), the mode of
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condensation (filmwise or dropwise), and the mechanism controlling the

condensation (gravity or shear).

The orientation of the condenser surface is obvious, and 1t 1s normal to assume that
the condensation process will occur by the filmwise mode unless special steps have

be taken to promote the formation of droplets rather than a continuous liquid film on

the heat transfer surface.

The controlling mechanism will depend on the flow orientation of the vapour and

condensate phases and their magnitude. Irrespective of the condenser orientation,
gravity will influence the condensation process, by exerting some downward pull on
the condensate film. Vapour shear forces become more dominant as the velocity of

the vapour increases. For co-current flow of vapour and condensate, vapour shear

has a tendency to thin the film, whilst for counter-current flow the film becomes
slightly thicker.

In any condenser design, it is often convenient to know how much condensate has
been produced by a particular exchange of heat across the surface. For a single

component vapour condensing with sub-cooling of the film below the saturation

temperature, the mass flow rate of condensate produced can be found using

Ah, +Cp, (T, - T, (337)

surface, or the drainage rate, which is defined for condensation in a single tube by
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Mf
=—2L (3.3.4)
wd,

This term is used to remove the expression for the temperature drop across the
condensate film in equations for the condensate-film heat transfer coefficient. The

condensate film Reynolds number, which is used to indicate whether the film flow is

laminar or turbulent, or in transition to turbulent flow, is defined by

41

Re, (3.3.5)

Nusselt (1916) carried out the first analytical study of condensation heat transfer

based on a single component vapour condensing against a flat, vertical plate. It was
assumed that the condensate film was purely laminar in nature, and that the vapour
exerted no shear force on the surface of the film. Nusselt further assumed that
subcooling was negligible, and that heat was transferred through the film by

conduction, giving a linear temperature profile through the film.

Applying mass and energy balances to a unit volume of the condensate produced
equations for the local and the mean condensate-film heat transfer coefficients.

Nusselt’s equation for the mean condensate-film heat transfer coefficient is shown
below.

(3.3.6)
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Substituting (3.3.5) into (3.3.6) allows Nusselt’s equation for the mean condensate-

film heat transfer coefficient to be expressed as a function of the condensate film

Reynolds number.
13
A =
("ff =1.47 [M__e_")] Re}lﬁ (3.3.7)

Kutateladze (1963) suggested a modification to the Nusselt equation based on results

at film Reynolds numbers in the range 40 to 1800. The observed values were higher

than those predicted by Nusselt theory, and the difference was explained by the

presence of waves on the film surface. Kutateladze’s expression for use in this

laminar-wavy region is shown in (3.3.8) below.

_ [Asf En pf(p_f = pv)]vs Re,

o, = —_— 3.3.8
4 1.08 Re'* - 5.2 35

The form of the Nusselt equation given in (3.3.7) has been recommended for use up
to a film Reynolds number of 30. Up to this point, the film can be taken to be purely

laminar and free from surface waves. For a film Reynolds number greater than 30,

the condensate film heat transfer coefficient should be determined using (3.3.8).

There have been many studies made on condensation with turbulent films, and it has

been generally accepted that the transition from a laminar to a turbulent film occurs
between the film Reynolds numbers of 1600 to 1800. Labuntsov (1957) suggested a

semi-empirical correlation for use where the film Reynolds number was greater than

37



1600. Owing to its simple form, this equation has been easily incorporated into

design methods for computer programs.

1/3
oL, = &}_E_E_Ef_(’%_"&) Ref (3.3.9)
J 2 —0.5‘ 0.75 j -

These equations ((3.3.7) to (3.3.9)) were developed assuming that the dominant force

in the condensation process was gravity. Any force exerted by the condensing

vapour on the surface of the condensate film was so small that it had no measurable
effect. Other studies have been carried out where the force exerted by the

condensing vapour was much larger, and indeed became the dominant force. It is

worthwhile highlighting just a few of these studies.

Kirkbride’s (1933) studies on condensation on the outside of long vertical tubes
found that the film Reynolds numbers were greater than those values which dictated
the onset of turbulence, and that the film heat transfer coefficients were higher than

the Nusselt predictions. Colburn (1933) extended the work of Kirkbride by using the

analogy for the flow of liquids in pipes, where the liquid completely filled the pipe,
and the pressure drop was due to gravitational forces.

The resulting equation for evaluating the local condensate-film heat transfer

coefficient in turbulent flow was given as a function of the condensate film Reynolds
and Prandtl numbers.

