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Abstract

A predictive model has been presented to suggest the transient response of plate heat exchangers, subjected to a step flow variation.
The work also brings out the effect of the port to channel maldistribution on the performance of plate heat exchangers under the con-
dition of flow variation. The results indicate that flow maldistribution affects the performance of the plate heat exchangers in the tran-
sient regime. A wide range of the parametric study has been presented which brings out the effects of NTU and heat capacity rate ratio on
the response of the plate heat exchanger, subjected flow perturbation.

To verify the presented theoretical model, appropriate experiments have been carried out. Experiments include the responses of the
outlet temperatures subjected to inlet temperature transient in the circuit followed by a sudden change in flow rate in one of the fluids.
Simulated performance has been compared to the performance measured in the experiments. Comparisons indicate that theoretical
model developed for flow transient is capable of predicting the transient performance of the plate heat exchangers satisfactorily, under

the given conditions of changed flow rates.
© 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

Plate heat exchangers are important components of pro-
cess and power industry today. Initially, use of the plate
heat exchangers was limited to hygienic industries such as
food processing, pharmaceuticals and dairy industries pri-
marily due to their ease of clearing. Now a days they are
finding increasing usage over wide variety of applications
because of the advantages such as flexibility, higher heat
transfer, ease of maintenance, compactness, lower rates
of fouling, less effect of flow induced vibration and better
controllability.

It is very important to know about the behaviour of
plate heat exchangers, when it is subject to flow transient,
not only due to possible flow perturbation in the process
loop but also to know about the flow variation required
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to impart control on the plate heat exchanger when a tem-
perature transient takes place. Dynamic analysis of heat
exchangers provides information about transient responses
subjected to various disturbances. There are many cases in
which the system dynamic behaviour is a prime design con-
sideration. To asses this behaviour accurately, one needs to
look at flow distribution in heat exchangers. In reality the
flow is distributed non uniformly from the port to the
channels affecting both thermal and hydraulic performance
of plate heat exchangers. Therefore for a better design there
is a need for better knowledge of flow distribution and the
effect of this distribution on thermal performance.

In literature considerably less attention has been paid to
flow maldistribution in plate heat exchangers. Some studies
are available, for the case of uniform flow distribution on
thermal performance of plate heat exchangers for steady
state. Datta and Majumdar [1] extended the method of
Majumdar [2] for calculating the flow distributions in U
and Z type manifolds. Although their results compared
well with experimental data of Bajura and Jones [3], the
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Nomenclature

a cross-sectional area of the intake, m>

A heat transfer area for effective plate, m?

A channel free flow area, m”

A, port free flow area, m?

C heat capacity of fluid, J K™

C, isobaric specific heat of the fluid, J kg ' K™!

Cy heat capacity of the plate material, J K™!

D channel hydraulic diameter, m>

h heat transfer coefficient, W m =2 K !

L fluid flow length in a channel, m

m mass flow rate, kg s~

m? flow distribution parameter

n exponent of Re in equation

N number of channels

NTU number of transfer units = (UA)/(mC),)

Nu Nusselt number

Pr Prandtl number

Re Reynolds number= u;d. /v

h ratio of velocity

Tu ratio of heat transfer coefficients

R, ratio of residential times, %

R, wall heat capacity ratio, CC—‘?’

Ry Ua@)/Ua)

R, capacity rate ratio

t non-dimensional temperature of fluids = T:_;f‘;}“jﬂ

T temperature of fluid, K

Tiin inlet temperature of the fluid (1), K

Ti.ou outlet temperature of the fluid (1), K

T in inlet temperature of the fluid (2), K

U, velocity of fluid, m/s

Uiy (hd)/W),)

u dimensionless velocity of fluid in the channel,
MZ/U

U dimensionless channel velocity, o=

u; channel velocity, m/s

Un mean channel velocity, m/s

Ve dimensionless volume flow rate in the channels

Wi thermal capacity rates of the fluids in channels,
WK™

w velocity in the intake conduit

|78 axial component of the intake flow velocity at
the channel inlet

X space coordinate for the fluid flow, m

X non-dimensional flow path coordinate = x/L

Ze dimensionless flow axial coordinate in the port,
i

z dimensionless time

Greek symbols

v kinematic viscosity of the fluid, m?s~!

