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Abstract—In this paper we try to characterise the behaviour of a double pipe or shell and tube heat

exchanger in transient phase when a sudden change of the flow rate is imposed at the entrance of one of

the two inlets. A simplified model is proposed: a two parameter model with a time lag and a time

constant. An analytical expression of the time constant is obtained by using the energy balance equation.

Experimental investigations show a good agreement with theoretical results. This method can be generalised

to describe the response of any variation of the flow rates at the entrance of the heat exchanger. © 1997
Elsevier Science Ltd. All rights reserved.

1. INTRODUCTION

In many industrial applications, heat exchangers such
as thermal radiators, solar collectors, classical indus-
trial heat exchangers or complex networks are usually
a part of a system. During their normal operation
or operating conditions such as time varying inlet
temperature or flow rates, they can be submitted to
unsteady behaviour. So, an accurate knowledge of the
thermal response of such a system during an unsteady
period of operation is very important for effective
controls, as well as for the understanding of the
adverse effects which usually result in reduced thermal
performance or increased thermal stresses. In many
situations, the results of steady-state are extrapolated
to describe the behaviour of the unsteady state, but
this method does not suit well in most of the cases, so
there is a need to develop models for the unsteady
state .

Different methods have been used to study the tran-
sient behaviour of heat exchangers. In the case of
varying inlet temperature, some authors such as Gilles
[1], Correa and Marchetti [2] used a mean or a local
heat transfer coefficient deduced from steady-state
behaviour. The first author applied this method in the
case of double pipe heat exchanger, but the last ones
generalised it to the case of shell and tube heat
exchangers. In a similar manner, Haddad [3, 4] sub-
divided the heat exchanger in many cells of width Ax
and he considered a constant heat transfer coefficient
in every cell. Ancther kind of method, that avoids the
use of this coefficient during the transient phase, is
the two-parameter method with time lag and time
constant. This method has been used by Gégiis and
Ataer [5] in the case of cross-flow circumferentially
finned tube heat exchanger and has been performed

by Pierson [6] in the case of double pipe heat
exchanger when the inlet temperature of one fluid is
submitted to a step of temperature. Thereafter, Hadidi
[7] has extended this method in the case where the
two inlets are simultaneously submitted to steps of
temperature.

In the case of variable flow rate, Gilles [1] and Law
[8] have related the Laplace transform of the exit
temperature to the Laplace transform of the inlet tem-
perature and flow rate by the mean of transfer equa-
tions. Correa and Marchetti [2] have subdivided a
baffled shell-and-tube heat exchanger in many cells
and made the assumption that the heat transfer
coefficient is constant in every cell. The validity of
these methods is limited to the case of low flow rate.
Some computer codes such as Cetuc [9] and Trio-
VF [10] have been developed to study the transient
behaviour of heat exchangers by using the control
volume method. Azilinon [11] used the two-parameter
method in the case of double pipe heat exchanger
when the inlet flow rate of one fluid is submitted to a
step of flow rate. Later Guellal [12] has extended this
method in the case where the two inlets are simul-
taneously submitted to steps of flow rate. Recently, a
general formulation of the two-parameter method for
both cases when a sudden change of the temperatures
or the flow rates is imposed on the two inlets of a
double pipe heat exchanger is exposed by the authors
in ref. [13).

In this paper, we expose the method of two-par-
ameter in the case of double-pipe heat exchanger for
laminar and turbulent flows. This exposure is followed
by a parametric study of the influence of some par-
ameters on the time constant and a comparison of the
theoretical and experimental results. Then we extend
the model to the case of shell-and-tube heat exchanger
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NOMENCLATURE
C heat capacity, [J/K™'] vV volume [m?].
E effectiveness, dimensionless
h convection heat transfer coefficient Greek symbols
Wm—2K™ A difference operator
k overall heat transfer coefficient 17 heat flux density [W m~?]
Wm2K™ 2 thermal conductivity (W m K]
L length of the heat exchanger p density [kg m~?]
[m] z total surface area for heat transfer [m?)
A normal to the surface 57 global volumic temperature [K]
NTU number of transfer units T time constant [s].
[dimensionless]
q mass flow rate [kg s™'] Subscripts
q, heat capacity flow rate [W K =] a annular tube
r radius [m] c cold
R unbalance factor [dimensionless}] e entry value
Re  Reynolds number [dimensionless] f fluid
S surface [m?] h hot
t time [s] i inner tube
t, time lag [s] min  minimum value
T bulk temperature [K] max maximum value
T mean temperature [K] S exit value
T local temperature [K] 0 initial condition
U axial velocity [m s~ o final condition.

with parallel flow, when the flow rates are varying
simultaneously at the two inlets without using the
equivalence method developed in Refs. [14] and [15].