712 1/3 C /3 AT 0.2
a [13——2——} = 0056( Pr s J (——-} (3.3.10)
7 Ps & As up
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Colburn also presented his results graphically, with a break in the graph at a film

Reynolds number of 2100, which he had assumed was the critical value.

Carpenter and Colburn (1951) carried out condensation experiments with significant
downward vapour velocities inside vertical tubes for a range of fluids. They found
that the condensate-film heat transfer coefficients were much higher than those
obtained for a stationary vapour. The results also showed that the critical film
Reynolds number was lower at high vapour velocities, and they reported turbulence
appearing at film Reynolds numbers of between 250 and 300. They presented an
equation for the local condensate-film heat transfer coefficient that included a term

for the shear stress at the outer edge of the laminar sub-layer, i.e. the wall shear

stress.

2 /2 C 1/2
o, =0.043 Py | 2P0y e (3.3.11)
Ny Ay

To evaluate this term, it was necessary to take into account interfacial shear and
gravitational effects in the film. In addition, momentum changes in the condensing

vapour and the influence of mass transfer on the interfacial shear had to be

considered.

They suggested a simplified correlation for the mean film coefficient by neglecting
the gravitational and momentum terms, and assuming that the wall shear stress was

equal to the interfacial shear stress. The interfacial shear stress was calculated using

an apparent interfacial friction factor evaluated as for single-phase flow at a mean

vapour mass {low rate.
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Dukler (1960) presented a more refined method of predicting the hydrodynamics and
heat transfer in vertical filmwise condensation, for downward co-current vapour

flow. Working from the definition of eddy viscosity and using the Deissler equation

for its variation near a solid boundary, Dukler obtained velocity distributions in a

liquid film as a function of interfacial shear stress and film thickness.

The results agreed with the predictions of the classic Nusselt theory at very low
Reynolds numbers, and with the empirical correlations of Colburn in the turbulent

region. Dukler presented an equation for the mean condensate-film heat transfer

coefficient, based on the assumption of a constant wall-to-gas temperature
difference.

2 /3
g || = (33.13)
"I P72 g, e dRe,, -

There were two main objections to this work. Firstly, the velocity distribution used
was obtained from experimental work in pipes with a different shear stress

distnibution. Secondly, in defining the temperature profile at a certain distance from

the surface, the molecular conductivity term was neglected with respect to eddy
conductivity.
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Lee (1964) and Kunz and Yerazunis (1967) repeated Dukler’s analysis for the case of
no interfacial shear stress, and for the case of positive interfacial shear stress,

respectively. The results showed similar agreement with those in the original work
of Dukler.

A simple approach for evaluating the condensate-film heat transfer coefficient for
shear controlled condensation was proposed by Boyko and Kruzhilin (1967). This
method related the film coefficient to the quality of the condensing vapour and to the

heat transfer coefficient for the equivalent flow of liquid with the same saturated

conditions. The liquid heat transfer coefficient was estimated by the correlation of
Mikheev (1956).

o, = o.ozlﬁlfee?-8 Pr*

3 (3.3.14)

The local condensate-film heat transfer coefficient was then found using Boyko and
Kruzhilin’s equation.

1/2
P
o, =0 [1+xv ( pf —lﬂ (3.3.15)

The average film coefficient for a range of vapour quality conditions was calculated
by taking the arithmetic mean of the end values.

With further experimental data, Soliman, Schuster and Berenson (1968) were able to

improve the work of Carpenter and Colburn by modifying the equation for the local
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condensate-film heat transfer coefficient. They defined the wall shear stress as being
the sum of three terms: interfacial shear stress due to vapour phase friction,
gravitational force in the liquid film, and momentum change in the vapour phase.
The void fraction correlation of Zivi (1964) was used to derive the equation for

momentum change in the condensing vapour. Their equation for the local

condensate-film heat transfer coefficient is shown in (3.3.16) below.

o —0036M _Clp_f__@_ -
f—- .
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Unfortunately, these studies have concentrated on shear-controlled condensation with

downward co-current vapour and condensate flow, but do not consider the counter-

current flow present 1n a reflux condenser.

With vapour and condensate flowing counter-currently, the vapour exerts some shear

force upon the surface of the condensate film, which might be expected to produce
several effects on the film. The surface of the film could become wavy, and
depending on the magnitude of the forces involved, some of the film could become
entrained 1n the vapour core. Another consequence of upward vapour flow is that the

thickness of the film might be greater than if the vapour were stationary, or flowing

co-currently with the film. The overall effect experienced in reflux condensers is
still not known exactly.

