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Abstract-—The dispersion model is applied to the description of the effects of shell and tubeside flow
maldistribution. By means of this model, an efficient and versatile method of predicting transient response
of multipass shell and tube heat exchangers is developed. The method allows for effect of maldistribution
on transient process, influence of heat capacities of fluids and solid components, arbitrary inlet temperature
variations and step disturbances of flow rates. General forms of initial conditions and two different flow
arrangements are considered. A general form of the solution for steady-state and dynamic simulation is
derived. Temperature profiles are determined with numerical inversion of the Laplace transform. Some
examples are calculated and the effect of maldistribution is discussed.

1. INTRODUCTION

THE TRANSIENT performance of a shell and tube heat
exchanger mainly results from inlet temperature and
flow variations. Such disturbances may occur on both
shell and tube sides simultaneously or separately.
There are plenty of published papers which separated
the above-mentioned two types of inlet changes. They
were engaged either on responses to inlet temperature
changes [1, 2] or to flow variations [3, 4]. Stainthorp
and Axon [5] described the dynamic behaviour of
multipass heat exchangers subject to steam tem-
perature and steam flow perturbations by the modified
one-pass model. Forghieri and Papa [6] set up three
different models of a counterflow heat exchanger with
temperature disturbances and step flow variations and
obtained the asymptotic solution to step variations of
the flow rate by means of the Laplace transform. All
these works are based on the conventional plug-flow
model, i.e. no dispersion (or backmixing) occurs in
the flow direction and the axial velocity of process
fluid is uniform. Xuan and Roetzel [7] applied the
shellside dispersion model to predicting dynamic
response to both arbitrary temperature changes and
step flow variations in parallel and counterflow heat
exchangers and showed good agreement between the
theoretical and experimental results. However, only
the sheliside flow maldistribution was involved.
Generally, flow maldistribution can take place on
both shell and tube sides. The complicated shellside
geometrical structure and manufacturing clearances
induce non-uniform distributions of fluid such as leak-
age, bypass and backmixing [8]. On the other hand,

the tubeside fluid may not be evenly distributed
among parallel channels in a pass because of different
pressure drops in channels which is more severe for
laminar flow. For fixed-tubesheet or floating-head
type exchangers, the tubeside fluid is stirred in the
headers and this effect on stationary and transient
process cannot be described by the plug-flow model.
In general, poor flow distribution causes degradation
in performance of exchangers, especially for
exchangers with greater number of heat transfer units
NTU.

Based on the dispersion model rather than the ideal
plug-flow model, in the present paper a new method is
developed to predict transient behaviour of multipass
shell and tube heat exchangers subject to arbitrary
temperature variations and step flow disturbances
with regard to shell and tubeside maldistributions. In
order to provide a versatile solution, the derivation
involves the influence of heat capacities of both fluids
and the capacities of shell and tube wall. Two different
flow arrangements and arbitrary number and different
size of tube passes are included. In addition, non-zero
initial conditions are allowed. The Laplace transform
is used to convert partial differential equations into
ordinary differential equations and the temperature
profiles in time domain are obtained by means of
numerical inversion.

