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Abstract--Based on a dispersion model, an extensive analysis is presented for counterflow plate heat 
exchangers, which takes the deviation from ideal plug flow into consideration to predict the response due 
to temperature transients. The analysis also incorporates solid longitudinal conduction and solid as well 
as fluid heat capacities, and simulates the exit temperatures of both fluids for any given arbitrary temperature 
transient at the inlet(s). It is found that the 'phase lag effect', which is a special characteristic of plate 
exchangers, plays a significant role in the dynamic regime. The examples are presented for step and 
sinusoidal response and the effect of U- and Z-type configurations has been discussed. The method is based 
on the Laplace transform and it utilizes numerical inversion of the Laplace transform. The results lead to 
the conclusion that the effect of flow maldistribution and 'phase lag' plays an important role, particularly 
when the decreasing flow velocity in the gasket ports is taken into consideration. 

ilNTRODUCTION 

Plate heat exchangers were first introduced in hygienic 
applications such as in the dairy and brewing indus- 
tries to overcome the problem of  cleaning and main- 
tenance, which is important in such applications. 
However, in recent times they have attracted other 
users, such as in the chemical process industry and in 
heat recovery unit,;. Apart  from ease of maintenance, 
the other factor which has contributed to their fast 
growing popularity is their capability to generate 
higher turbulence at comparatively lower flow rates. 

The literature dealing with the mathematical mod- 
elling of plate heat exchangers is vast. This includes 
the numerical models of Watson et al. [1] and Jackson 
and Troupe [2], where the Runge-Kutta integration 
method has been utilized, and the analytical model 
where a system of differential equations have been 
solved by the eige:avalue method, presented by Wolf  
[3], Buonopane et al. [4] and Zaleski [5]. Marano and 
Jechura [6] have refined the analytical model to make 
it more suitable for computer simulation. It is no- 
ticeable that all these analyses simulate the steady- 
state behaviour of plate heat exchangers. The transient 
analysis of plate heat exchangers is rather rare in the 
literature. McKnight and Worley [7] pioneered the 
study with the application of  feedback control to high 
velocity flow. Zaleski and Tajszerski [8] simulated 
concurrent exchangers for transient response. Khan 
et al. [9] presented the transient analysis of a counter- 
current plate heat exchanger subject to flow transient. 
They used a frequency response technique to obtain 
the related transfer function. From the experiment 
performed by them, they suggested a second-order 
transfer function with dead time. Another novel 

approach was taken by Lakshmann and Potter [10] 
by applying the 'cinematic model' developed by them. 
This method is also based on eigensystem analysis 
applied to the fluid path, divided into certain cells 
within the flow passage. 

It is important to note that all the models mentioned 
above consider a plug flow of both fluids, ignoring 
the flow maldistribution or backmixing in them. This 
assumption is clearly a deviation from reality, since 
the effect of flow maldistribution in plate heat 
exchangers has been observed to be rather prominent 
by Amooie-Foumeny [11], Haseler et al. [12] and 
many others. The other effect which is typical of the 
plate heat exchangers is the 'phase lag effect' described 
by Roetzel et al. [13]. The flow maldistribution effect 
in shell-and-tube heat exchangers has recently been 
taken care of by introducing a dispersion term in the 
energy equation [14, 15]. The justification of con- 
sidering such a term for plate heat exchangers can 
be observed from the experimental results presented 
recently [13]. 

The objective of the present analysis is to develop a 
transient model of single pass countercurrent (both 
U- and Z-type) plate heat exchangers by applying the 
dispersion model to take care of the flow mal- 
distribution in channels. It is also important to 
observe the phase lag effect, which plays an important 
role in the transient regime. In this paper, firstly the 
governing differential equations have been derived 
with a general nomenclature chosen to describe the 
system. The equations are then transformed into 
matrix formulation using the method of Laplace 
transform. The solution to these equations has been 
obtained using the eigensystem analysis, taking proper 
boundary conditions into consideration. The results 
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NOMENCLATURE 

A heat transfer area per effective plate 
[m 2] 

A coefficient matrix for system of 
differential equations 

Ac free flow area in a channel [m 2] 
Ak, m the element of kth row and mth column 

of matrix A 
Aw cross-sectional area of the plate 

available for longitudinal conduction 
[m 2] 

B diagonal matrix, equation (41) 
C heat capacity of fluid(s) [J K- l ]  
Cw heat capacity of plate material [J K -  i] 
D axial dispersion coefficient 