As reflux condensers have to operate well below the vapour flooding velocity in
order for the condensate to drain from the tubes, it is likely that the condensation
process 1s one where the forces due to gravity are still controlling. This suggests that

a correlation based on gravity being the dominant force would be more appropriate

for determining the condensate-film heat transfer coefficient.
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An examination of the literature specifically on the subject of reflux condensation
showed that no real attempt has been made at developing a unique correlation for
evaluating the condensate-film heat transfer coefficient 1n a counter-current
condenser. The problem is compounded by the fact that very little experimental data

exists in the open literature with which to develop and validate such a correlation.

One of the earliest studies was that of Clements and Colver (1973), who carried out

experiments on the condensation of various hydrocarbons in a vertical reflux

condenser tube. They suggested an empirical equation, based on the work of Grigull
(1942) on turbulent films, of the form

3 2 n
o, Z Z Ah
’ K[‘"fﬁ?‘ 3317
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When experimenting with binary hydrocarbon mixtures, they assumed the mixture to
be a pseudo pure component with the physical properties of the binary. The
temperature driving force they used was taken to be the difference between the
mixture bubble point and the surface temperature. They stated that this method of
analysis was not applicable to the condensation of vapour mixtures where one of the

components was a noncondensable gas, or if there were surface tension gradients
within the condensate film.

The results of their work were correlated best where K was equal to 1.88x10%, and n

to 0.75, although the scatter of the data was found to have an average absolute
deviation of 35.7%. When their data was plotted on the same axes as the Nusselt

predictions, 1t was seen to have a steeper gradient than Nusselt’s values. They

concluded from this that their data was in turbulent rather than laminar flow.
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Subramanyam (1983) used the equations of Nusselt and Soliman et al. for evaluating
local condensate-film heat transfer coefficients in an incremental analysis of a reflux
condenser. They stated that where the condensing vapour flow rate was known to be

very small (at the top of the tube), it was safer to use Nusselt’s equation, but

otherwise, the higher of the two predictions was normally taken.

Bell (1988) recommended the equation by Soliman et al. for calculating the local
condensate-film heat transfer coefficients in several theoretical studies of reflux
condensation. He stated that the condensate film in a reflux condenser operating

near the flooding velocity was likely to be turbulent, and so the equations of Dukler,

Carpenter and Colburn, and Soliman et al. were more applicable. No experimental

evidence was provided to substantiate these claims.

Following the approach of Soliman et al., Chunangad (1994) performed an analysis
of the frictional, gravity and momentum forces acting on the condensate film for the
case of counter-current vapour and liquid flow. Neglecting momentum changes in
the condensing vapour, they proposed a modified expression for the wall shear stress,

and outlined a procedure for estimating local condensate-film heat transfer
coefficients.

The first stage in this approach involved evaluating the forces due to gravity and
friction. Based on the criteria of Carpenter and Colbum, if the frictional force was

less than half that of the gravitational force, then the condensation was assumed to be

gravity controlled. In this situation, the local condensate-film heat transfer

coefficients were evaluated by the equations of Nusselt, Kutateladze, or Labuntsov,

depending on the value of the film Reynolds number. Otherwise, the local

condensate-film heat transfer coefficients were found by the equation of Soliman et

al. using their modified expression for the wall shear stress.
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As Chunangad states, the success in predicting the local condensate-film heat
transfer coefficient will ultimately depend on the applicability of the Soliman et al.

equation for counter-current condensing systems. This has not yet been investigated

due to a lack of suitable data.

Abdelmessih, Rabas, and Panchal (1997) carried out a study on the use of reflux

condensers. In this paper, the authors used the equation of Chen, Gerner and Tien

(1987) for calculating the condensate-film heat transfer coefficient. This equation

was based on counter-current condensation of a single component vapour.

3 V2
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The condensate film Nusselt number was defined in this paper as
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The parameter C was used in determining the interfacial shear stress as given by

Chen et al., and was defined as

d 2 g0.667 0.333
i
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Abdelmesih et al.’s preference for the correlation of Chen et al. was that it was
readily available in the open literature. Their results showed, however, that
reasonable agreement existed between the correlation of Chen et al. and the method
of Chunangad. In their comparison, they state that the conditions simulated inside
the condenser were below that necessary to cause flooding, which suggested that the

force due to friction was much smaller than that due to gravity (and is confirmed in

their results). This meant that the procedure developed by Chunangad for evaluating

the local condensate-film heat transfer coefficient when vapour shear was significant

had not been tested in the paper by Abdelmessih et al..