2. MATHEMATICAL FORMULATION

The following assumptions are necessary for mod-
elling transient process of multipass shell and tube
heat exchangers:
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—
NOMENCLATURE
A heat transfer surface area [m?] x dimensionless space coordinate, //L
A, transverse area of flow [m?] z dimensionless time, t/t,,.
C heat capacity [JK ']
coef ratio of U to Uy, U,/ U, Greek symbols
D dispersion coefficient or apparent heat s eigenvalues
conductivity [Wm 'K" ] { temperature [K}
fi(2), f2(z) inlet temperature changes 0, reference temperature [K]}
F\(s), Fy(s) transformed forms of f(z) and /. heat conductivity [Wm 'K~ '] also
f>(2) in the image domain cigenvalues
g,/{x) initial conditions defined in equation (11) o ratio of flow rates before and after a step
h heat transfer coefficient [Wm~ 2K~ "] flow disturbance
I flow arrangement i, as shown in Fig. | T time [s]
11 flow arrangement I1, as shown in T, residence time of fluid in the heat
Fig. | exchanger [s].
/ distance of flow from the entrance of ‘a
shellside fluid [m] Subscripts
L total length of flow path [m] 0 initial state
N number of tubeside passes 1 shellside fluid
NTU number of transfer units [dimensionless}] 2 tubeside fluid
Pe Péclet number defined in equations (7) e exit
and (8) S shell
8 parameter of the Laplace transform w tube wall.
dimensionless temperature,
(0—0,)/(0,,—0.) Subscript
W thermal flow rate (heat capacity flow ' inlet
rate) (WK '] g exit.
(1) All thermal properties are constant. 30, . 08, C, 08,
(2) The heat transfer coefficient is constant within AaD,- arr -, ol T L ot
any tubeside pass, but it may vary from pass to pass.
(3) The effect of maldistribution can be described Z (hﬁ)i' 0,—0,)— (JA): 0,-0)=0 (2)
by a dispersion term in the energy equation.
(4) The tube wall possesses the infinite and zero heat 020 20 A
.. . . 2i Oy Cy 00y
conductivity normal and parallel to the flow direction, Aq,,D7, Rt +(—=1DW,- 2T L e
respectively. ’ o
(5) The outside shell surface is adiabatic from the _ (hA)y, ) ;
environment. - ,; 0,~0,)=0 (i=12...,N) (3

The scheme of multipass shell and tube heat
exchangers (designated as 1 —N) is shown in Fig. 1,
where the origin-point of the coordinate system is
always located at the entrance of shellside fluid.
Instead of the ideal plug-flow model, one applies the
dispersion model to deriving the governing differential
cquations. For this purpose, auxiliary variables 7, and

I, (i=1,2,..., N)are introduced as follows:
, . a0,
W\, = W0, —-LA, Dl"';l

, , ) a0,
Wty = W?_f()’lli(—l)lLAq?JDzi ol

(1)

In these two expressions the first term on the right
side corresponds to the convective part and the second
term the dispersion part. Therefore, the governing
equations are written:

where the positive sign (+) and the negative (—) of
(4) in equation (3) are valid for flow arrangement 11
and flow arrangement I, respectively. With respect to
influence of heat capacities of shell and tube walls, the
corresponding energy equations are as follows :

A

ot

0 OW,

C, = —(hA) (0, —0,)) — (hA) (05, —0,,) = 0

(i=12...,N). (5

In equations (4) and (5) no axial conduction term
exists since it may be neglected according to separate
calculations [9]. The coefficient D appearing in equa-
tions (1)—(3) is called the axial (or longitudinal) dis-
persion coefficient (or apparent heat conductivity).
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Fi6. 1. Schematic representation of multipass shell and tube heat exchangers.

As a matter of fact, it consists of the following two
parts : the heat conductivity A, of fluid and the eddy
diffusion coefficient D, caused by flow maldistri-
bution, i.e. D= D¢+4. If the flow is pure plug
flow and no eddy diffusion occurs, D; = 0. C, rep-
resents the total heat capacity of the shellside fluid
which includes both the fluid part within the tube
bundle and that between the bundle and the sheli, C,;
the heat capacity of the tubeside fluid remaining in
tube pass i and inside the corresponding headers (if
the fixed-tubesheet type or the floating-header type
of tubeside construction is used), and C,, the heat
capacity of the wall of tube pass i. With regard to
baffles and end plates, one can approximately dis-
tribute the heat capacities of these components among
all tube passes. In this case, C,,, is replaced by

Ch=Cull+7) ©

where C¥; is the apparent heat capacity of tube pass
i and 7, a parameter for solid components such as
baffles and end plates. The value of y, may vary with
tube pass. Thus, the influence of these components on
transient performance of heat exchangers can be taken
into account. If this influence is negligible, y; = 0. For
simplicity, the asterisk ‘*’ is omitted in the following
analysis. The thermal flow rate W, does not change
from pass to pass, but the heat capacity C,; may be
different among tube passes according to the given

geometric dimension of exchangers. To facilitate
further derivation, residence times t,,, 7,, and some
parameters are defined as follows :

& & _ K
Ty = W{ s T = Wz s Tru T Wz:‘,
e 1
| B W2 - R2 )
1 1 1 ! U, U,R,
NTU, = + =
W, [(hA)l (hA)J U +U,R,
(hA4), (hd), (hA);
Ur*“‘“ﬁ;l*, Uz—-W—z, Uu—"W’—-,
{hA)y {hA), Ay, Uy
U D e m— = 03 i~
b} W2 » Us W{ » 8{1 (kA)[ U[ 3
(hd)y Uy Cy Cui
Bgp = o = sy Cq = A & T
), U, C, Cy
where

