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Abstract

Temperatures transient response along a tubular counter flow heat exchanger is investigated when mass flow rate is
subjected to sudden change. The dynamic behaviour is approximated by a first order response with a time constant. The
hot fluid subjected to the flow rate step presents a decreasing linear time constant according to flow axis. The cold fluid,
which is not submitted to the flow rate step, shows two types of transient response. The first one corresponds to a linear
spatial increasing function of time constant while the second one presents a uniform time constant along the heat
exchanger. Considering the conditions of the transient response on the boundaries of the heat exchanger, analytical
expressions of time constants are obtained for each case. The comparison of the theoretical results with experimental
data allows to validate the analytical expressions, which depend on initial and final steady-states. The influence of the
flow rate step magnitude on transient behaviour is studied by maintaining the initial steady-state. © 2001 Elsevier

Science Ltd. All rights reserved.

1. Introduction

Heat exchangers are extensively used in all kinds of
industries to control heat transfer and temperature of
chemical mixtures in reactors. They are commonly
connected to other thermal equipments and this can
affect the parameters such as inlet temperatures and
mass flow rates. It is necessary to explore the unsteady-
state of the thermal processes when real time control,
state computation, optimisation and rational use of en-
ergy are investigated. The transient behaviour can be
investigated in two ways. The first one corresponding to
numerical techniques is time-consuming in term of
computation. The second one corresponds to analytical
methods, which present the advantage to assess imme-
diately the transient response when design of heat ex-
changer is needed. In addition, the advanced control of
industrial systems based on internal models becomes
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efficient and robust when a simple model is used. In the
case of heat exchangers, the temporal response can be
described as a time delay added to a rising time [1-3].
Pierson and Padet [1,2] present analytical expression of
this approach. A generalisation of this method was re-
cently given in references [4-8]. This method assumes
that the two fluids are characterised by the same time
constant and the lag time, which have the same values
for both fluids and are supposed to be spatially inde-
pendent. A general formulation and modelling of the
transient behaviour of heat exchangers is also discussed
in [9-11].

In this paper, the spatial variation of transient re-
sponse of temperatures along a counter current heat
exchanger is presented when a flow rate step is applied to
the internal hot fluid. Our interest focuses on unsteady-
state along the heat exchanger without limiting the ob-
servations to only the inlet and outlet of the thermal
device. Analytical expressions of the time constant for
each fluid are derived when the heat exchanger is sub-
jected to a step of mass flow rate. The influence of initial
and final flow rates is investigated. The transient re-
sponse to positive and negative flow rate step is also
presented.
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PII: S0017-9310(01)00023-0



3722 M. A. Abdelghani-Idrissi et al. | International Journal of Heat and Mass Transfer 44 (2001) 3721-3730

Nomenclature

a wall thickness (m)

A heat transfer area (m?)
Bi Biot number

C heat capacity (J K™)

C,  specific heat J K™' kg™")
D diameter (m)

h heat transfer coefficient

(Wm2 K™
thermal conductivity (W m™" K™')
heat exchanger length (m)
mass flow rate (kg s™')
dimensionless number
TU number of transfer units
u Nusselt number
Pr Prandtl number
radius (m)
e Reynolds number
time (s)
temperature (K)
mean velocity (m s7!)

X 2Z=z3ox

="

Vol  volume (m?)
b axial position (m)

Greek symbols
0 boundary layer thickness (m)

n kinematic viscosity (m? s7!)
u dynamic viscosity (kg m™' s7)
p density (kg m™?)