[W m - '  K - q  
D matrix resulting from boundary 

conditions, equation (48) 
elements of matrix D 

f ( Z )  inlet temperature function 
F(S) Laplace transform o f f ( Z )  
h heat transfer coefficient [W m z K- i ]  
i square root of -- 1 
Ii path traversed by fluid particle before 

entering ith channel [m] 
L fluid flow length in channels [m] 
mj j-2[j/2],  wherej  is an integer 
n number of channels on one side 
N number of channels 
NTUI number of transfer units, 

[(1/U1 ) + (h i /n2)( l /R2 U2)] - I  
Pe axial dispersive P6clet number, 

riL/A~D 
R 2 capacity rate ratio in the channels, 

riz/ril 
R92 capacity rate ratio of the combined 

flow, ri~2/rigl 
Rg~ characteristic time ratio of the 

combined fluid, z,.a2/z,.g 1 
Ru ratio U2/UI 
Rp~ ratio of P6clet numbers in channels, 

Pe2/Pel 
Rw wall heat capacity ratio, C~/C~ 
R~ characteristic time ratio in channels, 

"Cr2/'~rl 
S transformed time variable in Laplace 

domain 
S matrix with inlet fluid function, 

equation (48) 
t dimensionless temperature, 

( 0  - -  Og I ,in)/(Og2,in - -  Ogl ,in) 

T temperature obtained by Laplace 
transformation of temperature t 

T temperature matrix, equation (39) 
in(At)out the temperature change of  a fluid 

from inlet to outlet [K] 
u a unit step function 
U matrix of eigenvectors of the matrix A 
uij elements of matrix U 
Ul~2) (hA/ri) i(2) 
Vr the velocity of fluid in the gasket port 

after ith channel [m s-l]  
Vg velocity of the combined fluid [m s-~] 
I;" volume flow rate [m 3 s -I] 
ri thermal capacity rate of fluid in 

channels [W K- l ]  
rig thermal capacity rate of combined 

fluid [W K -1] 
space coordinate [m] 
dimensionless space coordinate, X/L 
dimensionless time, Z/Zr~. 

X 
X 
Z 

Greek symbols 
fli j th  eigenvalue of matrix A 
~w wall conduction parameter, AwAy~rilL 
0 temperature [K] 
z time [s] 
Az time of travel in the port  (between 

channels) [s] 
2w thermal conductivity of plate in 

longitudinal direction [W m -  1 K- i ]  
z~ characteristic time, C/ri 
q~ dimensionless phase lag (cumulative 

value) 
A~b dimensionless phase lag (discrete 

value). 

Subscripts 
exit at exit 
g combined flow before splitting in 

channels or after recombination at exit 
i ith channel 
in at inlet 
w plate 
wi ith plate 
0 initial 
1 the fluid in odd channels 
2 the fluid in even channels. 

of the simulation demonstrate the effect of dispersion, 
phase lag effect and end effect, which are charac- 
teristics of plate heat exchangers. 

It is important to mention that, in the present 

model, the thermal capacity of the plates and the 
longitudinal heat conduction in them have been taken 
into consideration to make analysis more realistic. 
The model can be used as a tool to impart proper 



Analysis of plate heat exchangers 1129 

17 

w2 

x 1 

I ?  

/ / /1 / /  
w 3  w 4  w 5  w N  

2 3 4 N - 1  

/ 
wN+l 

I I 

I I I 
I I ! 

I l 
. . . . . . . .  ~_. . . . . . . . . .  ~, . . . . . . . . . .  ~; 

Fig. I. Channel and flow configuration, wl, w2 . . . .  wN+ l 
indicate the N+ l plates and l, 2 . . . .  N indicate N channels 

(odd number of channels assumed). 

control to the plate heat exchanger, which is develop- 
ing as an alternative to many other heat exchange 
equipments. 

MATHEMATICAL FORMULATION 

To model a plate heat exchanger mathematically, it 
is necessary to resort to certain assumptions. These 
assumptions are in line with the assumptions made 
for the transient analysis of shell-and-tube heat 
exchangers. The additional assumptions arise from 
the dispersion effect, which takes care of the deviation 
from the plug flow model and from the phase lag effect 
which is described later. The assumptions can be listed 
a s  ." 