14 channel hydraulic resistance = friction factor X
(D/L)

T time, s

Tr characteristic time, C;/w, s

& effectiveness of plate heat exchanger =
(mCp) (T1.0ut=T1in)
(1Cp)min (T2in—T1,in)

Subscripts

a average

1 fluid in odd channel

2 fluid in even channel

ch channel

i ith channel

j jth node in the channel

uniform case of uniform flow distribution
amongst channels
W plate

prediction procedure still needed empirical momentum-
transport correction coefficients in the header momentum
equations to account for the turning effect. They have ana-
lysed the effect of unequal distribution of fluid inside the
channels using a numerical technique. An analytical study
has been made by Bassiouny and Martin [4] to calculate the
axial velocity and pressure distribution in both the intake
and exhaust conduits of plate heat exchangers, the flow dis-
tribution in the channels between the plates and the total
pressure drop. From the analysis a general flow character-
istic parameter (n1%) has been derived from the mass and
momentum formulation for inlet and exit port flows for
U and Z type plate heat exchangers, which determines
the flow behaviour. Prabhakara Rao and Das [5] studied
the effect of flow maldistribution from channel to channel
on thermal performance of PHE comprehensively using
the Bassiouny and Martin’s [4] model for flow distribution.

There is a limited number of studies on the transient
analysis of plate heat exchangers. Khan et al. [6] presented
theoretical and experimental analyses of the dynamic char-
acteristics of plate heat exchangers. The first and second
order models with dead time was proposed and checked
against results obtained by experimental sinusoidal and
pulse testing. Das and Roetzel [7] presented an extensive
analysis for plate heat exchangers, which takes into consid-
eration the deviation from ideal plug flow through an axial
dispersion model to predict the response due to tempera-
ture transients. The results lead to conclusion that the effect
of flow maldistribution and phase lag plays an important
role in the response. Das et al. [8] carried out experiments
on the transient behaviour of two welded plate heat
exchangers with identical constructions but different umber
of the plates, under different operating conditions. The
model takes the effects of both back mixing and flow
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maldistribution into account by introducing a dispersion
term in the energy equation. To predict the transient
response of multipass plate heat exchanger Das and Muru-
geasan [9] analysed 1-2 and 2-2 pass PHEs with the axial
heat dispersion model in the fluid which takes deviation
from ideal plug flow into consideration. However, Roetzel
and Na Ranong [10] showed that maldistribution should be
treated separately and it is more appropriate to assign only
back mixing to axial dispersion. Using this concept Srihari
et al. [11] carried out transient study due to step increase in
inlet temperature using both axial dispersion and flow
maldistribution.

Compared to temperature transients, number of studies
on flow transients is fewer. A versatile and efficient method
was developed by Xuan and Roetzel [12] for predicting
dynamic performances of parallel and counter flow heat
exchangers subjected to arbitrary temperature variations
and step flow disturbances, including the effect of flow mal-
distribution (lumped into the dispersion term) and influ-
ence of the heat capacities of both the fluids, shell wall
and tube bank as well as non zero initial temperatures.
Abdelghani-Idrissi et al. [13] investigated temperature tran-
sient response along a tubular counter flow heat exchanger,
when the mass flow rate is subject to sudden change.
Dynamic behaviour is approximated by a first order
response with the time constant. The hot fluid subjected
to the flow rate steps presents a decreasing linear time con-
stant. Transient temperature response of cross flow heat
exchangers having finite wall capacitance with both fluids
unmixed was investigated numerically by Mishra et al.
[14], for perturbations provided in both temperature and
flow.