T time constant (s)

Subscripts

c cold fluid

e outer tube

h hot fluid

i inner tube

n input stream

out output stream

w separating wall

Superscripts

0 initial conditions

00 final conditions

* dimensionless form

2. Description and modelling
2.1. Experimental device and description

In order to characterise the spatial distribution of
unsteady-state temperatures field in both fluids, the in-

strumentation of the experimental device reveals to be
quite sufficient. Fig. 1 shows the experimental set up

stainless steel

thermocouples

used to validate the theoretical results. Temperature
probes are alternatively placed along the tubular insu-
lated heat exchanger and are distant of 0.36 m for both
fluids. Their diameter is equal to 0.001 m and their rising
time is less than 0.5 s. The sensors are linked to a data
acquisition card inserted into a computer, which enables
the acquirement and the temperatures display along the
heat exchanger. The inner tube is in copper and the

copper
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Fig. 1. Experimental set up with its electronic cards and system acquisition.
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Table 1
Physical and geometrical characteristics of inner and outer tubes

k(WK 'm" C, Tkg' K™ p (kgm™) D (m) a (m) L (m)
Inner tube 384 394 8900 0.02 0.001 4.5
Outer tube 45 490 7850 0.04 0.003 4.5

outer one is in steel. The physical and geometrical
characteristics of the tubes are reported on Table 1. The
two streams are water—water flow.

2.2. Assumptions and modelling

This paper deals with the transient response of a
tubular counter current heat exchanger when a sudden
flow rate step applied one of the streams. The mathe-
matical model used in this study is proposed by Patan-
kar et al. [12]. The assumptions made in our case are:
e fluids are in turbulent flow,

e heat conduction along the flow axis is neglected,

e fluids are incompressible and single phased,

e thermophysical properties of the fluids are assumed
to be constant,

o the separating wall is assumed to be isothermal along
the radial axis.

The Biot numbers of both sides, Biy. = hyca/k,, corre-

sponding to experimental conditions are lower than 0.01

(hne < 5000 W m™2 K1),

In order to derive the governing differential equa-
tions, the heat exchanger is subdivided in several ele-
mental volumes of length dx. Energy balance applied to
a differential volume of the hot fluid leads to the first
equation of dimensionless system (1) after simplification
and rearrangement:

oT oT .

o =V e TV - ),

orr  oT .

at: __axi +NC(TQ_7;)7 (1)
Y IN—— R onr (e

ot =V ChNh<Til - Tw) + CCNC(TC - Tw)'

The boundary conditions are:

(L) =Ty, =1,
2)
T0,6) =T, =0
and the step is applied on V*
. v forr <=0,
) =94 . R 3)
e fort* = t;=0

The dimensionless temperatures are taken in the fol-
lowing form

T ) — T
Tﬁc.w (X*, l*) _ h,c,\;-ii)f 7_ )T » cin
Jin c,in

)

The different parameters are defined as:

X Vc Vh Ch Cc
=, f=t— V'=—, Ci= Cr=—
X L bl L ) Vc I h Cw I Cw I

hp Ay heAe
N, = and N, = .
" iy Con ¢ meCpe
The heat capacities are defined as Cycw =

ph_c>wV01h.c.prh.c.w~

Note that when the step is applied on the mass flow
rate, the characteristic time (1, =0°/n) of the new
boundary layer establishment is very smaller than the
temperatures response of the heat exchanger (15 < 1 s).
Therefore, the step can also be considered on the mean
velocity of the fluid.

In this dimensionless formulation, the groups N, and
N, are very similar to the number of transfer units used
in steady-state NTU method [13,14]. The NTU is linked
to the global heat transfer while N, and N. depend on
the convective heat transfer coefficients. They can also
be written as a function of Stanton number and geo-
metrical characteristics of the heat exchanger. The
modified Colburn correlation is widely used in the lit-
erature to assess the heat transfer coefficient for circular
ducts and was given by Sieder and Tate [15].

D 0.14
Ny == ‘:0.027Re;§/5pr11/3(ﬂ) 7 (5)
h

W

where u/p,, is the ratio of dynamic viscosity at the flow
centre and at the wall neighbourhood. For annulus duct,
other kind of correlations are used. Kawamura [16]
proposed two correlations for turbulent annular flow as
a function of radius ratio (1}, = r./ri)

Nu, = 0.022¢,Re2* P2 (6)

The accommodation factor ¢; represents the ratio of the
shear stress on the inner wall to the average shear stress
on the inner and outer walls. More details of these
correlations are given in [16].