2. MODELLING

We consider a double-pipe heat exchanger with
insulated walls submitted to simultaneous sudden
change of the temperatures or the flow rates at the two
entrances. To study the behaviour of this exchanger in
transient phase we make the following assumptions :

e the physical properties of the fluids are constant
during the unsteady state;

e the heat conduction in the fluids and the pipes is
neglected ;

e the heat generation by viscous dissipation is
neglected.

We subdivide the heat exchanger into four parts:

(1) the inner tube (i);
(2) the outer tube (a);
(3) the hot fluid (h);
(4) the cold fluid (c).

The energy balance for every part of the heat
exchanger can be written as:

J 2(pC,T)

= dv+J pC,TUnds = —'[ prds (1)
S

s

where V and S are, respectively, the volume and the

surface of the element, U and T are the local velocity
and temperature, respectively, 7 is the normal to the
surface and @ is the local heat flux density. The cal-
culation of every term in the previous equation for
every part of the heat exchanger gives the set of equa-
tions:

(o5
Ch—a% +qu(Tos— The) = —

0.8,
Cc W +qtc(Tcs - Toe) = Q. @,

2
Y @
iat_(Pc [
05,
a = @Qq
L 0t

where C;is the heat capacity, T;is the bulk temperature
and .#; is the mean volumic temperature (j = A, ¢, i, a)
given by :

1
f,~=ZLT.-dx 3)
where
R 4
i3 ; (AXx )

is the mean temperature across a section, the sub-
scripts e and s are used for entry and exit values of the
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temperature, g, and g, are the heat capacity flow rates
of the hot and the cold fluid, respectively.
By adding equation (2) we get:

0s
C—at— +qtc(Tcs_Toe)+q1h(Ths—The) =0 (5)

where C and S are, respectively, the total heat

capacity and the mean volumic temperature of the

heat exchanger ; they are given by these equations:
C=C+C.+C+C,

CF+C I +CHF+CH, (6)
S = C .

In the following, we consider the case where the
flow rates change and we make the assumptions that
the flows are globally parallel for both co-current and
counter-flow.

The experimental study of Azilinon and Pierson has
shown that the exit temperature of the heat exchanger
has an exponential shape after a lapse of time ¢,. So,
by using a first-order approximation, the solution of
equation (5) can be written as:

t<t: T =T,
CT)-T. _ -1, Q)

with ¢,, time lag; 7, time constant; T, initial exit
temperature in steady-state ; T, final exit temperature
in steady-state.

We observe that to obtain the response of the heat
exchanger in transient phase, we must determine the
two parameters (tr and ¢,). Moreover, we make the
assumption that the time constant and the time lag
have the same values for both fluids and for the mean
volumic temperature too. The expression of the first
parameter can be obtained analytically, but due to the
difficulty to obtain the second one analytically, it must
be determined experimentally.

2.1. The time constant
Under the previous assumptions and using equation
(7) for every temperature we can write :

(s0)-s, 11,
St s, TP\ :
Ths(t)—Thsoo _ -1
) Ths() - Thsoo =P ( T > (8)
jcs(t)_jcsao _ _ 1—1t,
TcsO - Tcsoo N P T
which can be written as:
_ ThsO — Thsoo
Ths(t) - Tldsoo - jo _joo (j(t) 'ﬁco)
T —T -
cs0 ™ 4 csoo
ST, =R s ()5,
Ta() =T = 2222225 ()~ 5 )

The energy conservation gives us the relation :
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qth(Thc—Thsoo) = qtc(Tce_Tcsoo) (10)

so, by using equations (9) and (10), equation (5) can
be written as:

0 Thso _ Thsoo TcsO - Tcsoo
Cal +(qth St Fic Fo—F, F
_ ThsO - Thsoo Tcs - Tcsoo
- (qth jo_joo +qtc jo_joo joo' (11)

On the other hand, # is the solution of the equation :

0s
T—+F =S,

3 (12)

then we can deduce the expression of the time con-

stant:

~ C(Fo—5.)
Githoo (Ths() - Thsoo) + Geco (Tcso - Tcsoo) '

T

13)

We can observe that the time constant depends on the
initial and final exit bulk temperatures which can be
expressed as a function of the initial and final entrance
bulk temperatures and flow rates in steady-state.

