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Abstract

Flow maldistribution in plate heat exchangers causes deterioration of both thermal and hydraulic performance. The situation
becomes more complicated for two-phase flows during condensation where uneven distribution of the liquid to the channels reduces heat
transfer due to high liquid flooding. The present study evaluates the thermal performance of falling film plate condensers with flow mal-
distribution from port to channel considering the heat transfer coefficient inside the channels as a function of channel flow rate. A gen-
eralized mathematical model has been developed to investigate the effect of maldistribution on the thermal performance as well as the exit
quality of vapor. A wide range of parametric study is presented, which shows the effects of the mass flow rate ratio of cold fluid and two-
phase fluid, flow configuration, number of channels and correlation for the heat transfer coefficient. The analysis presented here also
suggests an improved method for heat transfer data analysis for plate condensers.
� 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

Plate heat exchangers (PHEs) have been widely used in
food processing, chemical reaction processes and many
other industrial applications due to their high effectiveness,
compactness, flexibility, and cost competitiveness. Gener-
ally speaking, PHEs can serve as an alternative to shell
and tube heat exchangers for most applications at low
and medium pressures. In recent times, plate heat exchang-
ers have been also widely used in application of two-phase
processes, both condensation and evaporation [1–5]. Note
that PHEs are often called plate condensers when they
are used for vapor condensation. Some examples of indus-
trial applications of vapor condensation were described by
Wang and Sunden [6]. However, the knowledge about their
performance is very limited due to the relative short expe-
rience. In order to further expand this application, work
must be carried out to improve the understanding and pre-
0017-9310/$ - see front matter � 2006 Elsevier Ltd. All rights reserved.
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diction of thermal and hydraulic performance for PHE
condensers.

Flow maldistribution in heat exchangers causes deterio-
ration of both thermal and hydraulic performance. Accord-
ing to Mueller and Chiou [7], there are many factors
influencing maldistribution in exchangers: mechanical
issues (design, tolerances), self-induced maldistribution
due to the heat transfer process itself, fouling and/or corro-
sion, or the use of predisposed flows such as two-phase
flows. The flow distribution from a header (manifold) to
parallel channels has become of interest in predicting the
heat transfer performance of compact heat exchangers espe-
cially in PHEs [8–11]. Often, flow rates through the chan-
nels are not uniform and in extreme cases, there is almost
no flow through some of them, which result in a poor heat
exchange performance. The situation becomes more com-
plicated especially with two-phase flows. In a condenser,
uneven distribution of the liquid will create zones of
reduced heat transfer due to high liquid flooding. Thus,
for the design and optimization of compact heat exchangers
based on parallel flow technology, the understanding of
two-phase flow distribution is of great importance.
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Nomenclature

A heat transfer area for effective plate, m2

Ac cross-sectional area of the channel, m2

Ap cross-sectional area of the port, m2

a exponent of Re in Eq. (11)
a1, a2 exponents in Eq. (11)
cp isobaric specific heat of the fluid, J kg�1 K�1

H dimensionless parameter, H ¼ cpDT
hfg

h heat transfer coefficient, W m�2 K�1

hf enthalpy of the liquid, J kg�1

hfg latent heat of vaporization, J kg�1

Ja modified Jakob number
L fluid flow length in a channel, m
_m mass flow rate, kg s�1

m2 flow distribution parameter
n number of channels per fluid
N total number of channels for the both fluids
NTU number of transfer units
Nu Nusselt number
Pr Prandtl number
Re Reynolds number
rh ratio of heat transfer coefficients
rv ratio of velocities
rhf ratio of the enthalpy of liquid to latent heat of

evaporation
T fluid temperature, K

T1,in inlet temperature of the fluid (1), K
T2,in inlet temperature of the fluid (2), K
rDT dimensionless parameter, rDT ðiÞ ¼ DT i

DT uniform

DT temperature difference, DT = Tsat � Tc,i, K

t non-dimensional temperature ¼ T�T 1;in

T 2;in�T 1;in

u dimensionless volume flow rate in the channels
X dryness fraction of two-phase fluid
y space coordinate for the fluid flow, m
Y non-dimensional flow path coordinate = x/L
z dimensionless flow path coordinate in the port
e effectiveness of plate heat exchanger ¼