2.3. Transient behaviour

The transient response to flow rate step is instanta-
neous and can be approximated by an exponential re-
sponse like a first order system as described in reference
[17]. The temperatures of the two streams and the sep-
arating wall along the heat exchanger could be written as

Tl ) = T2 0) + (T, 0) = Tl ()
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Fig. 2. Time constant of both fluids along the heat exchanger for different values of step magnitude: (A) V*>* = 0.67, N;° = 1.40;
B) V™ =0.89, Ny°* = 1.32; (C) V™ =1.12, N;°* = 1.27; (D) V**° = 1.34, N;°* = 1.22; (E) V*>* = 1.56, N;° = 1.18.

x{lexp(%)}. (7)
Thp,wx

In these expressions, the variations of the time constants
7y, 7. and 7, appear as a functions of space. The time
constants along the heat exchanger extracted from the
numerical resolution of system (1), obtained by the
McCormack method [18], for different flow rate step
magnitudes is reported in Fig. 2. The first graph of this
figure is relative to the hot fluid and the second one
corresponds to the cold fluid. Time constant of fluid not
subjected to the flow rate step shows two types of
transient behaviour:

1. time constant is an increasing straight line and in this

case we assume that t¥(0) = 7} (0) = 72(0),

2. time constant is assumed to be uniform along the

heat exchanger and then can be expressed as
dr}

)~ 0.
)

3. Analytical approach
3.1. First case

3.1.1. Hot fluid

Substituting expressions of spatial and temporal de-
rivatives of 7} (x*, t*), obtained from relation (7), into the
first equation of system (1), and eliminating relations at
steady-state of 7;%(x*) and 7;(x*) leads to the follow-
ing expression at time 7* = tj (x*)

()

v () - 1)

cexp (- B01) L ()

() e

- 1) )

In expression (8), the final value of N;*° takes into ac-
count the heat capacity rate variation of the hot fluid
and the convective heat transfer coefficient change. e
designates the exponential number. As indicated previ-
ously, time constants are spatially linear. Therefore, the
determination of t; at two points is sufficient to
characterise the transient behaviour along the heat ex-
changer. Particularly, time constants will be evaluated at
the inlet and the outlet of the heat exchanger (x* = 0 and
x* =1). It is worth noting that temperature of the cold
fluid is maintained constant at the inlet (x* = 0). The
temperature evolution of the separating wall at this
position is similar to the dynamic of the cold fluid. This
result is obtained from the second equation of system
(1). This statement is important in the determination of
7; from differential Eq. (8) at x* = 0.

Using Eq. (8) at the neighbourhood of x* =0, the
following differential equation is obtained:

LA (1= (N /NO)TS, )
dx* (1/NQ) + (/N7 (T, — %) [ "

- ©)

where C* = C;./C:.
Note that the differential equation of (9) 7, is still
valid around x* ~ 0 and can be written as

dz; 1

TR O) - 250) = ~ s (10)

with

= I - (N}C‘)C/Nl(“)) T;«gul
A= <(1/N}?)+(1/NC)V*OC*)(Tﬁ,zcutT}i%\,t). (11)

Writing (dtj /dx")(x*) = 733, — Tj ou» the linear expres-
sion of response time of hot fluid is finally obtained
as

(1= )+ (1 e,

(") = R . (12
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In expression (12), tj ;, corresponding to time constant
at the inlet is obtained from the differential equation of
the separating wall temperatureat x* = 1

Thin = (L7(1) = T2 (1) /(CL(VNTC™ + Ne)
X (T2o(1) = TO(1)) + eNe(T0, — T22)). - (13)

c,out c,out

Initial and final wall steady-state temperature 7;:°(1) and
T:*(1) are deduced from the following expressions

VONOC* + N, T
T*O(l): .h . c c,out’
v VONIC + N,
(14)
VN Cr 4+ NI o
T‘;x(l) _ z hNOCC* c,out
o} i _’_NQ

It is worth noting that in some cases, 7} ;, can be affected
when the dynamic of input stream temperature is due to
the heat transfer before going through the heat ex-
changer. Therefore expression (13) is valid for insulated
outside tubes of the heat exchanger.