Thus, the above survey of literature shows that the accu-
rate modeling of the effect of flow transient in plate heat
exchangers in presence of maldistribution has not yet been
carried out which is supported by proper experimental
studies. The present work aims to develop a model which
predicts the transient responses of the U type plate heat
exchanger under step change in inlet flow rates. In the pres-
ent analysis port to channel maldistribution is modeled
accurately in order to indicate its effect on the transient per-
formance of the plate heat exchanger. Experiments have
been carried out showing the responses of the plate heat
exchangers, subjected to step changes in the inlet flow rates
and thus the theoretical model developed have been vali-
dated against experimental results.

2. Mathematical formulation

In the present model first steady state temperature distri-
bution of a U type plate heat exchanger is obtained. This
becomes the initial condition for the flow transient in the
heat exchanger. Further transient response of the plate heat
exchanger is analysed when mass flow rate at inlet is sub-
jected to sudden change. The plate heat exchanger is ther-
mally modelled with unequal flow in channels taking the

distribution as suggested by Baussiouny and Martin [4].
To formulate the governing equations following assump-
tions are made.

1. The flow distribution inside the channel is taken to be
uniform giving a ‘plug flow’ of fluid inside each channel.
It can be justified as the channel gap is small.

2. The flow maldistribution from channel to channel has
been taken into account through the Baussiouny model
[4].

3. As a result of flow maldistribution, heat transfer coeffi-
cient is considered to be variable from channel to
channel.

4. The plates are considered to be thin enough so that axial
conduction in them in the direction of flow can be
neglected.

5. The thermophysical properties of the fluids are consid-
ered to be independent of temperature and pressure.

6. 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.

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

8. The projected area of plate is taken as heat transfer area.

Above mentioned assumptions are taken into consider-
ation and a mathematical model is developed. The solution
of model can be split up into two steps. First step is to
attain temperatures distributions across the heat exchanger
while the heat exchanger is in steady state. Subsequently
this state is taken as initial condition of the next step of
the model, which is the flow transient case. In the transient
case step flow variation of the inlet fluids (either increase or
decrease of flow) is taken into account, which leads to
another steady state. For both steps of the model a small
control volume of fluid inside the channel and control vol-
umes of solid plate (shown in Fig. 1) are taken into consid-
eration. Energy balances across control volumes (Fig. 1) is
carried out for the transient case. It gives the following par-
tial differential equations: For fluid 1,

Channel Channel Channel
i-1 i 1+1

~
Fluid Control

Volume

Solid Control

Volume

Fig. 1. Control volume of the fluid inside the channel and solid control
volume in the wall.
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C, oT; 1. OT; (h4),

bl St R | ) (T 4 Twrint — 2T

L ot ( ) WlaX oL ( W1+ Wi+1 1)
(fori=1,3,5,...,N) (1)

For fluid 2,

C, 0T, i1. OT;  (hA),

T o0 =—(-1) iax T oL (Twi + Twir1 — 2T))
ori=246,...,.N—
f 2,4.6 1 2

For the solid wall, the first and last plates have different
governing equations than the intermediate plates since they
are in contact with only one fluid. Governing equations for
the plates are:

For intermediate plates:

Cw 0Tw; _ (hA4),, (h4),

T o oo Tn T T+ Tw)
(fori:2,3a47"'7N) (3)

For first plate:

Cw 0Twi _ (hd),

o = (Ty — Twy) (for plate 1) (4)

For last plate:

Cyw 0T hA

TW ‘g:’“ _( 2L)N (Ty — Twa+1) (for plate N + 1)

(5)
Above governing equations are non-dimensionalized with
the help of following non-dimensional terms:

X T—Tim hA
x=—, t=———7"—, NTU, =———
L TZ,in - Tlin 2(me)
n
N Uuniform N hi - U;
r(i)=——, m()= =
U; huniform Uuniform
_ Cl _ CZ _ T _ Tra2
Tral = = Tra2 = =T Z=—, T —
al Wa2 Tra Tral
WaZ CW UaZ
R2 = ) RC = 4 RN =
Wal C Ua
where U, =4

Wy " .
For dependence of the heat transfer coefficient on flow
rate, the usual heat transfer correlation is given as

Nu = CRe"Pr”

In the present case the constant and exponents are taken as
C=0.218, n=0.65 and r=0.33, as found for the same
heat exchanger (used for the experimental validation) by
Prabhakara Rao et al. [15].