ð _mcpÞ1ðT 1;out�T 1;inÞ
ð _mcpÞminðT 2;in�T 1;inÞ

Subscripts

i ith channel
in inlet
out outlet
min minimum
uniform the case of uniform flow distribution amongst

channels
w plate
wi ith plate
1 the fluid in odd channel
2 the fluid in even channel
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Most of the previous research work in PHEs was con-
ducted with the assumption of plug (one-dimensional) flow
inside channels and an equal distribution of fluid into the
channels from the port. However, it is a well known fact
[12] that the flow maldistribution within the plate heat
exchanger and particularly from channel to channel plays
a major role for the deviation of the performance com-
pared to the idealised case with flow equally distributed
among the channels. The effect of unequal distribution of
fluid inside the channels was analysed using a numerical
technique by Datta and Majumdar [13] and in more detail
using an analytical technique by Bassiouny and Martin
[14,15]. The flow maldistribution due to port to channel
flow has a tremendous effect on heat exchanger perfor-
mance which has been investigated analytically and exper-
imentally by Rao et al. [16] and Rao and Das [17]. These
investigations have been carried out based on the analytical
models for single phase flow distribution from port to
channel in a PHE conduit by Bassiouny and Martin
[14,15]. From the discussion, it is clear that a proper heat
transfer model of the plate heat exchanger based on the
unequal flow distribution in channels is required. This is
not only to analyse the heat exchangers but also to obtain
proper heat transfer data from experiments on heat
exchangers with multiple channels, which will be stripped
by the influence of number of channels or flow configura-
tion used in the experiment. However, all these studies have
been carried out for single phase flow in PHE conduits. So
far no study has been reported concerning maldistribution
effects on the thermal performance for two-phase plate heat
exchangers. This is the main inspiration of the present
work. In the present work the plate heat exchanger is ther-
mally modelled with unequal flow in the channels taking
the distribution suggested by Baussiouny and Martin
[14,15]. While carrying out this investigation the heat trans-
fer coefficients inside the channels are assumed to vary
according to general correlations for the Nu for both the
cooling and two-phase channels.

For two-phase flow distribution in manifolds, authors
like Seeger et al. [18] and Lahey [19] have investigated
two-phase (vapor and liquid) distribution in single T-junc-
tions. Only a few studies on the topic of two-phase distri-
bution in manifolds have been presented. Nagata et al.
[20] conducted experiments on a horizontal manifold with
four vertical upward tubes. Recently, Bernoux et al. [21]
experimentally studied the distribution of vapor and liquid
phases at the inlet manifold of a compact heat exchanger.
Two-phase distribution in the channels are obtained by
the use of mass flow rate and mass quality measurements
in each channel using transparent windows allowing the
observation of two-phase flow pattern of refrigerant 113
at different operating conditions. Vist and Pertersen [22]
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have conducted an experimental investigation of two-phase
flow distribution in compact heat exchanger manifolds
consisting of 10 round parallel tubes. Lee and Lee [23] have
examined the distribution of two-phase annular flow at
header-channels junctions for compact heat exchangers.
They focused on the effect of the intrusion depth of the
channels to find an opportunity to achieve a uniform flow
distribution of the liquid-phase that may be useful in
designing evaporators. Two-phase flow structures in com-
pact heat exchangers have been studied by Rong et al.
[24] and Watanabe et al. [25]. Watanabe et al. [25] investi-
gated how the heat load on the branches affected the two-
phase distribution. However, none of these works studied
the effect of flow maldistribution on the thermal perfor-
mance of plate condensers or evaporators. The present
study investigates the flow maldistribution effect on the
performance of plate condensers.