2.2. The bulk and the mean temperatures

In fully developed laminar flow the velocity profile
is parabolic, so generally at any cross-section of the
heat exchanger, the mean temperature and the bulk
temperature have different expressions, but in the case
of turbulent flow the temperature and velocity profiles
are quite uniform, so in this case the bulk and mean
temperatures are nearly identical. On the other hand,
according to the flow arrangement in the heat
exchanger, the exit mean temperature has different
expressions for parallel or counter flow, consequently
the time constant has different expressions too, but
the numerical results for both cases have shown a little
difference between these values. This observation is
confirmed experimentally by Azilinon [11]. So, prac-
tically, it is sufficient to give the value of 7 for the
simplest case, the parallel flow.

2.3. The case of turbulent flow

In the case of parallel flows, and when the hot fluid
is in the inner tube, the exit bulk temperatures in the
steady-state are given by these equations:

for the exit hot temperature

9
Ty = —2
e qtc + dtn

X{The+glc'ch+'q£(The~ ce)[l—'E(1+R)]} (14)
q Gtn

th
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for the exit cold temperature

I
Gt qm

{Tm Z q“(Tm ce)ll—E(1+R)]} (15)

The mean volumic temperatures of the hot and cold
fluids are given, respectively, by :

qth qtc E qtc

= Toet+ 22Tt e 2Ty — T
h qm+qm{h wt NTT T )}
(16)

and
q qtc

jc— Te Tce Te cel (*

q.c+qm{ “t <o )}
a7

These of the inner and annular tubes are given,
respectively, by :

. L
" et dm
Ge _ he
qtc E qyn hy
X The Tce + NTU hic (The - Tce) (18)
14—
A,

and

_ _ 9m G
ja - {Tce+ Toc NTU(The oe)}

et 9w Gtn
19
where E, R and NTU are given by:
1 —exp [—NTU(1 + R)]
E=
1+R (20)
Gtmin
R=— 21
qtmax ( )
k
NTU = z 22)
qlmm
1 1 n ra\ r; 1
PA R e <r) e @)
Z = 2nr,l. (24)

h;and A, are the convection heat transfer coefficients
for the inner and annular tubes, respectively, and r,
and r, are the radii of the inner tube. We can mention
that the use of the heat transfer coefficients in unsteady
state has no meaning, but as we observe in this for-
mulation they are used only in the initial and the final
steady-states which are valid.

Then the global mean volumic temperature of the
heat exchanger can be written as:

M. LACHI et al.

9t

. T e Lce
qtc + Gin ( " )

qtc

(Z‘“ C,—(C.+C)+TC, )} ©5)

where I is given by :

G P
hic )
l-+-h—il1

r= (26)

2.4. Analytical expression of the time constant
2.4.1. General case. Knowing the flow rates at the
entrance of the heat exchanger:

t=0, quw=quw> =4

t= 0’ Gin = Gihoos  Gie = Qe

and the expressions for the exit temperatures, the time
constant 7 can be written as:

C

= 27
qthclo+q(cooHc ( )
where H, and H, are given by:

(Thso— Thsoo)

H=———m 28

PSS @)
(Tcsﬁ _ Tmoo)

H === 29

Fo—7) @)

Then the expressions of H, and H, can be written as:

qtcooEoo(qtcO+qth0)(1 +Ruo)
=G0 E0 (Groco + Fineo) (1 + Ry)

H, = 30
"7 Guorce — GinooGted + Gino(Grco + i) 0
—Gthoo (Gico T Gino) Ooo
qthOEO (qtcoo + qthoo)(l + RO)
_ 9B (G0t qumo)(1+ Ry) 1)
Gir09cco — Gtnog Trco T Gino (Gt + Gitiao)
— Qihoo (G1c0 + Gino) O
where