N N
(hd), = Z (hA)\;, (hA), = Z (hA) 5,
i= 1 i=1
N N
Cy= Y Cy and C, =Y C,.
i=1 i=1

Obviously, there are the following relationships :
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N

N
ex=1 > e, =1
i=1

N
Yey=1,
i=1
N

st, =1

i=1

i=1
and

Teai = & Tra-

The other dimensionless parameters are defined as

Tp ¢, R, 1

R, =-" Ry=2'==t= "

o . C, R, R,
R e 2 — Cu R - C,
Y G+ G, Yo+, e

Dh (jlf
oy = - =
YT 1+R,T YT RA(1+R.)

Insertion of the dimensionless space variable x = //L,
the dimensionless time z = t/1,,, the dimensionless
temperature ¢t = (0—0,,)/(0,,—0.,) and the above-
defined parameters into equations (1), (3), (4) and
(5) yields :

1 8%, o, ot

Pe, 0x*  ox 0z

__i Uty —t,)— Uty =) =0 (7)

1 8%ty " 1),012, R Ot 5;
Pey ox® T ox Pt Tas
- UZI ([21’ _twi) = 0 (8)

~

ot
R,, oz —oy(fy ~ ) =yt —tw) =0 (9)

RR,(1+Ry) ‘;5 Ut ~1) =0 (10)
where Pe is the Péclet number whose definition is
given by Pe = WL/A,D. It quantitatively describes
the efffect of maldistribution on transient behaviour.
For plug flow D = 0 (heat conduction in fluid is gen-
erally negligible) and Pe — oo, so that equations (7)—
(10) are reduced to the same form derived by the ideal
plug-flow model [10]. The actual flow pattern in heat
exchangers interposes between axially unmixed plug
flow and perfect axial mixing and the value of Pe lies
in the range 0 < Pe < oo. The general forms of initial
temperatures are expressed by

H(x,0) =g,(x), £(x,0)=g.(x)
12(%,0) = g2(x), 1,:(%.0) = gu (%)
(i=12,...,N). (1

All these functions are dependent on the temperature
distributions at the instant of a new transient process.
Equating the heat flux due to convention just outside
the entrance (or exit) of heat exchangers with that due
to convection and dispersion just inside the entrance
(or exit) of heat exchangers [11], one obtains the
suitable boundary conditions pertinent to the dis-
persion model. The shellside boundary conditions
are :
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1 az._ () a0
fl_Pe] 6x—f|(4) at x =
and
oty
= =0 atx=1. (12)
éx

Similarly, one has the following tubeside boundary
conditions. For flow arrangement 1 :

I+ bodn M(z) atx=1
21 Pey, Ox = fr(z) atx=
and
Otoy
s 0 atx=0(ddN) oratx=1(even N)
(13)
and for flow arrangement I1:
1 dry, .
BT e x T Jf2(2) atx=0
and
Oty
A 0 atx=0(ven N) oratx=1(oddN)
(14)

where f|(z) and f5(z) indicate any arbitrary shell and
tubeside inlet temperature variations, respectively.
These changes may take place simultaneously or sep-
arately. The other (2N —2) necessary conditions are
interface conditions between adjacent tube passes at
location x = 0 and x = 1. They are listed in Table 1
in which ¢,,, , represents the intermediate tem-
perature of the tubeside fluid between two adjacent
passes.

If step disturbance of flow rates occurs, derivation
becomes somewhat complicated. Using the subscript
‘0’ to express the initial state before the step change,
onedefinesa, = u,/u;pand o, = 6, = Uy, tt5;. If flow
patterns remain the same, i.e. laminar or turbulent
before and after the disturbance, the heat transfer
coefficient 4, and /., can be expressed as

hy =ovhy (15)

where the exponent n, depends upon the value of the
Reynolds number, the geometric characteristics and
the arrangement of tube bank. The average value is
n, = 0.63 for in-line bank and », = 0.6 for staggered
bank in the range 10° < Re, < 2 x 10°. The exponent
n, depends upon the flow pattern in tubes and n, = 0.8
for fully developed turbulent flow in a smooth circular
tube. The thermal flow rates W, W, and other afore-
defined parameters are rewritten as follows:

and  hy = phyy

W, = W0, W,=W,0,
_—Crlo _Tr2()
Tn =75 Tnp=
] Gy
[ )
R.=R;,—, R, = R\,—
(253 <51
- a1
U, =Uov™ ", Uy= Uy .
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Table 1. The interface conditions for #,(x, z)
x=0, z=20 x=1, z20
boi = byt = lojigy by = boipy = Iyiiva
1 3ty 1 Oty R 1 0ty
Pe,, 0x Pey,, Ox Pe,, 0x  Pey,, O0x
even N
1 i=13...,N-1 i=2,4,...,N=-2
1I i=2,4,...,N=-2 i=13...,N-1
odd N
I i=1,3...,N=-2 i=24, ,N—1
1I i=24...,N-1 i=1,3, ,N=-2
If there are only temperature changes at inlets, R,
o mentioned hs(x) = = g, (),
g, = 6, = 1 and all the above-mentioned parameters o+ 0o+ Rys
are constant; otherwise ¢,%# 1 and o, # 1. For
(2N+2) partial differential equations (7)—(10), the ) = — Rl tR)
Laplace transform is used to reduce the number of Us+ RR, (14 Rp)s
the equations. U-smg sas the Laplace paramet§r with By introducing the following variables
respect to the dimensionless time z, one obtains the
i i ~ dT ~ dTy
.fo'llf)wmg t'rafnsformed equations under the general o= and Ty =% (=1,2,...,N),
initial conditions (11): dx dx

a’T dTr
Hx’;_ EIF;=P€,<S+U|+US
N v? )T
Soytay+Rs  RR(1+Ry)s+ U !
N
e,000,U4
— P —— T, 1
eli;lali+a2i+Rwis athi) (16)
&7, ., dTy,
dx? +(~1) Pey dx
_ Pejier0),U,
B 0+ 0o+ Ryus :
£2,0,U>
_P62i<ot,,-+oc2,-+Rwis —&uR.s 82iU2)T2i
+hy(x) (G=1,2,...,N) a7n
_ o Tita, Ty .
Tw{_ali+a2i+Rwis Tha®) (=12...N)
(18)
UsTl
T, = 1
TRR(+R)s+T, THE (19
where
N U,R,;
h = —P — 4.
1(x) el[gx(x)+i§l eyt Ros Gwi (%)
(]slast(1 +R02)
gs(x) |,
Us +Rst(l +Rc2)s

U,R.;
ha(X) = — Pey| & ) _ Yatw
2. (x) € [8 RthI(x)+ ali+a2i+Rwis gw1(x)]’

equations (16) and (17) are replaced by (2N +2) first-
order differential equations which are expressed in
matrix notation

g = AT +H(x) (20)
where vector
T=(T21,Tozs- s Tows Tors Tony oo, Tones Ty, T)T
and

H(x) =[0,0,...,h5,(x), hs2(x), .. ., han(%),0, A, (x)]T

and A is a 2N+2) x (2N +2) matrix whose elements
are given by equations (16) and (17). Since A is a
constant matrix, one is able to find the closed solution
to equation (20). With (2N+2) eigenvalues {8}
(j=12,...,2N+2) of A and the corresponding
eigenvectors {u;}, one can build the solution to equa-
tion (20), although equation (20) is a boundary value
problem rather than an initial value problem. A
general form of the solution yields

T =e™*D*4e™* fe"" H(x") dx’. 21

Since e’*=Ue® U~' and e’ D* can be always
converted into U e#* D, one has

T= UeB*D+JU Fe-I U H(x) dx' (22)

where e®* is a diagonal matrix, i.e.
e® = diag {ef1*, ef>", ... efaw2¥),

Uis a QN+2)x (2N+2) matrix whose columns are
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the corresponding eigenvectors, i.e. U= {m,u,,...,
Uy, . and D (or D¥) is a coefficient vector which
must be determined according to the boundary con-
ditions. The necessary condition of solution (21) or
(22) is that all eigenvalues are distinct. In general. the
eigenvalues of A in equation (20) describing transient
behaviour of multipass shell and tube heat exchangers
are different from each other. If there exist some eigen-
values of multiplicity m (m > 1), one must build anew
the solution to equation (20) and it is a somewhat
awkward task. An approximation method can avoid
such a difficulty. Introducing an infinitesimal par-
ameter ¢ (for example § = 10°%), one changes the
value of ¢; by adding or decreasing J under the con-
straint 2 ¢, = 1, so that one may have distinct eigen-
values again. Such a slight change of ¢, causes almost
no changes of calculated temperature profiles and the
overall accuracy is not affected.