There are a limited number of studies dealing with con-
densation of process fluids in plate heat exchangers. A few
classical studies to obtain the heat transfer data for conden-
sation in plate heat exchangers are illustrated by Tovazh-
nyanski and Kapustenko [26] for steam, Uehara and
Nakaoka [27] and Arman and Rabas [28] for ammonia
and Kumar [29] and Chopard et al. [30] for refrigerants.
A wide range of Reynolds number and different corruga-
tion angles ranging from 30� to 60� have been considered.
In the shear-dominated regime, the Akers [31] method is
recommended by Kumar [29] for calculating the condensa-
tion heat transfer coefficient. The single-phase flow rela-
tionships (for corrugated geometry) are then used to
calculate the heat transfer coefficient corresponding to the
effective liquid mass flux. In the gravity-controlled regime,
Thonon and Chopard [32] recommended the use of the
Nusselt equation for a plain surface. Therefore, in order
to account for the effect of plate corrugations, the Nusselt
number is multiplied with an enhancement factor that is
obtained from single-phase data (a ratio of heat transfer
coefficients for the corrugated surface to a plain surface
at the same Re). Wang and Zhao [33] have conducted an
analysis of the heat transfer and pressure drop for steam
condensation and discussed the main factors affecting the
average condensation heat transfer coefficient in a plate
condenser (PC). These are: total mass velocity, steam
content at the outlet of the PC, average condensation tem-
perature difference, average condensation pressure, and
Prandtl number of the liquid. Thonon and Bontemps [34]
report results on condensation of pure fluids and mixtures
of hydrocarbons in a compact welded heat exchanger.
Wang and Sunden [6] pointed out that the theoretical pre-
diction of plate condensers is very difficult at this stage and
hence most of the investigators have concentrated on
experimental investigations. However, most of the litera-
ture available for two-phase flow plate condenser concerns
prediction of the heat transfer coefficient and friction factor
on the two-phase side.

The aim of the present study is to evaluate the thermal
performance of falling film plate condensers considering
the flow maldistribution from port to channel. A general-
ized mathematical model has been developed to investigate
the effect of flow maldistribution on the thermal perfor-
mance as well as the exit quality of the vapor of the two-
phase flow. To apply the present model, process saturated
steam has been considered as the two-phase fluid and water
as the cooling fluid. The obtained governing equations
have been solved numerically by a semi implicit procedure.

2. The mathematical model

To model the heat transfer process between two-phase
and single phase channels in a plate heat exchanger, the
following assumptions are considered:

1. The thermophysical properties of the fluids are consid-
ered to depend on the average saturation temperature
and pressure for the two-phase fluid but no variation
has been considered for the single phase fluid.

2. The steam entering the condenser is saturated vapor
(Xin = 1.0) at the given pressure. This assumption has
been incorporated to avoid desuperheating at the entry
to the channels which affects the location for the onset
of condensation.

3. It is assumed that complete condensation does not take
place inside the plate which is often the practical case in
the process industry. This is also to avoid the possibility
of a liquid filled part near the exit of the channels.

4. Heat transfer is assumed to take place only between the
channels and not between the channel and the ports or
through the seals and gaskets.

5. The heat exchanger is assumed to be insulated from the
surroundings.

6. The flow distribution inside a channel is taken to be uni-
form giving a ‘plug flow’ of fluid inside each channel.

7. The flow maldistribution from channel to channel has
been taken into account through the Baussiouny model
[14] but in addition the heat transfer coefficient for the
two-phase fluid is considered as a function of flow rate
and the ratio of liquid to vapor while that for single
phase fluid is assumed to be a function of flow rate only
for a given plate geometry.

8. The plates are considered to be thin enough to neglect
conduction in them.

Based on the above assumptions, a small control volume
of fluid inside the channel and a control volume of solid
plate are considered as shown in Fig. 1. For the first and
last channels, heat transfer on one side has been considered
while the other side has been treated as adiabatic. Energy
balances over these control volumes using the above
assumptions yield the following fluid and plate equations:

For single phase, fluid 1

ð _mcpÞ1
dT i

dy
¼ hiA

2L
ðT wi � T iÞ þ

hiA
2L
ðT wiþ1 � T iÞ ð1Þ
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Fig. 1. Control volume for the channels.
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For two-phase, fluid 2