_ Eq Gic0
dg = C-NTU, [q:ho C, Cc+l"0Ci—C,,] 32)

Eco qtcoo
By =
= CNTU,, [qmmc

2.4.2. Special cases.
2.4.2.1. Flow rate step on the cold fluid

In this case the flow rate of the hot fluid is constant
(9w = 9o = 9um-), but that of the cold one varies from
G0 10 dic» DY Using equations (30)-(33) and (27) we
get:

= CGew ~Gi0) + (Grewo + ) S0 = Gio +Gun) o}
(Grceo — Gec0)(Gicen +qun) (1 + Ro) Eo

—C,+TCi— C,,:|. (33)

(34)
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2.4.2.2. Flow rate step on the hot fluid

In this case the flow rate of the cold fluid is constant
(¢ = Gic0 = Gieo), DUt that of the hot one varies from
Gmo 1O G, DY using equations (30)—(33) and (27) we
get:

C{Qm(q:ho —Giheo) T Geno (Gic + qthwg
X 0p —Gtheo (qlc + qthﬂ) 6oo

Gineo ) {Gic T Gunoo ) (1 + Ro)Ey

= 35
Gie(Guno— 33)

2.5. Case of laminar flow

In the case of laminar flow, as mentioned above,
the bulk temperature and the mean temperature are
different. Then the global volumic mean temperature
of the heat exchanger is given in ref. [6] :

g . {Th‘+%T+

(The ce)

Gie+4qm CNTU

qtc 1 1
<q,hC” C. (G_<1—5>r)ca+rci>} (36)

where G is a geometric parameter

G=
2a, o
(3 —r)(bLnryr)+ B 3 gy
P T g n(ryfry) T 160
a, and b are given by:
g=2 {4 (5 +2r5)
BT\ T Ty
b, 1,
+ ’2'(’3 En(rs/ry)— ‘2'("3 -r)
P22
- ?(Ijﬁ(—r;/)Tz)(’g La(rs/r) +2r33 —5ri—3r3)  (38)

,_r_ ARG

4  4Ln(r,/r,) (39)

71, 2, 15 and r, are the radii of the inner and annular
tubes, respectively.
The time constant is calculated by the general for-

mulation equations (27), (30) and (31). The
expression of §, and J, are:

_ E, Gico
% = ENTy, L GG

. 1 1
+T,Ci— e 1—5 IL|C,| (40)

_ Eoo Fteoo

O = C:NTU, [qmw Gi—Ce

1 1
+T.C— <E - (1 - E)I‘w) ca]. A1)
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2.6. Case of laminar flow for one fluid and turbulent
flow for the other

In turbulent flow the global mean temperature of a
thin annular tube can be considered equal to that of
the annular fluid, but in the case of laminar flow, this
equality is not valid. For this reason we have different
expressions for the global mean temperature of the
heat exchanger according to the type of the fluids flow
in the annular tube. So, the type of the fluid flow in
the annular tube imposes the formulation to be used
to determine the global mean temperature of the heat
exchanger, regardless of the type of the fluid flow in
the inner tube, but the heat transfer coefficient in any
tube is determined by the type of the fluid flow inside
it. The expressions of H, and H, given in equations
(30) and (31) are valid for both laminar and turbulent
flow, but in these equations J, and &,, have different
expressions according to the nature of the fluid flow.
When the flow in the annular tube is turbulent we use
equations (32) and (33), in the other case equations
(40) and (41) must be used.

3. EXPERIMENTAL VERIFICATION

3.1. Method

The variation at the entrance of the heat exchanger
can be made by two methods, either by making one
step or a double step.

3.1.1. Response to a step. The experimental obser-
vation of the exit temperature shows that it can be
approximated by an exponential curve after a lapse of
time. To determine the time constant and the time lag
experimentally, we make use of the energy conser-
vation. We choose a value for the time lag, then we
search for the value of the time constant that gives
nearly the same area under the theoretical curve as
the experimental one. As it is difficult to realise exper-
imentally a perfect step, the determination of the exact
value of the time lag and consequently that of the time
constant is difficult. To overcome this problem, we
can use the double step method.