Insertion of the boundary conditions (12)—(14) and
the interface conditions listed in Table 1 into equation
(22) leads to the following matrix equation

WD = F+S (23)

where W is a (2N+2)x (2N+2) matrix whose
elements are prescribed by the aforementioned deter-
minant conditions. It varies with number N of
tube passes as well as flow arrangement. Vector
F =1[0,0,..., Fy(2), F\(2)]" if the inlet conditions are
placed in the last two rows of matrix equation (23),
and vector S = (5(,85....,5:x42) is determined by
the second term on the right side of equation (22), i.c.
s, =0 or s takes the integration value from x =0
to 1. The position of s, in vector S corresponds to
arrangement order of matrix W. Therefore, the
coeflicient vector D follows

D=W- ' (F+8). (24)

So far the transformed temperature profiles and
temperature gradients of both fluids in the Laplace
image domain have been found. Their explicit
expressions are

AN+ 2

T(x,8) = Y due’”
j=1
AN+ 2 2N+ 2
+ LY Uity Je/””“‘”’ he(x') dx’
k=1 j=1
(=12,...,2N+2) (25)
where d;, u;;, vy and A (x) are elements of D, U, U !

and H(x), respectively. From expression (25), one can
easily determine the transformed responses at exits.
The related profiles in tube walls and shell are already
given by equations (18) and (19).

3. INITIAL CONDITIONS

Function A,(x) in equation (25) consists of initial
temperature distributions g,(x), g.(x), g(x) and
gw:(x). These temperature distributions may appear
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in different forms according to the instant state of
transient process. Three typical forms of the initial
temperature profiles are described as follows.

(1) Uniform initial conditions

This kind of initial conditions is the simplest
case. Zero conditions g,(x) =g,(x)=0 and
g1:(x) = g.,{x) = 0 make equation (20) homogeneous
and its general solution is

T=Ue*D. (26)
(2) Non-zero steady-state distributions for inlet tem-
perature variations

If only temperature changes take place at inlets
after the preceding process has reached a stationary
state, one can find the solution vector T by means of
the principle of superposition. In this case, thermal
flow rates W, and W, as well as heat transfer
coefficients 4, and h,, are constant and the same sys-
tem of governing differential equations can be used to
describe both the previous steady-state process (by
eliminating derivatives of temperature via time) and
transient process. Assuming

[’H('x’ :) = gl‘)‘! ('Y) + (/)Ih' ('v' :)

or

T,.(x,8) = ¢g,,(x)+D,,(x.5) (m=1,s, 2 and wi)

27
one inserts them into equations (7)—(10) and the per-
tinent determinant conditions, bearing in mind the
fact that

.l/m(x) !/S(X) = (\') and

gwi(-x) = o

Urig1(6) + UnRoga(x)
U+ UyR,

are steady-state solutions of the preceding process as

z-» oc. Therefore, transient parts ¢, (x,z) are
described by
1 2, dp, 09, >
Pe, ot T ix ar % Uul#rmow)
—Udg,—¢) =0 (28)
l,, . (?j(/)f," +(—1) a_(é,z,’ e R, ai/),i‘,
Pe,, 0x~ ox az
7(121(¢2i—¢wi) :0 (I: 172*"‘*‘/\,) (29)
b,
Ry - =0, (1 — ) — (=) =0
(=121 N)  (30)
o, . .
R:Rw(l +Rc2) 3:7 - bs((bl “(ps) =0, (31)

The zero initial conditions for ¢,,(x. z) are
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$1(x,0) = ¢(x,0) =
and
02(x,0) =, (x,00=0 (=12,...,N) (32)
and the inlet boundary conditions yields
1 8¢, 1 dg, _
¢i— Pe, ox fu(Z)‘—(gz Pe, dx atx =0
and
09, _ dg, _ ”
ax—mdx—o atx =1 33
For flow arrangement 1:
i a¢zx i ng
Ot 5 — Pes, = folz)— (gzl + 5 dx
atx =10
ééﬁ: -yﬂ:() atx =1 foreven N
ox dx

oratx=0forodd N (34)

and for flow arrangement I1:

1 6q52‘ 1 dgzt
d)z‘wPeﬂ ox = /)= (gﬂ—Pe dx
atx =0
6_‘753”_’:_(192"’:0 atx =0foreven N
0x dx

oratx=1forodd N. (3%)

In general, the steady-state solution g,(x) and g,,(x)
are determined under the following dimensionless
inlet conditions

1 dgx
gi— Pe, ix =1 atx=10
1 dgy N
g2]+ﬁ2| dx =0 atx=10 (I)
and
b dgy,
gzg—Pem “&} =0 atx=1 (II)

Thus, the inlet conditions for ¢ (x, z) and ¢,,(x, z) are
simplified as

b — FL_‘g(é‘-f‘{z)—l atx=1  (36)
¢2‘+Pelzl 6¢2x_f2() atx=1 ()
or
1 8¢y
¢21—Pez, g)x =/flz) atx=0 (D). (37

By means of the Laplace transform, one does obtain
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without question a2 homogeneous system of ordinary
differential equations according to the uniform initial
conditions (32). Following the afore-described pro-
cedure, one is able to find a transformed solution
®,,(x,s) whose form is similar to equation (26), and
then T,(x,s) from equation (27). In this way, the
tedious task of calculating the inverse matrix U™ ' is
avoided.

(3) Non-zero steady-state distributions for inlet tem-
perature and flow rate variations

Because of flow disturbances, thermal flow rate W,
and W, as well as heat transfer coefficients A, and h;
are subjected to corresponding changes. The pre-
ceding treatment for pure temperature variations is
not applicable. Here one should resort to expression
(22) or (25). In this case, general forms of initial
distributions can be expressed as

2N+2

gi(x) = z d;“zsz‘;el"x
j=1
and
AING 2
GanX) = Z du, e (n=12,...,N) (38)

!
where {1,} and {u;} are (2N +2) eigenvalues and the
corresponding eigenvectors, respectively. {d;} are
(2N +2) coefficients determined from the subjected
boundary and interface conditions. Stationary tem-

perature profiles in shell and tube wall are
gs (x) =g (x)

and

Uyiog1(x) + Uz g2(x)
Uiio+UsioRzg

‘qwi(x) =

Henceforth, the non-homogeneous parts in equations
(16)—(19) as well as in matrix equation (20) are already
known. Having carried out some derivations, one
finds the explicit transformed transient responses to
both arbitrary temperature variations and step flow
rate disturbances under the non-zero initial conditions
which corresponds to the steady-state temperature
distributions of a previous process

W2
Ti{x,5) = Y du,eh
]21_\’-!1—2 N+ 2 2N+ 2 e/ljx
+m21 Z WDt Z Wpid e
(i=12,....2N+2) (39
where
Uz Ry

Wy = — Pey, | e R+ —— -
i 2m< e alm+a2m+meS

% Uypolloyy 1+ U2m0R20“mj)
Upo+ Usmo Rz ’
1<m<N,

1 <j<2N+2,
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Table 2. The interface conditions for ¢,;(x, z)

x=0 =20 x=1, =20
$2=Prp = oy b= 1= Py
I Ca Il I i Iy,
Pe., éx Pe,, | Ox Pe., ¢x Pey o 0x
even N
| i=103 N1 i=2.4, ... N-2
I i=2,4, ..., V-2 i=1.3.....1 N -1
odd N
I i=1,3 L N=2 i=24, ... N~
11 i=2,4,... ./ N1 i=13 ...,/ N=-2

U.RR.(1+Ry,)
Wony 1, = — Pe, . 1+ U RR(1+ Rajs "

i i U]m“;fu Lt UsiRoouy; UyRy; 7
Uyip+ Usia R gy 2y Rys |
I <J<INS2

i=1

w,,; = 0forothermand | <j<2N+42.