ð _mhfgÞ2
dX i

dy
¼ ð�1Þi�1 hiA

2L
ðT wi � T iÞ þ

hiA
2L
ðT wiþ1 � T iÞ

� �

ð2Þ
For the plate

hi�1A
2L
ðT i�1 � T wiÞ þ

hiA
2L
ðT i � T wiÞ ¼ 0 ð3Þ

These equations can be non-dimensionalised as

dti

dY
¼ ð�1Þi�1NTUðtwi þ twiþ1 � 2tiÞ ð4Þ

dX i

dY
¼ ð�1Þi�1NTUiJaiðtwi þ twiþ1 � 2tiÞ ð5Þ

ti�1 � twi ¼ �
hi

hi�1

ðti � twiÞ ð6Þ

Substituting twi from Eq. (6) into Eqs. (4) and (5) gives

For single-phase flow channels,

dti

dY
¼ ð�1Þi�1NTUi

hi�1

hi�1 þ hi

� �
ti�1

�

þ hi

hi þ hi�1

þ hi

hi þ hiþ1

� 2

� �
ti þ

hiþ1

hi þ hiþ1

tiþ1

�
ð7Þ

For two-phase flow channels,

dX i

dY
¼ ð�1Þi�1NTUiJai

hi�1

hi�1 þ hi

� �
ti�1

�

þ hi

hi þ hi�1

þ hi

hi þ hiþ1

� 2

� �
ti þ

hiþ1

hi þ hiþ1

tiþ1

�
ð8Þ

The advantage of the present approach is that, while
maldistribution of the flow is taken into consideration,
the flow inside the channel remains one-dimensional. This
allows us to incorporate experimental data for condensa-
tion inside the plate channels which makes the model appli-
cable for a wide range of commercially available plates for
which heat transfer data in the phase change regime are
available. In order to enable comparison with the case of
uniform flow in all the channels these equations may be
written as

dti

dY
¼ ð�1Þi�1NTUrhðiÞrvðiÞ hi�1

hi�1 þ hi

� �
ti�1

�

þ hi

hi þ hiþ1

þ hi

hi þ hi�1

� 2

� �
ti þ

hiþ1

hi þ hiþ1

tiþ1

�
ð9Þ

dX i

dY
¼ ð�1Þi�1NTUuH

_m1

_m2

� �
rDtðiÞrhfgðiÞrvðiÞrhðiÞ

� hi�1

hi�1 þ hi

� �
ti�1 þ

hi

hi þ hiþ1

þ hi

hi þ hi�1

� 2

� �
ti

�

þ hiþ1

hi þ hiþ1

tiþ1

�
ð10Þ

The non-dimensional variables in the equations above
are

NTUu ¼
hA

2ð _mcpÞmin

; Y ¼ y
L

; t ¼ T � T 1;in

T 2;in � T 1;in

rvðiÞ ¼ uuniform

ui
; rhðiÞ ¼ hi

huniform

; JaðiÞ ¼ _mccpDT
_mshfg

H ¼ cpDT
hfg

; rDT ðiÞ ¼ DT i

DT uniform

; rhfgðiÞ ¼
ðhfgÞuniform

ðhfgÞi

Considering Eq. (10), the flow rate dependence of the heat
transfer coefficient considering constant fluid properties
rh(i) can be expressed as

rhðiÞ ¼ hi

huniform

¼ ui

uuniform

� �a

for single phase fluid

¼ ui

uuniform

� �a1 quniform

qi

� �a2

for two-phase fluid:

ð11Þ

From Eq. (11), one can observe from the modified
Boyko–Kruzhilin correlation [3,32,33,35], that the heat
transfer coefficient of the two-phase flow (assuming all
the mass is flowing as liquid) may depend on the flow rate
and the density correction factor (the ratio of the fluid
liquid density to mean density of the liquid/vapor phase)
of the two-phase fluid in the shear-dominated regime of
film condensation.

It should be mentioned here that the dependence on
Prandtl number does not change h because the property
variation for the single phase fluid with temperature is
not considered in the present model. Thus Eqs. (9) and
(10) are reduced to the following form:

for i = 2,3, . . . ,N � 1

dti

dY
¼ ð�1Þi�1NTU0rhðiÞrvðiÞ hi�1

hi�1 þ hi

� �
ti�1

�

þ hi

hi þ hiþ1

þ hi

hi þ hi�1

� 2

� �
ti þ

hiþ1

hi þ hiþ1

tiþ1

�
ð12Þ
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However, the first and the last channels transfer heat
only to one fluid; hence the equations for these two chan-
nels must be written as