(1) all flow and thermal properties are constant; 
(2) the flow velocity and the mean heat transfer 

coefficient are identical for the channels carrying simi- 
lar fluids but may be different for the two fluids ; 

(3) the thermal resistance is zero across the width 
and thickness of the plates, but it is finite along the 
plate length; 

(4) heat transfer takes place only across the plates 
and not through the sealing edges or gaskets ; 

(5) the heat exchanger is thermally insulated from 
the atmosphere ; 

(6) the flow maldistribution in the flow passages 
can be described by introducing a dispersion term into 
the energy equation ; 

(7) the exchanger is started from a uniform 
temperature. 

With these assumptions the counterflow single pass 
plate heat exchanger can be represented schematically, 
as shown in Fig. ]L. The coordinate system is chosen 

in the direction of flow through the first channel. The 
channels are named from 1 to N and the plates 1 to 
N +  1, as shown in the figure, where an odd number 
of channels is assumed, for an even number of chan- 
nels the (N--1)th and Nth channel will carry fluid 1 
and fluid 2, respectively. With this nomenclature, it is 
important to note that each plate exchanges heat with 
fluids flowing on both of its sides excepting the 1st 
and (N+  1)th plate, which are in contact with one 
fluid only. The other sides of these two plates are 
open to the atmosphere and assumed to be insulated. 
Taking energy balance over differential elements in 
the channels and plates and considering dispersion in 
both the fluids, the following governing equations can 
be derived : 

C1 80i _ A D (~20i OOi 
L Oz c 1 0X ~ --(--1)i-11~1 ~-'~ 

-'I'- (h~)Z l X (Owi -F Owl+ 1 -- 20i) 

2[ 10 
C2 OOi 020i i l OOi (hA)2 
L & - A ° D : ~ x : - ( - 1 ) - - -  w~b-2  + 2L  

Cw OOwi 02Owl (h~)L l 
L 0~ - 2 w A w ~  + (0 i - l -0wi)  

+ ~ ( 0 i - - 0 w ~ )  ( i = 2 , 4 , 6 . - . 2 [ ~ - - ~ ] ) ( 3 )  

Cw t30w~ " A d20wl (hA)2 
T aT = Zw . ~ + - ~ -  (or_, - o~,) 

G 00w| 
A a2°w' ~L)~(0 , - -0wl)  (5) L Oz - 2 w  w ~ S - +  

Cw OOwu+l O20wN+l 
- -  -- 2 w A w - -  

L Oz 3X 2 

+ (h~)L* (ON-- OWN+,) (6) 

where (hA) ,  = (hA)~ for odd N;  = (hA)2 for even N. 
The large number of variables involved in these 

equations can be reduced to a few dimensionless 
groupings which are conventionally used to charac- 
terize heat exchangers. The most important amongst 
these groups are the number of transfer units NTU,  
heat capacity rate ratio R2 and P6clet number Pe, 
characterizing heat transfer, thermal balance and dis- 
persion in fluids, respectively. The temperature, time 
and spatial coordinates can also be reduced to dimen- 
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sionless form. The total set of dimensionless variables 
chosen for the present analysis can be listed as 

Cl C2 
Trl - -  . "/~r2 ~ 7 

W 1 W 2 

(hA) ~ (hA)2 
Ul - U2 - 

~!91 I~ 2 

I 1  + n  I 1 ]-1 
NTU, = ~ nL R2U2 

w2 Rw Cw ~,2 U2 

x = X/L 

~bl L w2L 
Pel = A~DI Pe2 - A~Dz 

2wAw 

0 - -  0g l , in  
Z = z/z,1 t - 

092,in i 091,in 

With these dimensionless parameters, equations (1)- 
(6) can be recast in the following non-dimensional 
form : 

R m'+' c~ti = 1 ~2l i 1)i_ l Oti 
" c~Z Pe, (Rpe) 'n'+' Ox 2 --  ( -  O~ 

U, RN '+' 
+ ~ ( t w i + t w i + , - - Z t i )  ( i =  1 ,2 ,3 . . .N)  (7) 

Otwi 02twi ~_U' (RuRz)m,(ti_, 
R w ~  = 7w axe+ ~ twi  ~ 

U1 m 
+-~-(RNRz) '+ ' (t, -- twg) (i = 2 , 3 , 4 . . . N )  (8) 

0twl 02 twl UI 
= - -  + ~ - ( t l  --two) (9) Rw ~ -  7w ~x 2 

C3twN+ I O z twN+ 1 U l  
Rw 3Z 7w Ox ~ + ~-(RNR2)mN+'(tN--twN+,) 

(lO) 

where mj = j -  2 [j/2]. 
It is important to note that the various ratios used 

in these equations conform to their values in channels 
and not the total combined values of the flowing fluids. 
They are related to the values of ratios of the combined 
total stream as (n,) 

R2 = Rg2 ~ (11) 

(n:) 
R, = Rg~ . (12) 

The P6clet number used for the analysis cor- 
responds to its value within the channels, because in 
the present model the dispersion is considered to take 
place only within the channels and not in the conduits 
carrying the fluids to the channels. 