In comparing their results to the predictions of Chunangad, Abdelmessih et al. were
actually comparing their results to those of Nusselt, Kutateladze and Labuntsov. A
more interesting comparison might have arisen had the simulated condition been one

where vapour shear forces were more significant. This would have involved using

the modified equations of Chunangad for determining the wall shear stress, which

was then used 1n the equation of Soliman et al. for determining the local condensate-
film heat transfer coefficient.

3.3.2 Mass Transfer during Reflux Condensation

The transfer of mass during reflux condensation is a feature that has made this
particular operation attractive. Reflux condensers have been used in conjunction

with distillation columns to further separate the components in a vapour mixture.

They have also been used on their own to produce rough rectification of vapour

mixtures, particularly in the hydrocarbon processing industries.

For the condensation of a binary vapour mixture containing a heavy component and a

light component, the heavy component (less volatile) has a lower diffusivity but a
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higher tendency to condense. The net effect is that the light component (more

volatile) accumulates at the phase interface, hindering the condensation of the heavy

component.

During condensation of such a mixture in a co-current condenser, a separation of the
components would take place. Mass would be transferred from the bulk vapour
mixture, across the phase interface and into the liquid condensate. As the two
streams would leave the condenser at the same end, they would be in phase

equilibrium with one another corresponding to the least efficient separation of the

mixture components.

In reflux condensation, there can be additional mass transfer from the liquid
condensate back across the phase interface and into the condensing vapour. This
additional mass transfer takes place as a result of the warm rising vapour evaporating
the low boiling (light) component within the liquid condensate film. The component
is vaporised and returns back across the phase interface into the condensing vapour.
The net effect is that the condensate film becomes richer in the less volatile (heavy)
component and the vapour richer in the more volatile component. It is possible that

the reflux condensate stream may be in phase equilibrium with the feed vapour, and

the exit vapour will be much more concentrated in the light component.

It is this additional mass transfer effect that makes expressing the process that occurs
during reflux condensation difficult. No reliable methods for describing this transfer
mechanism have been proposed or rigorously tested, and in addition, very little data
exist to help develop such a method. A survey of the open literature on reflux
condensation has confirmed that very little is known about this topic, and that no

attempt has been made to incorporate this knowledge into a design procedure for
reflux condensers.
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Kent and Pigford (1956) carried out a study on the separation of a vapour mixture in

a wetted-wall column, which was operated both as an adiabatic distillation column

with an overhead condenser (conventional distillation apparatus), and as a partial
counter-current condenser. In this study the Colbum-Drew (1937) equations were
used to describe the rates of mass transfer across the phase interface. The authors
introduced the concept of transfer units and related them to liquid-phase and gas-
phase resistances, surface area, and amount of condensation. Their system of

equations meant that it was impossible to specify independently the amount of

separation, the heat load, and the coolant temperatures. Vapour-liquid equilibrium

data were required in their approach.

They concluded that a reflux condenser would require a larger interfacial area in

comparison to conventional distillation apparatus if the same separation were to be
carried out at the same heat load. The reflux condenser would require a greater rate

of heat removal in comparison to the overhead condenser associated with the

distillation column if the same separation were to be carried out across the same
interfacial area.

It appears that the experimental procedure adopted in this study for the condensation
experiments involved condensing the exit vapour from the partial condenser in the

overhead condenser, and returning this to the top of the partial condenser as liquid
reflux. Thus total reflux operation involved the use of an external condenser, and an

artificial reflux liquid flow rate was employed. As the reflux ratio was an important

parameter in determining the capability of the unit to separate the components of a

vapour mixture, it seems strange to have deliberately manipulated this value.

Troster (1960) studied the capability of a reflux condenser to separate the

components of vapour mixtures, and presented two different scenarios. The first

case was for a constant condensate load across the condenser surface area, and the
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outlet concentration of the vapour stream was to be determined. The second case
was when the condensate load varied across the condenser surface area and the exit

vapour composition was known, and the problem became one of determining the

required surface area for achieving the stated separation. This second case required a

much more involved solution.

The equation of Kirschbaum (1930) was used by Troster to determine the
composition of the exit vapour from the reflux condenser. Equilibrium data was also
required for the solution, although in the second approach the equilibrium

relationship was simplified by a linear relationship across the concentration range

considered. Kirschbaum’s equation as stated by Troster is given in (3.3.21) below.