dt1

dY
¼NTU0rvð1Þrhð1Þ h1

h1þh2

�1

� �
t1þ

h2

h1þh2

� �
t2

� �
ð13Þ

dX N

dY
¼NTU0rvðNÞrhðNÞ hN�1

hN�1þhN

� �
tN�1þ

hN

hN�1þhN
�1

� �
tN

� �

ð14Þ

where

NTU0 ¼ NTUuniform H _m2

_m1

� �
rDtðiÞrhfgðiÞ for two-phase flow channels

¼ NTUuniform for single-phase flow channels

Eqs. (12)–(14) are the governing differential equations,
for which the boundary conditions can be set as,

at Y ¼ 0; ti ¼ 0 for i ¼ 1; 3; 5; . . . ;N

ti ¼ 1 for i ¼ 2; 4; 6; . . . ;N � 1

at Y ¼ 1; ti ¼ 1 for i ¼ 2; 4; 6; . . . ;N � 1

X i ¼ X in for i ¼ 2; 4; 6; . . . ;N � 1

9>>>=
>>>;

ð15Þ

The total number of channels is assumed to be odd
which is often the practical case in applications in order
to minimize heat losses from end channels by circulating
cold fluid in both of them (i = 1 and N). This complete
mathematical model is a set of coupled differential equa-
tions. For solution it requires a precise distribution of the
flow from channel to channel which is described below.

3. Solution procedure

Using a numerical technique, the system of first order
ordinary differential equations (12)–(14) can be solved.
The finite difference technique with a semi implicit proce-
dure is used here. The plate heat exchanger channels are
divided into M elements of equal size as shown in Fig. 2.
The convergence criterion chosen for the termination of
computation was 1 � 10�5 in the non-dimensional temper-
Fig. 2. The grid structure employed in the fini
ature. The numerically convergent solution was checked
for physical consistency through an energy balance
between the two fluids. The grid refinement was continued
until the error in the energy balance was less than 0.1%.

The most important requirement for this solution is a
proper distribution of fluid in the channels from the port.
Bassiouny and Martin [14,15] presented the flow channel-
ling formulation for normal geometries where the volumet-
ric flow rate decreases along the flow direction in the
entrance port as:

For the case of U type plate heat exchangers

u ¼ Ap

nAc

� �
m

cosh mð1� zÞ
sinh m

ð16Þ

The distribution parameter m given in the above expres-
sion is dependent on the exchanger geometry. The m value
can be computed from the following equation which was
suggested by Bassiouny and Martin [14,15] for single phase
fluid flow. For identical inlet and exit port dimension, this
value reduces to

m2 ¼ nAc

Ap

� �2
1

fc
ð17Þ

Here fc is the overall frictional resistance of the channel.
In this equation, m2 serves as the parameter quantifying the
flow maldistribution. The value of m2 approaches zero
when the flow is uniformly distributed among the channels.
The more flow maldistribution, the higher is the value of
m2.

Cooper [35] and Tovazhnyanski and Kapustenko [26]
have investigated steam condensation in plate heat
exchangers. To calculate the heat transfer coefficient for
both two phase flow and single phase flow the following
equations have been adopted.

For two-phase flow channels, the modified form of the
Boyko and Kruzhilin [36] correlation, suggested for vapor
condensation in the PHE channels by Wang et al. [3],
te difference analysis of a single pass PHE.
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Tovazhyanski and Kapustenko [26] and Cooper [35], for
the heat transfer coefficient is

h ¼ hl

ql

qm

� �0:5

ð18Þ

where hl is the heat transfer coefficient assuming all the
mass is flowing as liquid flow, ql is the density of the liquid
phase and qm is the mean density of the liquid/vapor phase.

For single phase flow, Manglik and Muley [37] have sug-
gested a Nusselt number correlation as

Nu ¼ 0:159Re0:7Pr0:33 ð19Þ
Eq. (19) has been used for calculating the heat transfer
coefficient for the single phase flow channels. Eq. (17) can
be modified for negligible variation in the saturation pres-
sure of the two-phase flow from channel to channel for
evaluating the heat transfer coefficient as h = f(Re) and
hence Eq. (14) can be simplified as

dX N

dY
¼ NTU0rvðNÞrhðNÞ hN�1

hN�1 þ hN

� �
tN�1

�

þ hN

hN�1 þ hN
� 1

� �
tN

�
ð20Þ

where NTU0 ¼ NTUuniformH _m2

_m1

� �
for two-phase flow

channels:
An iteration process has been continued after calculat-

ing the dryness fraction of the two-phase flow. The dryness
fraction of the two-phase flow has been calculated by
taking an energy balance at the end of each two-phase flow
channel.