4. TRANSIENT RESPONSE

The inversion of the Laplace transform must be
performed to obtain real-time transient responses of
heat exchangers from the afore-derived solutions in
the image-domain. It is almost impossible to carry out
analytical inversion of transformed solutions (25) or
(39) and one should resort to techniques of numerical
inversion. Two numerical algorithms have been used
to calculate transient temperature profiles and tube
heat exchangers {10, 12]. One is called the Gaver-
Stehfest algorithm and the other uses Fourier series
approximation. For the sake of consistence, they are
transcribed as follows:

(1) Gaver-Stehfest algorithm [13]

In2 X

. in2
fey=—7% K,,,F(m - ) (M must be even)

a1

K — (_l)m+\13

27

mingm.M; 2)

2 (2K)!
% HU; ooy (M2 = KK (k= ) (m— k) 2k —m)!”
(40)

(2) Numerical inversion based on Fourier series [14]

(o) = ?: [;f'(a)‘f-Re Z F(u—i— lltn>(f 1 J 41)
z ot z

Constant g is generally chosen in the range
4 < az < 5, so that the truncation error can be con-
sidered to be small enough. As pointed out in the
previous work, the first algorithm needs much less
computation time than the second does, but it may
fail to predict transient responses to inlet changes

with oscillatory components. In this case the second
algorithm is more suitable. According to the type of
given inlet variations, either of these two algorithms
is selected to determine transient behaviour of heat
exchangers. The inverse results as z — oc correspond
to steady-state temperature distributions.

5. EXAMPLES AND DISCUSSIONS

By means of the numerical algorithms of inversion.
one can promptly find transient temperature profiles,
no matter whether the initial conditions are uniform
or not and no matter how complicated the trans-
formed solution is. In order to show the application
of the above-developed method, some examples are
illustrated in Figs. 24 under parameters R, = 1,
U,= U, R,=0.2 and coef = 0.1. Figure 2 describes
the shellside temperature distribution ¢,(x, z) subject
to a step temperature change in a counterflow
exchanger. The curved surface in the diagram evi-
dently shows how the temperature wave propagates
from the inlet to the exit (from the high to the low).

tilxz)
Q00 01 02 03 0405 06 0.7 0.5

- =
=~

F1G. 2. Shellside temperature distribution 7,(x, z) subject to

a step temperature variation in a counterflow heat exchanger

(R,=1. R,=04, NTU, =25, Pe, =4, Pe,=10.
or=0,=1,f(z) = L and f2(2) = 0).
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(b) tubeside fluid

FiG. 3. Superposition of exit responses to periodic inlet

temperatures f,(z) = sin z and f,(z) = sin 1.5z in a 1-2 heat

exchanger with flow arrangement 1 (g, =¢&,,=0.5,

£ =83, =05, g,=¢6,=05, &,=6,=05 R =1,

R,=06, Pe,=4, Pe, =Pey=10, o, =0,=1). (a)
Shellside fluid ; (b) tubeside fluid.

The temperature steeply increases in the range z < 3
and the performance approaches a stationary state for
z > 10. The slope of profile ¢,(x,z) depends mainly
upon R,, NTU,, and Péclet numbers.

Figure 3 introduces an example in which two sine
temperature waves f1(z) = sin z and f,(z) = sin 1.5z
are respectively generated at the shell and tubeside
inlets of an exchanger with two tube passes. The shell-
side response at the exit is shown in Fig. 3(a) and
the tubeside response in Fig. 3(b). The remarkable
attenuation and superposition of two temperature
waves take place for greater values of NTU |, especially
for NTU, > 1. In such cases the interference of two
waves with different periods may greatly cut down the
amplitude of the synthesised wave. The curves show
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FiG. 4. Exit responses to step disturbances of flow rates in

a 14 heat exchanger with flow arrangement 1II

En=en=83==813=025, & =¢;==8;=2¢y=025

Ll = 8 = &3 = £eq = 0.25, Byl = By = Euy = &g = 0.25,

Riy=1,R,=04,Pe, =6, Pe, = Pe,,= Pe,;=Pe,; =8,

6,=0.6, 6,=12, fi(z) =1 and f,(z) =0). (a) Shellside
fluid ; (b) tubeside fluid.

that the damping function of both fluids and tube wall
depends upon not only values of heat capacities but
also the value of NTU,. The damping increases with
greater NTU, and the amplitude at the exit becomes
lower. The effect of the shell on transient process has
the similar feature, too. In brief, one should dis-
tinguish the effect of such solid components as tube
and shell on transient behaviour according to both
values of heat capacities and heat transfer coefficients
between these components and fluids. .