3.1.2. Cold fluid

The same approach was applied to determine the
straight line of the response time t(x*) as a function of
space. Introducing in the second equation of system (1)
temporal and spatial derivatives of the cold fluid tem-
perature in the same way as for the hot fluid, and taking
time #* = t’(x*) and x* = 0, we obtain

- {(Fw- T o))

R N %))

Expression (15) leads to 7:(0) = %,(0).

The cold fluid temperature is maintained constant at
the inlet of the heat exchanger. At this position the dy-
namic of the separating wall is linked only to the hot
fluid temperature. Recalling 7;(0) from (12), the re-
sponse time of the cold fluid at its inlet (x* = 0) can be
written as follows:

1.2

inlet

0.8

T (k%)

Txh %)

1+ Vot
H0) = 16
WO = (16)
Noting that the temperature of the hot fluid is main-
tained constant at the neighbourhood of x* = 1 and that

7;, is insignificant compared to 7., we obtain at time
k[
= Tc (X )

deg . LX) -T) )\ .o
o )+Nc<m T.(x) =1, (17)

where T:°(1) and 7:°(1) are defined by expressions (11).
(1) = %, is extracted from (17) and the character-
istics of the straight line of the cold fluid time constant is

finally obtained

T(x) = 1 1 —y1p, S
c ]+,)) h,in (1+))V*°c

1 1
+(1+z)(?5+”m)’ o

where
(1) — T:9(1
- (E0-zw) "
c,out c,out

Relations (11) and (19) show that A and y depend only
on initial and final steady-state profiles of temperatures,
which implies that the spatial variation of temporal be-
haviour of the heat exchanger can be obtained from
steady-state temperatures only.

3.2. Second case
In this section, 7} is determined before expressing ;.

3.2.1. Cold fluid
By putting the spatial derivative of 7} equal to zero
(dt:/dx*(x*) =~ 0) and taking x* at the neighbourhood of
1, we obtain
T:(O)?n - Tc*,gul dT:OQ dT:0 *0O +0
T:(l) ( dx* (1)_ A (U) +NC(Tc,ou1_Tc.out)7

(20)

(b)

Fig. 3. Temporal evolution of experimental dimensionless temperatures for different axial position.
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7%(1) is then derived from (20) and corresponds to 7 (x*)
since the dynamic of the cold fluid temperature is inde-
pendent of the position in the heat exchanger

11 LR - T

R SO )] N

where 7 is defined by the same expression (19) in the first
case.

3.2.2. Hot fluid

At the neighbourhood of x* =0, equation of the
separating wall for * = 7;(0) allows to deduce the time
constant of the hot fluid temperature at x* ~ 0

1.0
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Fig. 4. Experimental and theoretical time constants of both
fluids along the heat exchanger.
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Note that the response time of temperature of hot fluid
at x* = 1 given for the first case by relation (13) is also
available for the second case. 7} (x*) is then obtained by

() = (t (1) = 7,(0))x" + 7 (0), (23)

where 7;(1) and 7;(0) are given, respectively, by ex-
pressions (13) and (22).