_mtotalðhf þ X outhfgÞ ¼
X
ðhf ;i þ X ihfg;iÞ _mi ð21Þ

where _mtotal ¼ _m1 þ _m3 þ _m3 þ � � � þ _mN .

X out ¼
P

_X irhfg;iui

n
þ
P

uirhf ;i

n

� �
� hf

hfg

ð22Þ

where rhfg;i ¼ hfg;i

hfg
; rhf ;i ¼ hf ;i

hfg
.

By neglecting the pressure variation in each channel
from the first channel to the last channel, i.e., hf = hf,i

and hfg = hfg,i one has

X out ¼
P

_X iui

n
þ hf

hfg

P
ui

n
� 1

� �
ð23Þ

Similarly for single phase flow channels, the outlet tem-
perature of each channel has been calculated as following:

_mtotalcpT out ¼ _m1cpT 1þ _m3cpT 3þ _m5cpT 5 þ � � � þ _mN�1cpT N�1

ð24Þ

T out ¼
XuiT i

n
for i¼ 1;3;5; . . . ;N � 1 ð25Þ
4. Results and discussion

The prediction of the performance of plate heat
exchangers operating as condensers for both two-phase
(process steam) and single-phase (cooling fluid) have been
considered for counter-current flow. A case study has been
carried out for downflow falling film partial saturated
steam condensation at exit on a vertical plate heat exchan-
ger with water as cooling fluid. The latent heat of the two-
phase mixture is a function of the saturation pressure and it
affects the overall heat transfer coefficient. Under the con-
ditions of flow maldistribution in plate condensers, the
pressure drop will vary from the first channel to the last
channel of the parallel plate package and it will affect the
available heat energy to be transferred to the cooling fluid.
A thermal analysis has been made to predict the perfor-
mance of a plate condenser under these circumstances.
The present results are more useful to predict the behavior
of two-phase fluid in a parallel vertical plate condenser
under partial condensation.

The overall flow distribution in plate heat exchangers
can be mainly classified into two categories, U type and
Z type configurations. In the present study, the U type con-
figuration has been chosen to analyse the flow distribution
in plate condensers due to the practical importance. Here,
fluid 1 has been taken as cold fluid and fluid 2 as the two-
phase fluid. Generally, for two-phase flow heat exchangers,
the effectiveness of an ideal heat exchanger (with uniform
distribution) depends on the number of transfer units

(NTU). According to the definition of NTU ¼ UA
ð _mCpÞmin

� �
,

the minimum heat capacity of the two fluids has been taken
from the single phase flow. However, the emphasis of the
present work is to bring forward the effect of flow maldis-
tribution on the performance of the plate condenser and
hence in addition to NTU, the maldistribution parameter
m2 is taken as the other important parameter here.

The flow distribution from the first channel to the last
channel has been computed using the Bassiouny and Mar-
tin [14,15] flow maldistribution model. This model was
actually developed for single phase flow in the channels
and the port friction in the both inlet and outlet ports of
the plate heat exchanger were neglected. In the present
analysis, the flow distribution has been computed by
assuming negligible property variation. In the two-phase
flow Nusselt number correlation, the vapor and the liquid
density variation from the first channel to the last channel
has been neglected and but flow rate variation in the chan-
nels considered. It should be mentioned here that due to
flow maldistribution, the channels have different heat
transfer coefficients, and hence it is difficult to define the
NTU for the entire equipment. However, in order to facil-
itate a comparison with the uniform distribution model,
NTU is defined on the basis of the heat transfer coefficient
for the hypothetical case of equal flow distribution
(m2 = 0).