THE PHASE LAG EFFECT AND THE BOUNDARY 
CONDITIONS 

The special feature, which makes the plate heat 
exchangers different from shell-and-tube heat 
exchanger in respect of its entry condition in the tran- 
sient regime, is the 'phase lag effect'. This means that 
the fluid enters channel 1, 2, 3 . . . a t  an increasing 
phase lag from the time at which the combined flow 
enters the heat exchanger at point 1 (Fig. 2). In a U- 
type plate heat exchanger this effect gets even more 
increased, because the fluids from channels 1, 2, 3 . . .  
also encounter increasing amount of time delay before 
they mix up and the combined stream reaches the exit 
point 2. In a Z-type plate heat exchanger the situation 
is different. Here, unlike a U-type exchanger, each 
fluid stream travels an equal length of path within the 
heat exchanger. This means that the effect of phase lag 
at the entry of the channel is reduced by the decreasing 
phase lag of the streams from channels 1, 2, 3 . . . .  This 
effect has been assumed to be incorporated in the 
value of P6clet number in the previous study [13], 
which makes it particular to a special type of plate 
heat exchanger and obviously not applicable for the 
present differential model of the equipment. Hence a 
more accurate model specifying the entry condition to 
each channel has been utilized here. 

The phase lag before entry to the channels can be 
calculated keeping in mind that the flow rate in each 
channel carrying similar fluid has been assumed to be 
equal. Since the flow areas of the conduits carrying 
fluids to the channels are same, so the velocity of flow 
decreases in the conduit after every channel stream 
leaves the conduit (due to decrease in volume flow 
rate). This is shown in Fig. 3, where the velocities 
V I,, V2, , Vy,... are the velocities in the conduit after 
channels 1, 2, 3 . . . .  respectively. From the continuity 
condition the ratios of these velocities with the 
entrance velocity may be derived as 

V(2i- I)' I21 i 
- 1 - i ~ =  1 - 

Vgl nl 

V2r 122 i 
~-g2 -- 1 - - i= - -  = l - - -  V#2 l'/2 

( fo r /=  1 ,2 ,3 . . . x  0 

(13) 

( fo r /=  1,2,3. . .x2).  

(14) 

The time required for the fluid to travel the distance 
between the channels can be calculated as (distances 
shown in Fig. 2) 

at ,  = 6/v~, (15) 

A~2 = lz/Vo2 (16) 

A T 2 i +  1 = ( / 2 1 +  1 - -  12i - l ) t  v<~,_ ,>. 

(i = 1 ,2 ,3 . . .  (n, -- 1)) (17) 

(i = 1 ,2 ,3 . . .  (n2-- 1)). 

(18) 
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Hence the dimensionless phase lag between the 
entrance of consecutive channels may be expressed as 

A~), = A'ci/'Crl. 

The total phase lag at the entry of each channel is 
the cumulated sum of the phase lags given by 

2i--1 
q~21-, = ~ Aq52j-, ( i =  1 ,2 . . .n , )  

j = l  

2i 
dp2 i = ~ A(oaj (i = 1,2...n2). (19) 

j=l 

The phase lag encountered at the exit of the chan- 
nels to arrive at the exit point can be computed in 
a similar way. Under the condition of dimensional 
symmetry in construction, as shown in Fig. 2, the 
relationship for this phase lag at exit reduces to 

~)i, exit = ~i  (20) 

for a U-type plate exchanger, and 

~i,~x~t = q~.-; , (21) 

for a Z-type plate exchanger. 
With this definition of phase lag, the boundary con- 

ditions for equations (7)-(10) may be written in 
accordance with Danckwerts [16] as: 

a t x = 0 :  

1 dt; 
li Pe~ ax 

a t x =  1: 

1 Oti 
t; + - -  

PelRpe Ox 

- f,  ( z -  4 0 u ( Z -  ca,) 

(22) 

~ = 0 i = 2, 4, 6 . . .  2 (23) 

Otwi 
- 0  ( i =  1 , 2 , 3 . . . N + 1 )  (24) 

Ox 

-f:(z-O,)u(Z-Oi) 

Oti 
- - = 0  
0x 

212]) 
(,= 2i ]- 0 (26) 

~lwi 
- 0  ( i =  1 ,2 ,3 . . .N+1) .  (27) 

Ox 

SOLUTION FOR TEMPERATURE DISTRIBUTION 

The 2N+ 1 partial differential equations expressed 
by equations (7)-(10), along with the boundary con- 
ditions (22)-(27), describe the mathematical model 
presented in the current analysis. The initial condition 
for both the fluids and the walls may be taken to be 

uniform, since only starting from uniform tem- 
perature (cold state) is considered. Thus 

li, 0 = twi,O = O. 