An example of step disturbances of fidW rates
(o0, = 0.6 and o, = 1.2) is plotted in Fig. 4. In this
example the non-zero initial conditions are identical
to the steady-state temperature distributions of the
previous process. The curves in Figs. 4(a) and (b)
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F1G. 5. Effect of the Péclet number Pe, on transient behaviour
in a counterflow heat exchanger (R, = 0.8, R, = 0.3, Pe, = 2,
Pe,=60,0, =0.=1, f1(2) = L and f4(z) = 0).

represent the shell and tubeside exit responses of an
exchanger with four tube passes in flow arrangement
IT. The value of t,, or ¢, at z =0 corresponds to
thermal effectiveness of the previous process. These
curves show that a decrease of shellside flow rate
causes reduction of exit temperatures and that this
reduction  becomes more  considerable for
NTU, > 0.1, as expected. Obviously. the transient
process resulting from step disturbance of flow rates
already approaches a new stationary state for = > 8,
Both Figs. 4(a) and (b) show an accurate energy bal-
ance (R,(1—1,.) = 1, for = > 10) between shell and
tubeside fluids at the steady state, which provides a
proof that the afore-derived method is feasible to pre-
dict transient behaviour of multipass shell and tube
heat exchangers.

As previously pointed out, maldistribution incurs
degeneration of thermal performance of exchangers
and the measure of flow maldistribution is the Péclet
number (here Pe; and Pe,;). Figure 5 illustrates tube-
side exit temperature at z=15 vs NTU, cor-
responding to different values of Pe, and shows how
the maldistribution exerts its influence on transient
behaviour. The quantitative description in Fig. 5
reveals that the effect of maldistribution is consider-
ably strong if Pe, < 25 and this effect increases with
increasing NTU . With regard to possible maldistri-
bution, designers must provide exchangers with a
higher value of NTU and measures against the occur-
rence of maldistribution to reach the specified effec-
tiveness. On the other hand, the cffect of mal-
distribution is negligible if Pe, > 55. In fact, the dis-
persion model is almost identical to the conventional
plug-flow model for Pe > 55. In other words, appli-
cation of the dispersion model is of importance for
smaller Pe,, especially for Pe, < 25. [t 1s predicted
that the effect of Pe,, is identical to that of Pe,. For
tubeside laminar flow. the effect of maldistribution

Y. XuaN and W. ROETZEL

becomes more evident and application of the dis-
persion model to tubeside fluid is of greater meaning.

Setting N = 1, one finds that forms of dimensionless
governing equations (7)—(10) are similar to those
describing heat exchange process in fixed-matrix or
rolary regenerators. Therefore, the method developed
in this paper can be used to determine temperature
profiles and thermal effectiveness of regenerators.
There the value of NTU is normally considerably great
(NTU > 10) and the cttect of maldistribution becomes
more intensive if flow maldistribution occurs, and
then the dispersion model will be more suitable and
more powerful than the conventional plug-tlow
model.

6. CONCLUSIONS

Based on the dispersion model rather than the ideal
plug-flow model, an efficient and versatile method of
predicting transient behaviour of muitipass shell and
tube heat exchangers has been developed. Taking the
effect of shell and tubeside flow maldistribution and
the influence of heat capacities of fluids as well as solid
components such as shell, tube wall, baffles and end
plates into account, the method can handle transient
responses to arbitrary temperature variations and step
disturbances of flow rates which may occur sim-
ultaneously or separately and on cither or both sides.
Three typical types of initial conditions have been
discussed in detail. According to the type of the given
initial conditions, one can choose a simple and con-
venient calculation procedure. The Laplace transform
has been used to carry out simulation of heat process.
In order to obtain the final solution in real time-
domain. the numerical inversion of the Laplace trans-
form has been applied. Two different algorithms have
been introduced. One should select cither of them in

correspondence with types of inlet variations
to determine transient responses accurately and
promptly.

Flow maldistribution hinders transient responses
to any inlet changes and decreases thermal effec-
tiveness of heat exchangers. Its effect becomes more
remarkable with increasing NTU. The Péclet number
has been used to quantitatively describe this kind of
cffect. The calculation has shown that the dispersion
model should be applied instead of the plug-flow
model if Pe < 55.
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