The main operating parameters of the present model have
been taken as the flow rate, the saturation pressure, Psat, the
saturation temperature, Tsat, the inlet vapor quality, Xin and
the latent heat of vaporization, hfg for the two-phase fluid.
For the single phase fluid, the inlet temperature, Tc,in and
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the mass flow rate are the main operating parameters. In this
analysis, the term, msr, is the mass flux ratio of the cooling
fluid (water) and the process stream. In practice, the process
vapor is used with negligible superheat before entering the
plate condenser. To demonstrate the present model, the inlet
condition of the process vapor has been considered as a two-
phase fluid with the dryness fraction of 0.90 at 1 bar. The
present results were validated against the e � NTU value
of an ideal two-phase flow heat exchanger, i.e., e = 1 �
e�NTU when the heat capacity flow rate ratio of the two flu-
ids is zero (R = 0), as shown in Fig. 3. This has been carried
out by setting the maldistribution parameter, m2 = 0 for a
total number of the channels equal to 98, the saturation pres-
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Fig. 3. Validation of the present model against the thermal
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Fig. 4. Effect of the number of transfer units (NTU) on the cold fluid tempe
saturation pressure.
sure of the two-phase fluid at 1 bar, the inlet vapor dryness
fraction, Xin = 0.90 and the mass flux ratio of the two fluids
as 1.0. The figure shows that the present model predicts the
analytical data excellently.

Parametric study has been carried out to observe the
behavior of the heat exchanger for the different conditions.
Even though the effectiveness is an indicator of the temper-
ature rise of the cooling fluid, in practical applications,
the value of the actual dimensional temperature is also
important. It gives an idea about the practical ranges of
temperatures over which the heat exchanger should operate
which in turn decides about the secondary effects such as
axial conduction and heat loss from the heat exchanger.
4 5 6 7
NTU

X_out
Present model
Ideal

m2 = 0.0

N = 98

Psat = 1 bar

Xin = 0.90

msr = 1.0

performance of an ideal two-phase flow heat exchanger.
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rature rise (inlet to outlet) for a given plate condenser at different steam
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It also plays a major role in deciding the ranges of dry wall
and de-superheating in practical applications where the
superheated vapor enters the condenser. For this reason,
the dimensional temperature rise of the coolant versus
NTU for the range of steam pressures from 1 to 10 bar
has been separately plotted in Fig. 4. This figure shows that
as the saturation pressure increases the temperature differ-
ence from inlet to outlet of the cold fluid increases asymp-
totically with NTU. Higher saturation pressure gives
higher heat transfer and thus greater performance indi-
cated by higher temperature rise of the coolant. At the
same conditions, results are plotted to observe the outlet
dryness fraction of the steam as a function of the NTU.
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Fig. 6. Effect of the mass flux ratio on the condensation process for
Fig. 5 confirms that the exit vapor quality decreases with
increasing NTU and with increasing saturation pressure
of the steam. It has been observed that the variation of
steam quality in the condensation process is very small
beyond NTU = 3.0. This is due to formation of a thick
water film which reduces the heat transfer rate. Further
to be observed is the behavior of the condensation of the
vapor, due to the mass flux ratio of the fluids (msr) for
the different saturation pressures of the steam and these
results are depicted in Fig. 6. As the mass flux ratio of
the two fluids increases the condensation process increases
steeply. This is also true for increasing the saturation pres-
sure of the steam. Hence, these results reveal that in
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absence of maldistribution (m2 = 0) the condensation
increases with increasing NTU, saturation pressure of the
two-phase fluid and mass flux ratio of the two fluids.

The above results have been obtained for uniform flow
distribution (m2 = 0) to observe how the present model
behaves against the parameters of which the influence can
be initiatively guessed. The effect of flow maldistribution
on the outlet vapor guessed quality of the process condens-
ing steam with variation of the mass flow rate ratio of the
cold water and steam has been analysed for a given inlet
conditions of the process steam at the saturated pressure,
Psat = 10 bar and 1 and inlet vapor quality, Xin = 0.90,
NTU = 2.0 (based on cold fluid) and the inlet temperature
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Fig. 8. Effect of NTU on the condensation process
of cold fluid is 15 �C. It has been observed that there is a
very small difference in outlet quality of steam both at high
and low pressure when there is maldistribution from the
port to the channels as compared with the uniform flow
in each channel as shown in Fig. 7. This small difference
justifies neglecting the properties variation when maldistri-
bution is taking place from port to the channels. Fig. 8
show the effect of flow maldistribution on the temperature
difference of the cold fluid against the variation of NTU for
a given plate condenser of having mass flow rate ratio of
3.0 and the same inlet conditions as mentioned earlier.
The results indicate that due to the non-uniform flow in
each channel, the net enthalpy drop of steam in the plate
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ith flow maldistribution in a plate condenser.
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NTU