This system of differential equations can be solved 
by taking the Laplace transform with respect to the 
reduced time variable Z. With this operation, the sys- 
tem of equations (7)-(10) is transformed into 

d2 Ti 
dx 2 = Pe,R'~+, (R'~,+,S+ U~R~v '+') T; 

dT; U~ 
+(--1) i-1Pe,R";g+, dx 2 Pe, (RpeRu) m,+' Twi 

UI 
2 Pe, (RpeRu) '',+~ Tw,+, (28) 

a t x  = 0: 

1 dT; 
T i -  -- Fl(S)e-<S 

Pel dx 

1,3,  21%,) 
  ':0dx ,33, 
dTw; 

- 0  ( i=  1 , 2 , 3 . . . N + 1 )  (34) 
dx 

a t x =  1: 

1 dTi 
T ; + - -  

Pel Rpe dx 

dT, 
- 0  

dx 

drw, 
dx 

F2(S) e-*," 

(i  = 2 ,4 ,6 . . . 2  I N ] )  (35) 

( i =  1,3,5. . .  2 [ - ~ - - ~ 1 -  1 ) (36) 

- 0 ( i =  1 , 2 , 3 . . . N + 1 ) .  (37) 

(32) 

d2 Twi [ UI m 
= 7w ] ~RwS+ ~ -  (RNR2) ' 

dx 2 

+ ~-(RuR2)m'+' } Tw; 

_ _ 7 w  I U I  ~-(RuRv)m; T i_ l -7 ;  ~ (RuRz) m'+' Ti (29) 

d 2 Twi ( Ul \ I Ul 
dx 2 - 7 ~  j -RwS+ ~-)Tw;-Yw -~-T~ (30) 

dx 2 7w I R w S +  (RNR2) mu+l 

U1 
x TwN+,--Tw' ~-(RuRz)"~'+'TN. (31) 

Similarly the boundary conditions, equations (22)- 
(27), can also be transformed into : 
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The system of  transformed equations (28)-(31) can 
be expressed by matrix notation as 

dT 
dx AT (38) 

where the vector T is given by 

T = (T~,  T2 . . . . .  7~, dT~ dT2 dTu  
\ d x '  d x  . . . . .  d x  ' 

Twl, Tw2 . . . . .  TwN÷l,dTwt dTw2  dtwN+l.'~ T 
dx ' dx . . . . .  dx // (39) 

and the coefficient matrix A can be written as 

Ai, N+i = 1 AN+i,i = Pel (R~,+~ S +  U 1 RNmi+l) Rpemi+' 

AN+,,N+~ = (--  1) ' - ]  Pej (Rpe) m,+, 

AN+i, 2N+i = --  Pel (RpeRN) 'n'+l ~ -  

Au+i 2N+i+ ~ = -- Pel (RpeRN) mi+' U1 
' 2 

( i =  1 , 2 , 3 . . . N )  

A2N+i. 3N+I+I = 1 ( i =  1 , 2 , 3 . . . N + 1 )  

U] 
A 3 N + 2 , 1  = - - 7 ~ ¢  1 -~ - -  

A, 

g,~  -1 
A3N+2,2JV+I = R w S + - ~ - ) y w  

A4N+2 N = -- 7w 1 (RNR2)mN+I U_~ 1 
' 2 

A4N+ 2, 3 N +  1 ~--- 7 w  1 . Rw S_{_ - -2  (RNR2)mN+, 

1 U I  m 
A 3N+ 1 +i,i = -- 7,7, - ' f  (RNR2) '+~ 

U1 m 
A 3,v+ ] + i, i-  ] = -- 7i,: 1 2 -  (RuR2)  ' 

~43N+I+i2N+I = 7 w  1 {RwS+ U I  m . ~ -  (RNR2) ' 

+ ~--L1 (RNR2) ~,+l } 

(i = 2 , 3 , 4 . . . N ) .  

All elements of matrix A other than those described 
above are zero in magnitude. 