%t out
In(R+1)= | .....d;..... (3.3.21)
Xt in X=Xy

For the assumption of a constant condensate load, Troster concluded that the
calculation to determine the separation possible in the condenser could be carried out
independently of any heat transfer calculation. However, when the condensate load
was no longer constant across the condenser surface, and the amount of surface was

to be determined to achieve a desired separation, the heat transfer calculation was no
longer independent.

An useful study by Di Cave, Mazzarotta, and Sebastiani (1987), examined the
separation achieved in a vertical reflux condenser tube. They developed a model for
the heat and mass transfer processes based on the film theory approach used by
Colburn and Drew (1937), but adapted this to the case of a vapour and liquid moving
counter-currently to one another. Using this approach, they produced equations for

the composition changes in each phase as a function of the local condensation ratio.
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Using experimental data from the condensation of two binary mixtures, they
compared the measured separation of the more volatile component with the
predictions of their own model and found reasonably good agreement. Furthermore,

they compared their data with the predictions using the equation of Kirschbaum,

presented in this paper in the form shown in (3.3.22) below, and which they stated
was still used as a short-cut method in industry.

Yout
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These authors reported that the separations predicted by this equation were much
greater than both the experimentally measured values and the values predicted by

their own model. In this paper the authors stated that the separations predicted by
(3.3.22) corresponded to between 2 and 4 theoretical stages, although they did not

show how they arrived at these values. They also stated that this contradicted

industrial practice, but gave no reference to support this claim.

More recently, Lintern and Haseler (1995) developed an approach to evaluate the
number of thermodynamic stages within a reflux condenser. The number of stages
was defined in terms of the tube length, tube diameter, the flow rate per tube, the

thermodynamic state of the vapour, and the fraction of the vapour fed to the tube that
is to be condensed.

The numerical method was based on previous work by these two authors (Lintem

and Haseler (1994)). This earlier method calculated the flow rates, temperatures and

compositions of the liquid and vapour at a predefined number of points in the tube.

It was further assumed that the liquid was well mixed and hence at its bubble point,
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while the bulk vapour could be above or below its dew point temperature

corresponding to 1ts composition.

The results of their work showed that the number of thermodynamic stages in a
reflux condenser tube could be increased if the tube diameter, the heat flux, or the

fraction of the inlet vapour condensed were decreased. Alternatively, the number of

thermodynamic stages could be increased if the tube length was increased.
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3.4 Thermal Design Methods for Condensers

As described in Chapter 2.5, two methods are available for the thermal design of

industrial condensers, the Film-theory method and the Equilibrium method.

3.4.1 The Film-theory Method for Condenser Thermal Design

The film theory method is based on the work of Colburn and Drew (1937) for binary
vapour mixtures, which was developed from work on the condensation of a single
component vapour and noncondensable gas mixture by Colburn and Hougen (1934).
It is assumed that a thin, laminar film exists next to the phase interface, and that
within this film, concentration, temperature and pressure gradients exist. Outside the

film, the concentration, temperature and pressure are assumed to be at the conditions

of the bulk mixture. This was illustrated in Figure 2.3 [p.15].

Heat and mass transfer rates are evaluated using heat transfer coefficients, and heat

and mass transfer analogies. The balancing equations of mass and energy are

constructed across this laminar film, and solved for a variety of condensing

situations.

The heat flux from the interface to the coolant was written in terms of an overall heat

transfer coefficient and the appropriate temperature difference. This overall heat

transfer coefficient included the resistances from the coolant, any dirt or fouling
present, the tube wall and the condensate film.

G, =U(T; - T,) (3.4.1)
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Three individual heat fluxes contributed to this total heat flux. The first of these heat

fluxes was the latent heat flux, found by summing the contributions of the

condensation flux and the enthalpy of vapourisation of each component that was

condensed.

g, = > mAh, (3.4.2)

The second heat flux, which was the sensible heat flux due to cooling of the vapour
mixture from the bulk temperature to the interface temperature, was described in

terms of the vapour convective heat transfer coefficient.

q.sb =Q, 0 (T;m o TI) (343)

The vapour heat transfer coefficient was obtained from a standard single-phase heat

transfer correlation using vapour flowrate, with no correction made for the presence

of the condensate film. The factor O was used to account for the flow of heat

associated with the transfer of mass across the film, and was defined as

=1 (3.4.4)