Prandtl number does not affect ‘4’ since property varia-
tion with temperature is not taken into account in model.
NTU in each channel is given as

NTUI = Ual . }’h(i) . I”V(i).

Dimensionless forms of the Egs. (1)—(5) are following: For
fluids,

(Rr)n1'+l ot 10t NTU;, mi+1
Rwi 0z =—(-1) ax+ 5 (Rx) (twi + twir1 — 2t;)
(6)
For plates,
(a) For intermediate plates:
Otw; NTU,._ m
Re— = H(RyRy)" (111 — tw)
z 2
NTU,_ m
g (RyR)™ (s = twy) (7)
(b) For first plate:
ot NTU,_ m;
RC%: 3 L(RvRy)™ (1 — twn) (8)
(c) For last plate:
ot NTU m
Re—2MH — B (RyR:)™ (ty — twasn) 9)

Oz 2

Here variable m; is introduced such that, for various values
of number of channel i, (i=1,2,3,4,...) it is defined as
0,1,0,1,... respectively.

2.1. Boundary conditions

For the above governing equations, the boundary condi-
tions can be set as,

atx=0,,=0 fori=1,3,5...,N }

. (10)
fori=2,4,6,...,N —1

at.le,t[:l

2.2. Solution procedure for steady state

Bassiouny and Martin [4] gave a proper distribution of
fluid in the channels from the port. They presented the flow
formulation for normal geometries where the volumetric
flow rate decreases along the flow direction in the entrance
port for U-type flow arrangements as
uc:mcoshm(l—zc) (n

sinh m

where m?

1 (&) ?
(4 )

Above depicted velocity distributions are applied to the
Egs. (6)—(9). For steady state analysis, the time dependent
terms of these equations on the left hand side are dropped
which converts the system of partial differential equations
to ordinary differential equations. This system of ordinary
differential equations of first order with boundary values
are solved numerically using finite difference technique.
Each channel (say i = 1,2,3,...,N) is distributed in kK num-
ber of nodes (j =1,2,3,...,k). In the present analysis thirty
numbers of nodes in each channel has been taken which is
found to be sufficient for grid independence of result. So a
nodal network of N x k is aggregated as shown in Fig. 2.

is the flow distribution parameter giver by
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Fluid 2

Fig. 2. The grid structure used in the finite difference analysis.

Temperatures at these discrete points are denoted as ¢;;.
For the finite difference method Gauss-Jordan scheme is
used for point by point iteration. The method is stopped
when specified convergence criterion (0.0001) for dimen-
sionless temperature is satisfied.

2.3. Initial conditions

To solve the above differential Egs. (6)—(9) in the tran-
sient regime the initial conditions can be set as

At z=0,
til, =t fori=12,3,...,N

(¢; is obtained by solving Eq. (6) in steady state) (12)
t,=t, fori=123,...,N+1

(¢, is obtained from Egs. (7)—(9) in steady state) (13)

at z=0", R,=1 and at z= 0", R, =R, (R}, is the heat
capacity rate ratio after the introduction of flow
perturbation).

2.4. Solution procedure for transient state

System of partial differential Egs. (6)—(9) with boundary
and initial conditions as well as the change in heat capacity
rate ratio indicating step change in one of the flow rates can
be solved, using numerical technique. Explicit scheme with
respect to time using finite difference approach has been
used here to solve these partial differential equations.