The solution to equation (38) can be obtained by 
deriving the eigenvalues flj and eigenvectors [uj] of the 
coefficient matrix A. This is a simple boundary value 
problem with distance coordinate as the only variable. 
The solution is 

T = UB(x)D (40) 

where B(x) is a diagonal matrix : 

B(x) = diag {e ~ ,  e &~ . . . . .  e B . . . .  ~}. (41) 

The matrix U is one whose columns are corresponding 
eigenvectors of A, and D is a coefficient vector which 
depends on the boundary conditions given by equa- 
tions (32)-(37). The fluid and wall temperature dis- 
tribution can thus be expressed as 

4 N +  2 

T , =  ~ 4uoeaJ x (42) 
j = l  

4 N + 2  

Twl = ~ ~UN+ijeaJ x. (43) 
y = l  

The derivatives of these temperatures can be expressed 
a s  

d T  4N+2 
- ~  : j~=, 4uN+i,jet3J x (44) 

dTwi 4N+2 
- ~, ~u3u+l+ijeaJ x. (45) 

dx j= ] 

The coefficient matrix D can be determined by 
applying equations (42)-(45) to the boundary con- 
ditions (32)-(37) to obtain the matrix equation 

W D  = S. (46)  

Obviously the right-hand vector S contains the inlet 
temperature function along with its phase lag and can 
be written as 

S = [F~ (S) e -°,s, F 2 (S) e-O2s, F 1 (S) e -*~s, 

F2(S) e -°,s . . . . .  F x ( S ) e - ~ ' ~ , O , O , O . . . 0 ]  (47) 

where K = 1 for N odd ; = 2 for N even. 
Hence D can be obtained from 

D = W - I S ,  (48)  

However, the solution expressed by equations (42) 
and (43) exists only for distinct eigenvalues flj. For  
multiple eigenvalues the method of adding small par- 
ameters as expressed in ref. [14] can be adopted. 

TEMPERATURE RESPONSE 

The solution obtained in the preceding section 
expresses the temperature response in the frequency 
domain. To obtain the response in the time domain, 
an inverse Laplace transform is performed. It is 
implicit that the only way of inverting the complex 
solution T is by the numerical method. In this paper 
the Fourier series approximation method for numeri- 
cal inversion of Laplace transform [17] has been used, 
because it is applicable to both step and oscillatory 
responses. For any function g(Z) with a Laplace trans- 
form G(S) it can be expressed as 

exp (aZ) [1 
9 ( Z ) -  ~ ~G(a)  

+ R e k ~ _ _ i G ( a + ~ ) ( - 1 ) ~  1. (49) 

The constant a is chosen in the domain 4 < a Z  < 5 
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to min imize  the  t r u n c a t i o n  error .  F o r  a p la te  
exchanger ,  since the  r e sponse  f r o m  each  channe l  is to  
be ca lcula ted  at  the  t ime w h e n  it reaches  the  c o m b i n e d  
exit, it b e c om e s  very t ime c o n s u m i n g  to calcula te  the  
r e sponse  f r o m  e q u a t i o n  (49). I t  can  be fu r the r  s im- 
plified by us ing F a s t  Fou r i e r  T r a n s f o r m .  Subs t i tu t ing  
Z = 2nZ/M, e qua t i on  (49) yields 

g(Z.) ) 
{. 2~znk~ 1 1 (50) 

The  te rm ind ica ted  by s u m m a t i o n  is ob t a i ned  by  

(a) 

(b) 
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Fig. 4. Effect of  number of  channels on the exit response due to a step change of  the inlet temperature of 
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(a) Fluid 1, (b) fluid 2 ; ( ) U-type, ( . . . . . .  ) Z-type. 
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Fast Fourier Transform at every point Z, in the 
assigned domain. With this algorithm, the step 
response results the steady-state response for Z ~ ~ .  
This, in fact, can be used as a test for correctness of 
the simulation, since 

in(All)out = -Rg2,.(At2)out at steady state. 

RESULTS AND DISCUSSION 
By applying the above-mentioned method, the 

response for all sorts of temperature transients can be 
calculated due to change in either of the fluid inlet 
temperatures (or both). Some examples are presented 
here. The examples are chosen for realistic values of 
heat exchanger parameters such as NTU, R~,2 and 
geometrical configuration. The entry temperature of 
fluid 2 is assumed Lo change with time. The main two 
types of change, namely, step and oscillation, which 
are the most common types of disturbances, have 
been chosen as examples. The plate spacing has been 
considered to be 4% of the effective length of the 
plates, and the circular inlet and outlet ports where 
flow bifurcation and mixing occur have been chosen 
to give equal P6clet number in all the channels. 
However, the method applies equally well to cases 
with different Peclet number in hot and cold channels. 