3.1.2. Response to a double step. In this method a
positive step of the flow rate is imposed on the
entrance of one fluid at the instant ¢, then after a
lapse of time z, during the transient state, a negative
step equal in magnitude to the positive one is imposed
on the entrance of the same fluid (Fig. 1a). According
to the two-parameter model, the response of the heat
exchanger to the second step will appear after a lapse
of time equal to 7,+¢,. As the two steps are equal in
magnitude and of opposite signs, the exit temperature
profile of the fluid shows an angular point at the
instant #,+¢ (Fig. 1b). This method gives better
results than the first one, because the time lag can be
determined more precisely and in an easier manner.
So, it will be preferred to the first one to determine
the time lag, but to determine the time constant, we
need the maximum number of experimental points on
the curve, so the first method will be used in this case.
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Fig. 1. (a) A double step of flow rate ; (b) the exit temperature
profile of the excited fluid.

3.2. Experimental study

Figure 2 shows the experimental installation used
to validate the theoretical study. This instailation can
be used for many types of heat exchangers. The system
of vanes allows any changes in the flow arrangement
as well as the conditions at the entrance of the fluids.
So, we can interchange the hot and cold fluid, and we
can impose one or simultaneous temperature or flow
rate steps on one or both fluids. In this study, we use
water—-water heat exchangers.

The double pipe heat exchanger used in this study
has 2 m length. It is made of a brass inside tube
of diameters 30/32 mm and a steel annular tube of
diameters 50/56 mm. The theoretical and exper-
imental results are compared for parallel flow. The
cases of simultaneous and one flow rate steps are
considered, as well as the position of the hot fluid in
the inner or the annular tube. In the following, we
present some significant results obtained among
others used to validate this model.

3.2.1. Simultaneous flow rate steps on both fluids. In
this case, the flow rates of both the hot and the cold
fluids are varying from gy t0 g1, and from g t0 ¢,
respectively. Table 1 shows some theoretical and exper-
imental values of the time constant obtained in this case.

3.2.2. One flow rate step on the hot fluid. In this
case, the flow rate of the cold fluid ¢, is maintained
constant but that of the hot fluid varies from g, to
ghe- Some examples of the obtained results are shown
in Table 2.

3.2.3. One flow rate step on the cold fluid. In this
case the flow rate of the hot fluid ¢, is maintained
constant but that of the cold one varies from g, to

M. LACHI et al.

g... Table 3 shows a sample of the time constant
values obtained in this case. As we observe from
Tables 1-3, the biggest difference between the theor-
etical and experimental results is less than 10%. Fig-
ures 3 and 4 show that the numerical and experimental
exit temperature profiles are very close. So, the two-
parameter model can be considered as a valid one.

4. PARAMETRIC STUDY

By examining the expression of the time constant,
we observe that it depends on several dynamical and
geometrical conditions, and it is difficult to group the
different parameters or make them dimensionless. To
analyse the effect of each parameter, a parametric
study must be performed. The double pipe heat
exchanger described in a previous section is used in
this study. The flow is parallel with the hot fluid in the
inner tube. One flow rate step is considered in the first
section, then we terminate this parametric study by
considering the case of simuitaneous flow rate steps.

4.1. Influence of the flow rate

The magnitude of the initial and final flow rates
for both hot and cold fluids are the most important
dynamical variables. Figure 5 shows the evolution of
the time constant as a function of the initial flow rate
of the hot fluid for different final flow rates of the hot
fluid, the flow rate of the cold fluid is maintained
constant. We can observe that the time constant
decreases more rapidly for little values of ¢y, and gy,
than for higher values of g,,,. As the values of gy,
increase, the time constant becomes independent of
the initial flow rate of the hot fluid. On the other hand,
for a fixed value of gy, the time constant decreases
as the final flow rate of the hot fluid increases.

Figure 6 shows the case where the cold fluid is
submitted to a flow rate step. As we observe, in this
case it is difficult to give a simple law for the variation
of the time constant as a function of the initial flow
rate of the cold fluid, but we can realise that there is
a big variation of the time constant in the transition
state from laminar to turbulent flow. Moreover, this
variation seems to be more sensitive as the final flow
rate is in the transition state. This shows the simul-
taneous influence of the different parameters in such
situations and the difficulty to separate one parameter
from the others.

4.2. Influence of the value of the step

Figure 7 shows that the time constant decreases
with increasing positive values of the flow rate step on
the hot or the cold fluid, but it increases with increas-
ing negative values step. This observation is globally
valid regardless of the initial value of the flow rate of
the fluid that will be submitted to the step.