Outlet temperatures of the heat exchanger can be calcu-
lated by assuming the adiabatic mixing of the fluid. It can
be shown as

Tow =200 13N for cold fluid (14)
> m

Tom:Em"T" i=2,4,...,N—1 forhotfluid (15
> m

The convergence of the solution has been checked by
varying the number of the space grids and size of the
time step. For the present analysis numbers of the nodes

in each channel has been taken as 30 and the dimensionless
time step is 0.05. The solution gives the one-dimensional
temperature distribution for each channel fluid as well as
each plate. The method is stopped when specified conver-
gence criterion (0.0001) of dimensionless temperature is
satisfied.

3. Experiments
3.1. Experimental setup

The test plate heat exchanger is manufactured by Alfa
Laval company and the plates are made of stainless steel
with Nitrile rubber gaskets. It contains 40 corrugated stain-
less steel plates and their geometrical features are shown in
Fig. 3a. The plate heat exchanger is arranged for U-type
flow configuration.

Schematic diagram of the transient experimental test
facility is shown in Fig. 3b. The experimental setup has
been built such that it is able to produce the sudden rise
in hot fluid temperature and measure the responses at the
outlet of both the fluids. Two circuits: cold water circuit
and hot water circuit as shown in Fig. 3b are made to cir-
culate both the fluids through the heat exchanger. Cold
fluid is supplied to the heat exchanger where it receives heat
from the hot fluid across the plates. It is then sent to the
cooling tower where the temperature comes down to the
inlet condition. The hot fluid is sent to the plate heat
exchanger and fed back to the hot water tank which is kept
at a constant temperature using a temperature controller.
In addition, by-pass lines are connected in the main pipe-
lines because, during the initial period of the experiments
cold water is allowed to flow in both cold and hot channels
of the exchanger. Electro-pneumatic valves are provided to
obtain the required flow directions during the experiments.
These are ON/OFF type valves operated by electrical
switches. Hot water is obtained by using the submerged
electrical heaters of 42 kW capacity provided to the hot
water tank. The flow rates can be adjusted by the control
valves. Flow rates are measured with the orifice flow meters
which are located before the fluids enter into the heat
exchanger. Both hot and cold side orifice meters have been
calibrated and compared with standard ASME charts.
T-type thermocouples are connected at the entrance and
exit pipelines of both cold and hot sides of the exchanger
to measure the exchanger response for every one second.
These responses are recorded with the help of the data
acquisition system (HP 34970A). These thermocouples
are grounded type, which are suitable for fast response.
Fast response is required for the transient temperature
measurement to capture the changes in time domain accu-
rately. All the thermocouples are calibrated over entire
range of interest, using a precision thermometer and a con-
stant temperature bath. Least count of the thermocouple is
0.1 °C. It has been estimated that the time constant is
150 ms. To get flow disturbances two spring operated but-
terfly valves are used.
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3.2. Experimental procedures

PUMP

Fig. 3. Flow diagram of the experimental facility.

The test plate heat exchanger is used to conduct the
transient experiments for U-type flow configurations. The

heat exchanger has 31 channels out of which 16 carries cold
fluid and 15 carries hot fluid. Cold fluid is always allowed
to flow on the side having more number of channels to min-
imize the heat loss from the end plates. The experimental
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test setup is designed to obtain the step rise in hot fluid
temperature. Electro-pneumatic valves are connected to
the pipe lines as per the requirement and as per the valve
position i.e. normally open (NO)/normally closed (NC).