With the values of Rw = 0.2, R~ = 1.0, Rq2 = 1.0, 
RN = 1.0, NTU~ = 1.0, 7, = 0.1 and Pe = 5.0, the step 
responses have been calculated for a varying number 
of channels so as to get the effect of 'phase lag', which 
increases with number of channels. These results are 
depicted in Fig. 4. It is interesting to note that, in all 

the cases, the outlet temperatures of hot and cold 
fluids differ for U- and Z-type configuration, and the 
difference between the two types increases with the 
number of channels. This is expected because, with 
increasing number of channels, the 'phase lag effect' 
increases, which makes the U-type plate exchanger 
quite different from the Z-type. It is also important to 
note that, in U-type plate exchangers, the time lag in 
temperature response is less than that in the Z-type, 
which is also explicable from the fact that in Z-type 
configuration the fluid has to travel across all the 
channels to give a temperature increase at the outlet, 
while in U-type the temperature increase is sensed 
earlier at the outlet due to a quicker response from 
nearer channels. One interesting point to note is the 
outlet temperature of the hot fluid. Here it is observed 
that, in U-type configuration with higher numbers of 
channels, the response does not rise smoothly to the 
steady-state value, but shows some oscillations. This 
feature is found to be absent in Z-type configurations. 
With an extensive survey of results, it has been noted 
that any fluid which undergoes added up phase lag in 
entry and exit undergoes such swings. To clarify this, 
examples are presented for the case where a step 
change has occurred in both fluid entry temperatures 
(Fig. 5). Under such conditions the exit temperatures 
of both fluids are found to swing before attaining a 
steady-state value. In all the cases this feature has 
been found to be absent in Z-type and in the fluid 
which does not experience phase lag at the entry. 
To draw a conclusion about the origin of such 
swings, further sets of examples have been presented 
in Fig. 6, where the hot side fluid exit temperature is 

B 
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Fig. 5. Exit temperature response of both the fluids with a step increase in both the fluid inlet temperatures 
for a U-type plate exchanger. Rw = 0.2, Re = 1.0, Ra2 = 1.0, RN = 1.0, f~(z)=f2(z)= 1.0, N =  10, 

NTU~ = 1.0, y, = 0.1 and Pe = 5.0. 
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Fig. 6. Comparison of temperature response between the varying velocity and constant velocity (in the 
port) model in fluid 2. Rw = 0.2, R, = 1.0, Rg2 = 1.0, RN = 1.0, f~ (z) = 0, f2(z) = 1.0, NTU~ = 1.0, ~ ,  = O. 1 

and Pe = 5.0. ( ) Varying velocity model, ( . . . . . .  ) constant velocity model. 

calculated for both the present model of 'phase lag' 
[equations (13)-(21)] and a simple 'phase lag model', 
where the velocity of fluid is assumed to be constant, 
not only in the channels, but also in the port between 
them. This physically means that the port which car- 
ries the fluid to the channels is a conical one, so that 
the loss of velocity due to departure of fluid at the 
channels is compensated by the gain in velocity due 
to its decreasing cross-section. Under such an assump- 
tion the phase lag can be expressed by the simple 
expression 

~,  _ l j V g  

where Vg is the constant velocity in the port. It has 
been observed in Fig. 6 that the temperature swing of 
the hot fluid disappears under such an assumption, 
even for U-type configuration. From this it can be 
inferred that this swing in temperature response is due 
to the decreasing velocity of the fluid in the original 
model, which gives rise to more 'phase lag', and it 
becomes prominent when such phase lags get added 
in a U-type heat exchanger with the fluid which under- 
goes a temperature rise at the inlet. With constant 
fluid velocity in the port, the phase lag remains at a 
lower order of magnitude and the swing in tem- 
perature cannot be observed. 

The effect of dispersion on the cold and hot fluid 
outlet temperatures has been enumerated with Fig. 7. 
Here, for a plate exchanger with six channels, the 
transient responses for P6clet number in the range 

2.0 < P e  < 20.0 has been calculated. The hot side tem- 
perature is found to decrease with the increase in 
P6clet number, while that of the cold side is observed 
to increase with it. This can be well explained by the 
fact that dispersion is virtual conduction in fluid, and 
hence it degrades the thermal performance of the 
equipment. 