=\ ey) (3.4.5)
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The third heat flux, which was the sensible heat flux term due to cooling of the

condensing vapour, was calculated by summing the contributions of each of the

condensing components.

q.scf = Zm va (T}w - TI) (3 46)

The two sensible heat terms can be combined to give one equation for sensible heat
flux using the correction factor proposed by Ackermann (1937). In the presence of a
mass flux, the temperature profile between the phase interface and the boundary
layer is altered, and an expression describing the heat flux in the presence of this

mass flux can be written. Ackermann’s correction factor is the ratio of the heat flux

in the absence of mass transfer to that in the presence of mass transfer.

q..l' = avOA (nv o T!) (34.7)
0, = 1—¢e"¢ (3.4.8)

It was assumed that the sensible heat flux term due to cooling of the condensate was

negligible. The latent and sensible heat fluxes were combined to give the total heat
flux. Thus

U(T, -T,)=2mAh +a,0 (T, -T))+ SmCp,(T, -T,)  (3.49)
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Or, alternatively, using the Ackermann correction factor

U(T,-T,)=YmAh, +a,0, (T, - T;) (3.4.10)

As this equation was to be satisfied at every location in the condenser, the interface
temperature and the condensation fluxes for each component had to be determined.
It was generally accepted that at the interface, the vapour and liquid were in
equilibrium at the interface temperature and total system pressure. The vapour

composition at the interface was found using the equilibrium relationship.

¥, =K%, (3.4.11)

However, this required knowledge of the liquid composition at the interface, which

was a result of the mass transfer behaviour within the condensate film. Two limiting

cases have been suggested:

1. A completely mixed condensate film having an infinitely large mass transfer
coefficient, and hence no resistance to mass transfer. The liquid composition at

the interface was equal to that in the bulk of the mixture, and

2. A completely unmixed condensate film having zero mass transfer coefficient, and

hence an infinitely large resistance to mass transfer. The liquid composition at
the interface was a function of the molar flux of that condensing species to the

total molar flux of all condensing species.
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The condensation molar flux of any component was made up of a diffusive
contribution and a convective contribution, and could be described by an equation of

the form

ay,
dy

n=n.y +Dc (3.4.12)

For a binary condensable vapour mixture, the condensation molar flux of one of the

vapour components was expressed as

= (3.4.13)
nT nvl + nv2

From which it followed that

-~ dj;vl

ny=np Yy, +D,, == (3.4.14)
dy

Rearranging (3.4.14) gave

y _Dvle Z:] dj;vl
N =T |5 (3.4.15)
' [(Z _yvl) dy
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This equation was integrated across the laminar film to give

n,. = Doz © ln[z—:fi‘-*f-] (3.4.16)
' y

Or alternatively

> _ %
sz = ﬁ In :"'——,_J');'!'E‘ (3.4.17)
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It was also possible for there to be more than two components in the vapour mixture,

and in such cases the complexity of the situation was increased. The study of
multicomponent condensation is beyond the scope of this present study, but a short

discussion has been included here for completeness.

Two mass transfer models have been developed to describe the processes taking
place if all the concentration changes took place across a thin film. The first of these
models was an interactive model based on a generalisation of Fick’s Law. Toor

(1957) has shown that the diffusional behaviour of each species was dependent on all
independent concentration gradients and that the interaction effects could affect the

mass transfer behaviour in unexpected ways.

Two such interactive models have been proposed, the linearised theory of Toor
(1964) and Stewart and Prober (1964), and the Krishna-Standart (1979) method, both

of which required the solution of the Maxwell-Stefan equations.
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The second model was a non-interactive model, also known as the effective
diffusivity model, and was a simplification of the first type. The mass diffusion of

any component in the mixture was dependent only on its own concentration gradient,

and it was further assumed that each component had no interaction with any other
component in the mixture. The mass diffusion rate of each component was

determined by assuming it diffused alone through an arbitrary reference component.

3.4.2 The Equilibrium Method for Condenser Thermal Design

The equilibrium (or approximate) method is a less rigorous design method than the

film-theory method. It was first developed by Silver (1947) and then later by Bell
and Ghaly (1972). Ward (1960) proposed a similar method.

In all of these methods, the mass transfer resistance was estimated using the
resistance to the sensible heat transfer in the vapour phase. This meant that there was
no need for mass diffusivity data. Further, it was assumed that the condensing
vapour and condensate were in local equilibrium at every point in the condenser.