with flow maldistribution in a plate condenser.
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package will be decreasing with increase of flow maldistri-
bution and results in the decrease in temperature difference
of the cold fluid due to less heat transfer between the pro-
cess and the cooling fluid. It is interesting to observe that
this effect increases with pressure and is significant in the
usual operating range of NTU for plate condenser (2–4).
This effect will be even higher when the changes of the
properties are taken into the consideration. Fig. 9 com-
pares the effectiveness of the plate condenser with and with-
out flow maldistribution from the port to the channel, i.e.,
m2 > 0. The flow maldistribution parameter, m2 has been
varied from zero to 6.0 and pressure from 1 to 10 bar. It
has been observed from Fig. 9 that when the maldistribu-
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tion increases the effectiveness of the condensation process
decreases with increasing NTU. However, the figure indi-
cates that saturation pressure has only a small effect on
the change of effectiveness with maldistribution. As the
pressure changes, the densities of the vapor and liquid also
change as well as the latent heat of the vaporization. Thus
the net heat transfer between the two fluids change. How-
ever, due to these changes the heat transfer potential also
changes and it changes in similar proportions. Hence, the
thermal effectiveness of the two-phase fluid does not
depend on the variation of the operating pressure.

Wang and Zhao [33] have carried out an analysis of
the performance of steam condensation in plate heat
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Fig. 11. Effect of flow maldistribution on the temperature rise of the cold fluid for a plate condenser.
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exchangers. They have suggested a correlation for evaluat-
ing the heat transfer coefficient for two-phase fluid chan-
nels as

Nu ¼ 0:00115
Rel

H

� �0:983

Pr0:33
l

ql

qv

� �0:248

ð26Þ

In Eq. (26), the exponent of the Reynolds number term,
Rel

H

� 	
is 0.983. It gives an impression that the heat transfer

coefficient does not vary much even though the channel
flow rate varies when neglecting the density variation in
the channel and hence the thermal performance may be
affected for variation of the channel flow rate in the plate
heat exchanger. Therefore, the present results (Fig. 9) indi-
cate that the changes in thermal performance in a plate
condenser are small due to maldistribution from channel
to channel as the variation of saturation pressure between
the channels is neglected. The same result can be depicted
by directly plotting effectiveness against m2 which qualifies
the decrease of effectiveness due to flow maldistribution
(Fig. 10).

Similarly, a plot of the temperature rise in the coolant
against m2 gives an idea of the effect of maldistribution
on the condensation process, see Fig. 11. This plot indi-
cates that even though pressure has little effect on the
change of effectiveness of the condenser with maldistribu-
tion it has significant effect on the amount of condensation
as evident from the different slopes of the two curves.

5. Conclusions

A generalized mathematical model has been presented
to study the effect of maldistribution on the thermal perfor-
mance as well as the exit quality of vapor of a plate heat
exchanger. The present model was validated against the
e � NTU value of a two-phase flow plate heat exchanger
with no flow maldistribution. A wide range of the parame-
ters has been studied to show the effects of the mass flow
rate ratio of the cold to the two-phase fluid, operating pres-
sure and flow distribution index. The results show that the
exit vapor quality decreases and cooling water temperature
rise increases with increasing NTU and with increasing
operating pressure of the steam indicating a higher rate
of condensation. Also as the mass flux ratio of the two flu-
ids increases the condensation rate increases steeply. With
increasing maldistribution, the effectiveness and condensa-
tion rate of the vapor decreases but it remains virtually
unaffected by change in operating pressure. However, the
effects of maldistribution and operating pressure are signif-
icant on the temperature rise of the cooling water but they
are less prominent on outlet steam quality. Generally
speaking, the performance and the condensation will be
deteriorated as the maldistribution increases. The analysis
presented here also suggests an improved method for heat
transfer data analysis for plate condensers. The results con-
firm that this model predicts the behavior of the plate con-
denser in a physically consistent way under the flow
maldistribution from the port to the channel.
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