The temperature responses due to simple sinusoidal 
oscillation in the inlet fluid temperature of side 2 have 
been presented in Fig. 8. It is interesting to note that 
the uneven temperature rise which was obtained in 
step response is not present here because of the fact 
that, whatever the phase lag, the response from each 
channel will be a sinusoid and they add up to give 
another sinusoid. The phase lag here only contributes 
to the phase shift and the amplitude attenuation of 
this sinusoid. Figure 8(a) and (b) shows that this is 
manifested as the difference between U- and Z-type 
exchangers, which increases with increasing number 
of channels. Here also the initial response lag is found 
to be less for U-type exchanger than Z-type, which is 
quite logical. The effect of P~clet number on sinusoidal 
response is depicted in Fig. 9. It is found that the 
increase in P6clet number attenuates the amplitude 
of oscillation in the hot side, while it increases the 
amplitude of the cold side. 

The effect of other parameters, such as N T U  and 
R2 is not presented here due to space limitation. They 
also show the expected behaviour with dispersion 
playing an increasingly greater role with increasing 
values of N T U .  
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Fig. 7. Effect of P6clet number on the exit response due to a step change of inlet temperature of side 2 in a 
U-type exchanger. R,  = 0.2, R~ = 1.0, Rg2 = 1.0, RN = 1.0,fl(z) = 0.0,f2(z) = 1.0, NTU~ = 1.0, V, = 0.1 

and N = 6. (a) Fluid 1, (b) fluid 2. 

CONCLUSIONS 

In order to predict temperature transients in a plate 
type heat exchanger an analysis has been presented 
with dispersion in the fluids so as to take care of  
the flow maldistribution. The method is efficient and 
versatile in predicting the transient behaviour which 
may occur due to step, sinusoidal or  any other dis- 
turbance. It  is important  that the model  takes care of  
the longitudinal conduction in solid plates and the 
heat capacities of  the solid and fluids. With a dis- 
persive P6clet number introduced to take care of  the 

deviation from plug flow in the channels, the model  
formulates the problem in the form of  a set of  partial 
differential equations which are solved by using 
Laplace transform. To obtain the responses in the 
real time domain, numerical inversion of  the Laplace 
transform has been utilized. 

The plate heat exchangers are different from shell- 
and-tube heat exchangers in the sense that fluids enter 
the channels of  such exchangers with increasing phase 
lag. The effect gets multiplied in a U-type exchanger. 
The present analysis incorporates this effect and it is 
observed that the effect increases with the number  of  



1138 

(a) 0.3 

0.2 

0.1 

T - -  

• ,-' 0 

-0.1 

-0 .2 

-0 .3 

(b) 0.6 

¢Xl 

S. K. DAS and W. ROETZEL 

_ N=6  

/ " ~  "" "~ " ""  2 

12 

• " \  j 

\ , / "  

. . . .  , . . . .  , . . . . . . . . . . . . . . . . . . . . .  , , , i , ,  

1 2 3 4 5 6 7 8 

z 

, ~,~" ~ N=6  

"X 2 

°~  

/ 

0.4 

0.2  

',-' 0 

-0.2 

-0.4 

-0 .6  . . . .  , . . . .  , . . . .  , . . . .  , . . . . . . . . . . . . . . .  , , , , 

1 2 3 4 5 6 7 

z 

Fig. 8. Effect of number of channels on the exit response due to a sinusoidal variation of the inlet 
temperature of side 2. Rw = 0.2, R, = 1.0, f,(z) = 0.0, f2(z) = sinz, NTU, = 1.0, 7w = 0.1 and Pe = 5.0. 

(a) Fluid 1, (b) fluid 2 ; ( ) U-type, (- . . . . .  ) Z-type. 

channels for both step and sinusoidal response. The 
manifestation of the effect is observed in the form of 
difference in response between U- and Z-type 
exchangers. It is important  to note that, when the 
decreasing velocity in the gasket port  is accurately 
calculated, a swing in temperature rise is observed in 
the fluid in which step change takes place at the entry. 
The influence of flow maldistribution is found to result 
in degradation of thermal performance of the heat 

exchanger. P6clet number  is the quantitative indicator 
of this effect, which affects the temperature history 
resulting in either amplitude at tenuation or decreasing 
steady-state temperature, depending on the type of 
temperature transient that has taken place. The analy- 
sis clearly indicates the necessity of incorporating the 
phase lag and dispersion effects in the transient behav- 
iour of plate heat exchangers irrespective of the type 
of temperature transient taking place. 
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