Thus the condensation process was assumed to follow a pre-determined equilibrium

condensation curve.

For calculating the equilibrium condensation curve, it was necessary to make a
simplifying assumption about the flow structure of the vapour and condensate. Two

possibilities existed, producing two different types of curve. Examples of each type
of curve are shown in Figure 3.3 [p59].
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1. Integral Condensation. The bulk vapour at a point in the condenser is In
equilibrium with all of the bulk mixed condensate previously formed. The bulk

of the liquid on the condenser surface is therefore in equilibrium with the bulk of

the vapour, and the condensate composition is the same as that at the interface.

7 Differential Condensation. The bulk vapour at a point in the condenser is in
equilibrium with the newly formed condensate. All previously formed
condensate is removed from contact with the bulk vapour. The bulk of the liquid
is no longer in equilibrium with the bulk of the vapour, and so the condensate

composition differs from that at the interface, and must be found by mass

balance. This process is described by (3.3.22)

The total heat flux due to sensible cooling of vapour, sensible cooling of condensate
and the latent enthalpy of condensation was described in terms of an overall heat

transfer coefficient and the appropriate temperature difference. The overall heat

transfer coefficient incorporated the resistances due to the coolant, fouling, the tube

wall, and the condensate film.
g, =U(T, - T,) (3.4.1)

The sensible heat flux due to the cooling of the bulk vapour mixture from the bulk

vapour temperature to the interface temperature was given by

g,=a,(T,-T,) (3.4.20)
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As the interface temperature was not known, it was eliminated from these equations

to give on rearrangement, an expression for the total heat flux.

. oMy fe) (3.421)
T (q) l
__..+ ——

The parameter Z was defined as

(3.4.22)

As this parameter varied with position along the condensing path, it was evaluated at
several points on the heat release curve (a curve of cumulative heat load against

temperature) before the required condenser surface area was determined.

McNaught (1979) and Sardesai, Palen and Taborek (1983) have improved the

original method by allowing for the effect of mass transfer on the heat transfer that

takes place during condensation. The mass transfer correction factor was applied to

the sensible heat flux due to cooling of the bulk vapour mixture from the bulk vapour

temperature to the interface temperature, thus modifying (3.4.20).

S (T,-T;) (3.4.23)
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Therefore the expression for the total heat flux was re-written as

. _(1,-T))
g ="3t—2 (3.4.24)
U «a,

O = av 3.4.25
. 71 (3.4.25)

3.4.3 Application of the Film-theory and Equilibrium Condenser Thermal
Design Methods to Reflux Condensers

There is no body of evidence available in the open literature that supports the use of
either of these methods for designing reflux condensers. The lack of available

experimental data to validate these methods 1s no doubt a major reason for the

absence of clear guidelines, although suggestions have been made as to which model

may be more appropriate.

In the equilibrium method, the flow of vapour and condensate was characterised in
one of two ways, and was used as a basis for evaluating the condensation curve used
in the thermal design. Of course, regardless of the flow orientation of the vapour and

condensate, these assumptions are idealised situations, and the actual behaviour of

the phases is likely to be somewhere in between.

One of these assumptions was that vapour and condensate remained in intimate

contact with one another throughout the entire condensing length, a situation that
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would be likely to occur in a vertical co-current condenser. The second assumption
was that the vapour was only in contact with the condensate just formed on the
surface, any previous condensate that had formed was removed from the condensing
surface. This situation is likely to take place in a horizontal condenser, where the
condensate that forms on the outside of a horizontal bundle, drips off the tubes and

falls to the bottom of the condenser. The physical separation occurs due to the action

of gravity.

In applying either of these assumptions, the rates of heat and mass transfer are pre-

defined by the integral or differential condensation curve. These rates were then
assumed to be those required to maintain equilibrium between all of the vapour and
condensate, or the vapour and that part of the condensate still in contact with the

condensing vapour. This meant that the outlet compositions of the vapour and

condensate phases were decided only by equilibrium considerations.

The equilibrium method with an integral condensation curve is best suited for the

design of total condensers handling vapour mixtures, because end conditions are
forced to equilibrium conditions. Therefore, the temperatures and compositions of
the vapour and condensate phases are more likely to approach the equilibrium values.
Consequently, as reflux condensers are more frequently operated as partial

condensers, the use of the equilibrium method with an integral condensation curve

seems inappropriate.