4. Calculations and discussion

Graphs (a) and (b) of Fig. 3 show, respectively, the
temporal evolution of experimental dimensionless tem-
peratures of hot and cold fluid. These graphs represent
the start up of the heat exchanger (¢ < f;) before ap-
plying a mass flow rate step (¢ > ;). #; corresponds to
the time when the flow rate step is applied. Fig. 4 shows
the good agreement between theoretical and exper-
imental time constants along the heat exchanger for
both fluids. The experimental results are extracted using
the same technique of [1] and the theoretical results are
obtained from the above mentioned analytical expres-

0.6 T

Ni’=1.52 - Ne=0.53 - V=045 - N;=1.08 - V=2.46

®  experimental

()

Fig. 5. Influence of flow rate step magnitude on the spatial profile of hot fluid time constant.
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inlet } , ;
o100 1) $ee-aseoe jeseessceece St oee ot F x*=1.00
,,,,,,,,,,,,,,,,,,, 280
064 0.72
- fo.as 056
o~ Sofensassensescsnstotonsetisoey 0.32 0.40
et : ‘ “— 016
o ! . 0.00
i outlet
I I e =V T B
[ —r theoretical response -] | — theoretical response
I i
i Ar:ﬁ experimental response | —r experimental response
I I I ! |
0.3 ‘ * * 0.4 : : i
0.00 1.00 2.00 3.00 4.00 0 0.5 1 N 1.5 2
t t
(a) (b)
| | | x*=1.00
i—gfg—g()ﬂl
=¢ 0.56
0.48 040
— 0.32
£ ] [™0.16
0.7 0.00
53
LE
=

L- .
— theoretical response
| .
—e— experimental response

| I 2
t
(c)

Fig. 7. Temporal evolution of experimental and theoretical dimensionless temperature of hot fluid along the heat exchanger.
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Fig. 8. Spatial and temporal evolution of experimental and theoretical dimensionless temperature of cold fluid for different flow rate

step magnitude.

sions considering the time constant 7} ; due to transient
heat exchange between inner tube and environment be-
fore crossing the heat exchanger. The convective heat
transfer coefficients are deduced from correlations pre-
sented previously. 7; decreases linearly according to the
flow direction while 7} is an increasing function. Note
that these results validate the expressions (12) and (18)
of 7; and t} corresponding to the first case where the
time constant of cold fluid is not uniform along the heat
exchanger. It is worth noting that in this case the vari-
ation of time constants of both fluids along the heat
exchanger could reach 50%. In the same experimental
conditions, the second case appears when the flow rate
step takes weak positive values. This one can not be
validated experimentally because of the small variation
of the temperatures along the heat exchanger. These
results show that experimental data corroborates the
theoretical expressions of spatial variation of transient
behaviour for both hot and cold fluid while a flow rate
step is applied to the heat exchanger. Fig. 5 shows the
experimental and theoretical time constants of the hot
fluid temperature as a function of dimensionless axial
position for different values of flow rate step magnitude
with the same value of initial hot fluid flow rate. The
time constant increases while step value of flow rate
decreases. Theoretical and experimental results of hot
fluid are in good agreement for the second and third

graphs (B and C) of this figure. The graph A presents
some difference about 15%. This is due probably to the
uncertainty of the time constant of the hot fluid at the
inlet (heat transfer before crossing the heat exchanger).
In the same experimental conditions, Fig. 6 is obtained
for cold fluid. Good agreement between experimental
and theoretical results of cold fluid is shown in graphs
(a) and (b), but the third one presents a difference about
20%. However, the slope of 1} (x*) increases with the
flow rate step magnitude, which is in agreement with
the numerical results presented previously. Fig. 7 shows

V=212 NS=1.11

\ ]
1.6 T
\ ] Ne=0.53
A\ 1
\ 1.2 T theoretical t*,
[ ] 3 ] experimental T*
theoretical t*, \\E experimental t*
0.7~ AP b
] ——— A
o 1L S R S e e S
-3 -2 -1 0 1 2 3

*

AV

Fig. 9. Experimental and theoretical time constants of outlet
fluids temperatures as a function of step magnitude.
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the temporal evolution of theoretical and experimental
temperatures of the hot fluid, for many values of step
magnitude in the same experimental conditions as of
Fig. 5. The theoretical and experimental temporal re-
sponse of the cold fluid to flow rate step for different
values of AV* (AV* = V*>* — V%) is also reported on
Fig. 8.