4.3. Influence of the length of the heat exchanger
From Fig. 8, we observe that the time constant
varies in a linear manner with the length of the
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Fig. 2. Experimental installation.

Table 1. Comparison of the theoretical and experimental values of the time constant in the case of simultaneous flow rate

Hot fluid Cold fiuid Time constant
Flow rate [kgs~']  Reynolds Flow rate [kgs™']  Reynolds
Initial Final number Initial Final number Tep  Tme AT/T
Position Gro noo Re,, Position Geo Feoo Re. (s) (s) %
Inner 0.2 0.08 6925 Annular 0.13 0.27 1905.6 79 88 10.2
Annular 0.26 0.16 2533.6 Inner 0.17 0.27 10418 77 8 3.9
Annular 0.26 0.16 2533.6 Inner 0.27 0.17 6559 4 43 75

Table 2. Comparisor. of the theoretical and experimental values of the time constant in the case of one flow rate step on the

hot fluid
Hot fluid Cold fluid Time constant

Flow rate [kgs™']  Reynolds Reynolds

Initial Final number Flow rate [kg s~'] number Tep  Tme AT/T
Position Gro Ghoo Rey,, Position q. Re., (s) (s) %
Inner 0.05 0.18 15582 Annular 0.32 2258.5 53 33 0
Annular 0.08 0.25 3958.7 Inner 0.17 6559 7 72 28
Annular 0.09 0.18 2850.3 Inner 0.14 5401.6 6.2 5.8 6.5

exchanger regardless of which fluid is submitted to the
flow rate step. This type of variation is not evident
by examining the theoretical formulation of the time
constant, because the length of the heat exchanger
influences several parameters at the same time.

4.4. Influence of the heat capacity of the inner tube

In order to study the influence of the heat capacity
of the inner tube, we have changed its thickness. This
variation is made by maintaining the outer diameter
constant and varying the inner one, consequently the
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Table 3. Comparison of the theoretical and experimental values of the time constant in the case of one flow rate step on the

cold fluid
Hot fluid Cold fluid Time constant
Reynolds Flow rate [kgs~']  Reynolds
Flow rate [kgs™'] number Initial Final number Tep  Tme AT/T
Position G Rey,, Position 90 Geos Re,. (s) (s) Yo
Inner 0.13 11253.7 Annular 0.05 0.15 3086.6 124 135 89
Annular 0.25 3958.7 Inner 0.27 0.15 5787.5 79 74 6.7
Annular 0.2 3167 Inner 0.27 0.08 3086.6 9.7 9.6 1
16 -
oo : : i :
1l \\ ©  Hot fluid, experimental results
\
a -— — — Hot fluid, theoretical curve
\
12 A o  Cold fluid, experimental results —
\
\‘\’ Cold fluid, theoretical curve
10 -
\o
§ \
\
£ 3 A -
= \q
\
6 0O~ AY -3
N \
ONo
\ \
N
4 8. A
\QQ
RIDRYE -
0 d ke T 2 v
0 5 10 15 20 25 30 35 40 45 50
Time (8)

Fig. 3. Evolution of the exit temperature for the hot and cold fluid, case of simultaneous flow rate steps on
both fluids, the hot fluid in the annular tube, g = 0.20 kg 57!, gy, = 0.10 kg s™', g0 = 0.05 kg s~' and
Geoe = 0.10 kg s,

characteristics of the inner fluid flow will change. Fig-
ure 9 shows that the time constant is proportional to
the thickness of the inner tube in any flow arrange-
ment. So, to increase velocity of the response of the
heat exchanger to any variation in the inlet, the thick-
ness of the inner tube must be as thin as possible,
which seems natural.

4.5. Case of simultaneous flow rate steps

To figure out the response of the heat exchanger in
different configurations, we complete this parametric
study by considering the case of simultaneous flow
rate steps. Figures 10 and 11 show that the time con-
stant evolves in the same manner as in the case where
only the hot fluid is submitted to a flow rate step.