It is interesting to see that ESDU (1986) recommends the use of the equilibrium

method with a differential condensation curve for the design of reflux condensers.
This is despite the danger of the differential curve over-estimating the composition of

the condensate, and hence predicting a higher degree of separation than would
actually be obtained in the condenser.
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In addition, they recommend that Ward’s method be used as opposed to the
traditional Silver-Bell-Ghaly method used more frequently. The difference between
these two methods was that Ward neglected the sensible heat transfer due to cooling
of the condensate in his evaluation of the total heat flux. However, McNaught and
Emerson (1977) argued that the Ward method inaccurately evaluated the liquid sub-

cooling term, and so the Silver-Bell-Ghaly method was to be preferred.

Chunangad (1994) discussed the use of the equilibrium method for the design of a
reflux condenser. Acknowledging that equilibrium curves calculated in the normal
way could not be applied to reflux condensation, a method was proposed for
calculating the incremental temperatures and compositions of the two phases through

the reflux condenser, making the assumption that vapour and liquid leave each

increment in equilibrium.

The success of the equilibrium method to predict the surface area, phase
temperatures and compositions for a reflux condenser is, at this point in time,
unclear. As it is an approach that does not permit the estimation of temperatures and

compositions independently of the equilibrium conditions, and that these equilibrium

conditions are dependent on the two phases tlowing co-currently, it would suggest

that this method 1s inappropriate for reflux condenser design.

The film theory method was one based on a limited understanding of the physical
reality of the condensation process. Here the heat and mass transfer equations were
combined to predict the surface area requirements, and the temperatures and
compositions of the vapour and condensate were evaluated locally through the

condenser, and were dependent on the calculated rates of heat and mass transfer.
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In the absence of information about the mass transfer behaviour in the condensate
film, it was necessary to make some assumption about the composition of the liquid
condensate. The first assumption was that there was no resistance to mass transfer
presented by the condensate, and the film was described as being well mixed. The
second assumption was that the condensate presented an infinite resistance to mass
transfer, and the film was described as being completely unmixed. With the first
assumption, the composition of the condensate was the same as that at the interface.

With the second assumption, the condensate composition was determined by the

ratio of component condensing flux to total condensing flux.

As with transfer from the vapour to the condensate, a boundary layer model is used
on the vapour side to describe the transfer of mass during condensation. In reflux
condensation, the additional separation 1s due to the transfer of the more volatile
component in the liquid film evaporating back across the phase interface. A

boundary layer model to describe the transfer of mass during multicomponent

evaporation might help in the development of a more complete film theory model

applicable to reflux condensation.

As with the assumptions concerning integral and differential condensation, these two
assumptions about the extent of mixing in the condensate film were extremes. It is
not clear which of these is best applied to condensation with counter-current vapour
and condensate. The situation where the condensate is well mixed is more likely to

be achieved in a co-current vertical condenser. It might have been expected that an

upward flow of vapour relative to the flow of condensate would promote good liquid
mixing within the film.

The temperatures and compositions of the vapour and condensate were evaluated

locally in the film theory method by the use of differential equations. In formulating

these equations, the two phases were taken to be travelling co-currently in the
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original work of Colburn and Drew. There is obviously some doubt about how well

these equations would work for a condensing system where the two phases flow

counter-currently, as in a reflux condenser.

Di Cave, Mazzarotta, and Sebastiani (1987) applied the theory of Colburn and Drew
to a laboratory scale reflux condenser. They developed their own set of equations to
describe the heat and mass transfer, and the composition changes of the vapour and

condensate based on counter-current operation. Comparing their results with the

values predicted from their model, they concluded that the model gave reasonable

predictions.

Lintern and Haseler (1993) applied the film theory method to the case of a reflux
condenser. In this work, they discuss modifying the heat transfer equation proposed

by Colburn and Drew but use the same the mass transfer equations. The outcome of

making simplifying assumptions about the extent of mixing in the condensate was

discussed.

If the film was assumed completely unmixed, their calculations showed that the
reflux condensate was heated to a non-equilibrium state as it flowed down the tube
wall. On the other hand, if the film was assumed well mixed, the condensate could
only remain in its equilibrium state if some of the more volatile component was re-
vaporised while the less volatile component was condensing. This simultaneous
condensation and evaporation meant that the condensing flux could have negative
and positive values. The authors used this as a basis for redefining the latent heat

term in the original Colburn and Drew analysis, and presented enthalpy balances for
use in a stepwise calculation procedure.
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Application of the film theory method for the design of reflux condensers is still
some way off. Very little work has been done in assessing how successful the
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