At the beginning of the experiments, valves V2 and V4
are closed and valves V1, V3, and V5 are opened as shown
in Fig. 3b. Initially hot water flows in bypass line and back
to the hot water tank as the valve V2 is closed and valve V1
is opened. Cold water flows in cold water circuit and some
part of it is bypassed to hot water inlet pipe as the valve V3
is opened. At this condition only cold water circulates in
both the sides and both the streams flow back to the cool-
ing tower as the valve V5 is open. Then the recording of
fluid temperatures is started before the hot water is sent
into the hot channels. Because cold water only flows in
both the sides heat transfer will not takes place in the heat
exchanger. Initially all the fluid temperatures have the same
value as the cold inlet temperature. Electro-pneumatic
valves are connected to single main switch which is
switched ON after the hot water attains the set steady tem-
perature. As the valve V2 is opened and valves V1 and V3
are closed, hot water pushes the existing cold water into the
hot water line at the entrance of the exchanger. It produces
the sudden rise in hot inlet temperature and then heat
transfer takes place inside the heat exchanger. As the valve
V4 is opened and valve V5 closed the hot water coming
from the exchanger goes back to the hot water tank. The
accompanying variation of flow rates on both sides during
this starting from cold state does not affect the test because
heat transfer takes place only after the step change in tem-
perature takes place. The inlet and outlet temperatures of
the fluids are recorded till the steady state is reached. The
temperatures on cold outlet and hot outlet sides gradually
increase and then remain constant which is the steady state
condition. Transient response of the particular configura-
tion for the given flow rate is observed by analysing the
recorded data of temperatures at regular intervals of time.
The procedure has been repeated for different flow rates.
Now, after getting the steady state, experiment for flow
transient was carried out. Inlet flow rates were changed
through the butterfly valves. Flow rates were measured
before and after flow perturbation.

3.3. Data reduction and error estimates

Logarithmic mean temperature difference for counter
flow plate heat exchanger was calculated as
AT, — AT
ATy, = —1 21 (16)

AT,
In AT,

where AT = Tjin — Tco and ATy = T — Tein-
Reynolds number was calculated based on hydraulic
diameter (for plate heat exchangers it is 2b as H > b).
Based on the projected area suggested by Shah and
Wanniarachchhi [16] Reynolds number was calculated as

(17)

Fluid properties are evaluated at mean temperature given
by

_ Tc,in - Tc,o r Th‘in - Th,o

2 2
The over all heat transfer coefficient was calculated as
mc, (Tco - Tcin)
U = P » ? 18
AATlm ( )

Using this value of U and from the measured value of mass
flow rates, the experimental value of NTU was calculated
as

UA
NTU = T (19)

Residence time for any fluid circulating through N num-
bers of channels with a volume flow rate of 7 can be calcu-
lated as

_ NAL

v

The over all energy balance between hot and cold fluids as
follows

Tr

0 = (mcp),(Thin — Tho) = (mcp) (Teo — Tein) (20)

Effectiveness ¢ was calculated as

e — (mcp)e(Teo — Toin) (21)
(mcp)min(Thﬁin - Tc‘in)

The uncertainty analysis for all the measured and derived
quantities has been carried out. The uncertainty in the mea-
surement of temperature was £0.5%. Time constant (time
required to reach 63.2% of steady state temperature) of
the thermocouples is around 100 ms. Error in pressure
measurement across the orifice plates was +2%. Error in
discharge coefficient was 4+0.5%. Based on these values of
measured quantities maximum uncertainty in values of
mass flow rate and Reynolds number were calculated as
+5.107% and +1.007% respectively.

3.4. Results and discussion

Experiments have been carried out for flow transients in
U-type configuration of plate heat exchangers. Transient
response of plate heat exchanger with 31 number of chan-
nels, is shown in Fig. 4. It can be observed that at the
beginning all the temperatures (cold and hot inlets, cold
and hot exit temperatures) across the PHE are same. In
all the channels fluid with total flow rate of 1.3181/s
(Re =1244) is flowing. It can be seen that later there is
increase in hot inlet, cold and hot outlet temperatures, after
introducing hot fluid in hot channels with an equal flow
rate. As depicted in the figure, PHE with specific heat
capacity rate ratio of unity reaches a steady state with time,
which is disturbed further by step increment in the hot inlet
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Fig. 4. Responses of temperatures when hot fluid flow rate is increased (at
time = 50 s) from 1.318 to 1.861/s. Cold fluid is at 1.318 1/s. R =1.41.

flow rate. Hot flow rate is increased to 1.86 1/s (Re = 1756).
As it is shown in this figure, it leads to once again rise in
both the outlet temperatures. Both outlet temperatures
reach to a new steady with time, as shown in the figure.