The experimental temperatures of Fig. 7 differ
slightly from the theoretical results particularly at the
outlet. The theoretical response is more accurate on
Fig. 8. This difference can be reduced by approximating
the transient temperature by a second order response,
which represents the competition between the transport
of fluids and the heat transfer through the separating
wall. However, the approximation by a first order re-
sponse with a time constant taking into account globally
the transport and the heat transfer seems to be more
attractive and present the advantage to assess directly
the global transient behaviour. In addition, the ad-
vanced control using a simple first order model based on
a set of equations with physical significance presents the
convenience to be implemented for on-line adaptation
particularly when the model parameters depend on the
variable of control. This is the case of industrial appli-
cations of heat exchangers monitored by the flow rate.
Note that the model errors are generally compensated
by the use of models in a feed back loop that desensitises
their accuracy provided they are based on physical
representation but not on black box.

These results lead to deduce the condition, which
allows to distinguish between the first and the second
case. Response time at cold fluid outlet is always larger
or equal to that obtained at its inlet. This means that the
expression (18) is only valid when t; <t} . This
condition allows to choose the appropriate analytical
expression to evaluate the time constant of the fluid not
submitted to a flow rate step.

Fig. 9 represents the two fluid temperature time
constants at the heat exchanger outlets 7; ,, and 7}, for
positive and negative values of AV*. Theoretical results
corroborate the experimental data for the cold fluid.
Nevertheless the results for the hot fluid are in agree-
ment in the first case and present some differences in the
second case. Note that, for each fluid, time constant
obtained for positive or negative step of flow rate, with
similar amplitude, presents an asymmetrical variation.

As shown in Fig. 9, time constant of cold fluid increases
with step magnitude in the second case while it decreases
in the first case. Therefore, 7} presents a maximum value.
The time constant of the hot fluid decreases with step
magnitude in all cases.

In order to compare our results to those given in the
literature, Table 2 represents three examples of time
constants given in references [4] and [8]. These references
indicate a unique time constant for both fluids. In the
first and second examples presented in Table 2, the time
constant values given in the cited references are near the
values calculated from the analytical expression corre-
sponding to the fluid submitted to a flow rate step. But
in the third example, the time constant of reference [4] is
near the value of the fluid not submitted to step of flow
rate.

5. Conclusion

Transient response along a counter current heat ex-
changer is investigated when mass flow rate is subjected
to sudden change. The dynamic temperature is approx-
imated by a first order response with a time constant.
The hot fluid subjected to the flow rate step presents a
decreasing time constant as a function in the flow di-
rection. The cold fluid, which is not submitted to the
flow rate step, presents two types of response. The first
one corresponds to an increasing response time along
the longitudinal axis according to counter flow. In the
second case, the cold fluid presents the same dynamic
along the heat exchanger. Taking into account the
boundary conditions on transient behaviour, analytical
expressions of spatial linear variation of response time
are deduced for the two cases. Theoretical results are
validated by experimental data. The dynamic along the
heat exchanger could be characterised by the knowledge
of initial and final steady-states temperature profiles.
The two cases can be distinguished by the condition,
which allows to choose of the appropriate analytical
expression of time constant. The influence of flow rate
step magnitude on transient behaviour of the heat ex-
changer is presented. The comparison between time
constant to positive and negative flow rate step shows
asymmetrical response of the heat exchanger.

Table 2
Comparison of analytical time constants with results given in the literature

Inner fluid Outer fluid Inner fluid Outer fluid

i (kgs™)  ome (kgsT') 0 (kgsT)  m™ (kgsT')  Tou (S, AUOTS)  Toy (S, AULOTS)  Teyp Tih
1 0.050 0.180 0.320 0.320 7.0 11.7 5.3 Ref. [8] 5.3 Ref. [8]
2 0.150 0.067 0.100 0.100 26.3 44.6 27.0 Ref. [4] 28 Ref. [4]
3 0.037 0.044 0.097 0.097 32.8 45.2 42.0 Ref. [4] 45.0 Ref. [4]
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