5. SHELL AND TUBE HEAT EXCHANGER

The two-parameter model can be extended to the
case of shell and tube heat exchanger. In order to
attain this objective, the equivalence method is used

by many authors like Azilinon ez al. [14] and Henrion
and Feidt [15]. The aim of this method is to determine
the dimensions and the thermophysical properties of
a double pipe heat exchanger that will behave in the
same manner as the shell and tube heat exchanger.
To use this method, some geometrical and physical
conditions must be satisfied. For this reason, the
authors suppose an equal heat transfer coefficient in
the annular tube or an equal global heat transfer
coefficient for the two heat exchangers. This method
is simple, but the hypothesis made previously may be
difficult to realise and verify.

The formulation of the two parameter model for
the double pipe heat exchanger can be used in the case
of the shell and tube heat exchanger in turbulent and
globally parallel flow without the need of the equiv-
alence method. In this case, we must pay attention to
the use of the correct expression for the heat transfer
coefficient.

The flow in the annular tube is generally turbulent
even for low values of Reynolds number, because of



Varying fluid flow rates

2075

' { oo
1 o erperimental resaltyF ————
\ ~—— Theoretical curve
12 +- _\ :
1 e R il i it itibi
£ sl S\
=
6 1+
4
2 S+
0 4 00— -O—O— O O——]
0 40 50 60

Time (8)
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the use of a great number of inner tubes and baffles
which mix the fluid and make its flow turbulent, but in
the inner tubes, the flow may be laminar or turbulent
according to the flow rate. So, as mentioned pre-

-1

viously in Section 2.6, the formulation for turbulent
flow must be used. The heat transfer coefficients for
the inner and annular tubes may be calculated from
classical correlation in the literature [16]. The number
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of transfer units NTU is calculated by equations (22)
where the global heat transfer coefficient & is deter-
mined from equation (23). The effectiveness E is given
by equation (20) in which the unbalance factor R is
determined by equation (21).

To validate this method, a comparison between the

theoretical and experimental results for the time con-
stant is shown in the following. The shell and tube
heat exchanger used in this study has a length of 950
mm. [t is made of a steel annular tube of 212.5/215.6
mm and 38 copper inner tubes of diameters 12/14 mm.
The inner tubes have a triangular disposition and are
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Table 4. Comparison of the theoretical and experimental values of the time constant in the case of one flow rate step on the
hot fluid (case of shell and tube heat exchanger)

Cold Hot fluid Inlet Outlet

fluid flow rate [kg s™/] temperature (°C) temperature (°C) Time constant

Gico o [/ ¢h T, sh sc Texp (8) Te () Atjz (%)
0.15 0.08 0.12 36.7 22,6 41.5 25.8 35.67 38.37 7
0.17 0.16 0.23 433 29.4 46.5 30.5 40 37.04 7.4
0.18 0.07 0.16 29.8 18.5 403 24.8 36.48 36.9 1.1
0.18 0.14 0.22 38.2 229 453 28.6 45.78 42.87 6.3
0.24 0.23 0.18 437 224 41.7 21.8 36.5 35.2 35
0.27 0.28 0.33 432 23.4 44.7 24.7 33.43 30 10
0.38 0.25 0.36 36.3 17.9 38.9 19.6 13.84 15.37 9.9

maintained by seven baffles. Table 4 shows some
examples of the different results obtained to validate
this model in the case of shell and tube heat exchanger.
We can observe that this method gives acceptable
results. The biggest difference between experimental
and theoretical results is less than 10%. So, the two
parameter model gives the same precision for both the
shell and tube and double pipe heat exchangers.

6. CONCLUSION

This study demonstrates that the two parameter
model is a valid method to determine the response of
double pipe heat exchangers, and can be extended to
shell and tube heat exchangers without making use of
the equivalence method. In both cases, the difference
between the theoretical and experimental results are
less than 10%. An analytical expression of the time
constant is available. As the number of parameters
included in its expression is high, it is difficult to find
general rules to describe the response of the heat
exchanger in any case. To have the exact response of
the heat exchanger, a study case by case must be
performed. From the parametric study, we can
observe that the time constant decreases as the flow
rate or the flow rate step increases, so the response of
the heat exchanger is more rapid.

To complete the model, a study of the time lag is
needed. Finally, knowing the response of the heat
exchanger to a step of flow rate, it is possible to deter-
mine the response of the heat exchanger to any vari-
ation of the flow rate at the entrance.
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