In Fig. 5 all channels are initially supplied cold water
with a flow rate of 0.93 1/s (Re = 877). The initial part of
the figure is similar to that described in Fig. 4. But this time
hot water flow rate is kept constant and cold water flow
rate is increased to 1.318 1/s (Re = 1244). It can be clearly
observed that in the later part of the figure that represents
the flow transient, both the outlet temperatures are
decreased. They go on decreasing till a new steady state
is achieved. However during both the steady states energy
balance is checked and is found to agree within 2%.

To check the validity of the numerical scheme the results
of the numerical model have been compared with the
experiments carried out. Fig. 6 shows the comparison of
&NTU curve for steady state operation of the plate heat
exchanger. These experiments have been carried out for
31 numbers of the channels (16 cold fluid and 15 hot fluid
channels) and the NTU from the experiments were calcu-
lated using Eqgs. (18) and (19). It can be observed from
the figure that there is good agreement between model
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Fig. 5. Responses of temperatures when cold fluid flow rate is increased
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and experimental result. For flow transient case also, the
comparisons between the calculated and measured temper-
ature histories have been carried out. Figs. 7 and 8 show
temperature profiles of PHE for flow transient with step
disturbance in inlet flow rates. It is important to observe
that our focus is flow transient and hence the theoretical
model was developed with the steady state as initial condi-
tion. Hence, during flow transient only the later part of the
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Fig. 7. Comparison of model with experimental results. For R=1.41,
NTU =1.82, N=3I.
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Fig. 8. Comparison of model with experimental result. For R=2,
NTU =191, N=31.
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Fig. 9. Comparison of model with experimental result. For R=0.57,
NTU =24, N=31.

transient experiment curves (Figs. 4 and 5) has been used
for comparison. For both the cases hot inlet flow rates
are suddenly increased in order to achieve flow perturba-
tions. Experimental results are expressed in non-dimen-
sional terms in order to compare it with numerical
model. In Fig. 7 the temperature response for the flow tran-
sient when the heat capacity rate ratio has been increased
from 1 to 1.41 by increasing the hot fluid flow rate. For
Fig. 8 the same has been increased from 1 to 2. It is clearly
depicted in the figures that such cases lead to rise in outlet
temperatures. Fig. 9 shows the comparison when cold inlet
flow rate is increased and hot flow rate is kept constant giv-
ing the heat capacity rate ratio of 0.57. In all the cases even
with a number of simplified assumptions the present model
is found to replicate the experimental results quite accu-
rately. The small deviation between the model and experi-
ment can be attributed to the heat loss through the edges,
end plated and gaskets since the mismatch was found to be
of the same order as the difference in energy balance of the
two sides in the experiment.

With this validation further parametric studies have been
carried out with the model developed here. Fig. 10 shows
the response of outlet temperatures of PHE subjected to
flow transient achieved through different routes U-type
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Fig. 10. Changes in outlet temperatures for R=2 (for 31 channels,
NTU =2).

PHE with 31 number of channels, NTU =2 has been
analysed here. The PHE initially running under steady state
with a heat capacity rate ratio of unity is suddenly subject to
step flow changes at inlet. Non-dimensional cold outlet and
hot outlet temperatures variations with non-dimensional
time are shown in the figure. The figure corresponds to
the variations when heat capacity rate ratio is made double.
It is clearly indicated that both fluid stream’s temperatures
increase. Heat capacity rate ratio of 2 can be achieved in
two ways either by increasing hot inlet flow rate or by
decreasing cold water flow rate. Figure shows both the pos-
sibilities. It is interesting to note that both of these possibil-
ities do not yield identical responses in the transient regime
although the initial and final steady states are identical. In
one case the temperature rise in truly exponential whereas
in the other case it is close to linear. This can be attributed
to different ranges of flow rates of the fluids and the result-
ing heat transfer coefficients of the channels due to flow
maldistribution under these two different conditions of
flow.

In Fig. 11 it is shown that both the temperatures
decrease when heat capacity rate ratio is made half (i.e., ini-
tial heat capacity rate ratio is changed from unity to 0.5).
The initial states correspond to previous steady state which
exactly satisfies the energy balance. When the cold fluid
flow rate is raised, decrease in hot outlet temperature can
be justified as the flow disturbance increases the heat
removal capacity of the cold fluid. Alternatively heat
capacity rate ratio can be made half by decreasing the
hot fluid flow rate. Difference in the response can be justi-
fied since for both cases as heat transfer coefficient as well
as residence times undergo significant changes under the
two conditions.

So far in the discussion flow inside PHE is assumed as
uniformly distributed or m® (maldistribution parameter)
is taken as zero. Figs. 12-15 depict the transient perfor-
mance of the PHE with maldistribution. For Figs. 12-14
heat capacity rate ratio is changed from unity to 2.0 for dif-
ferent values of NTUs. In Fig. 15 heat capacity rate ratio is
made half. These figures clearly show the deterioration in
the performance of the heat exchanger with the increase
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Fig. 11. Changes in outlet temperatures for R =0.5 (for 31 channels,
NTU =2).
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Fig. 12. Changes in outlet temperatures when hot flow rate is doubled and
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Fig. 13. Changes in outlet temperatures when hot flow rate is doubled and
comparison with response considering maldistribution. (NTU =3, R=2,
N=31,m>=09).
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Fig. 14. Changes in outlet temperatures when hot flow rate is doubled and
comparison with response considering maldistribution. (NTU =4, R =2,
N =31, m*=9).

in flow maldistribution. Here it is important to mention
that, in the initial state (steady state) itself there are differ-
ences of outlet fluid temperatures between the cases of
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Fig. 15. Changes in outlet temperatures when hot flow rate is made half
and comparison with response considering maldistribution. (NTU =2,
R=0.5,N=31, m*=9).

m? = 0and m> = 9. For all the cases, with and without mal-
distribution the energy balance is satisfied after getting new
steady state. It can be observed from the Figs. 12-14 that
by changing heat capacity rate ratio unity to 2 the rise in
cold outlet temperature decreases with increasing NTU
values.

4. Conclusions

In the present work, transient performance of the plate
heat exchanger subjected to step flow disturbances has been
investigated. A model has been presented, which predicts
the performance of PHEs, subjected to perturbation in
the inlet flow rates from a steady state operation. Port to
channel flow maldistribution has been taken care, in the
model. Finite difference technique is used to solve the gov-
erning equations in order to get the steady state tempera-
ture distribution across the PHE. Taking this temperature
distribution as initial condition, governing equations for
the flow transient have been solved. For solving the finite
difference equations explicit time marching method is used.
Results have been presented for a wide range of parameters
like NTU and heat capacity rate ratio.

Experiments have been carried out for both steady and
transient operations. For the transient case, temperature
perturbation experiments were followed by flow transient
experiments. Experiments have been executed for various
possibilities of step flow transients. To check the validity
of the numerical scheme the results of the numerical model
have been compared to the experiments carried out. The
comparison indicates an excellent agreement, which vali-
dates the suggested theoretical model for flow transient in
plate heat exchangers. A further parametric study shows
that it is not only the changes in heat capacity rate but
the way this change is achieved (i.e., by changing the hot
or the cold flow rate) makes a difference in response in
the transient regime. The flow maldistribution is also found
to influence the transient response considerably. The pres-
ent analysis suggests the scope of the control system
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required to regulate the outlet temperatures of the plate
heat exchangers subjected to dynamic state. Results also
indicate the allowable time duration required for the con-
trol system to bring back a plate heat exchanger to steady
state.
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