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Abstract

Three different arrangements of heat exchange from a hot fluid stream to a cold fluid stream such as, direct heat
exchanger and fluid coupled indirect heat exchanger both with forced circulation loop as well as thermally driven nat-
ural circulation loop have been considered in the present work. Dynamic performance of these three arrangements has
been studied for four different excitations namely, step, ramp, exponential and sinusoidal. These excitations are
imposed at the hot fluid inlet temperature. Finite element technique is used to solve the transient one-dimensional con-
servation equations. A thorough comparison of the dynamic performance of these three arrangements is made. It is
found that the direct heat exchanger does not have any time delay between the response and the excitation function.
Moreover, the phase difference between the sinusoidal excitation and response is the lowest in this case.

© 2005 Elsevier Ltd. All rights reserved.
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1. Introduction

Exchange of thermal energy between two fluid
streams is a very common requirement in different indus-
trial processes. This need has been the motivating force
for the evolution of a multitude variety of heat exchang-
ers. There are two main variations of heat exchanger de-
sign. In a recuperator, direct and continuous transfer of
thermal energy takes place between the two fluids. On
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the other hand, in a regenerator thermal energy is trans-
ported from one fluid to another through an intermedi-
ate thermal medium in the form of a solid matrix.
However, in certain applications it may not be possible
to bring the two fluid streams in close proximity. This
may be due to the typical plant design or process
requirement or to avoid the contamination between
the two fluids. In these typical situations, the transfer
of thermal energy is still possible through an intermedi-
ate fluid called ‘coupling fluid’. Thus, these heat ex-
change systems are termed as fluid coupled indirect
heat exchange systems or simply fluid coupled indirect
heat exchangers (FCHE). The concept of fluid coupled
indirect heat exchangers has been explained by London
and Kays [1]. Further, the work on fluid coupled indirect
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Nomenclature

Ay cross-sectional area, m>

c specific heat, kJ/kg K

C heat capacity rate, kW/K

C* non-dimensional heat capacity rate, (m)
or (ﬁ)

D loop diameter, m

g gravitational acceleration, m/s

Gry, loop Grashof number, dimensionless,
(pf,gﬁD"'(TrTca))

Moy

K ratio of vertical to horizontal length of the
loop, dimensionless

K, ratio of horizontal length to diameter of the
loop, dimensionless

L, horizontal length of the loop/direct heat ex-
changer, m

L, vertical length of the loop, m

Ntu, (UA)o/ Cinc (CEHE), dimensionless
Ntuy, (UA)/ Ciinn (HEHE), dimensionless
Ntu, (UA){/Cpnin (DHE), dimensionless

Ntu! (UA);/C%, dimensionless

Ntuj, (UA);,/Cy,, dimensionless

N (UA){ /Cy, dimensionless

K space coordinate, m

N non-dimensional space coordinate, (ﬁ)

time, s
u velocity, m/s
UA product of over-all heat transfer coefficient

and heat transfer area, kW/K
(UA)* non-dimensional product of overall heat
transfer coefficient and heat transfer area,

.
(ueD)gor(ueD),

Greek symbols
p thermal expansion coefficient, K~

non-dimensional temperature, (((TT(;];;)))
viscosity, kg/m s

density, kg/m?

non-dimensional time, dimensionless,

(G2). ) o (11(22).2])
Subscripts
[ cold stream
cf coupling fluid
cold stream inlet
delay
hot stream
reference
total

AT =

~ oD aag,

heat exchanger has been carried out by Coppage et al.
[2]. Though, FCHE generally gives rise to higher cost,
increase in power and space requirements, they have
some unique advantages over conventional heat
exchangers [1]. Few of them are: the frontal areas for
two main fluid streams can be shaped independently;
use of a multiplicity of smaller units may simplify man-
ufacture, cleaning and servicing, and, reduce the stress
problems arising from thermal expansions; closer ap-
proach to counterflow characteristics can be realized
without suffering a penalty in shape; and so on.

The fluid coupled indirect heat exchange system con-
sists of two independent heat exchanger units which may
be termed as ‘hot end heat exchanger’ and ‘cold end heat
exchanger’ and flow circuit for the circulation of the cou-
pling fluid. With this arrangement the circulating fluid
(coupling fluid) transfers the thermal energy from the
hot fluid stream to the cold fluid stream. Circulation
of coupling fluid at a desired rate is normally achieved
using a pump or any prime-mover. Alternatively, one
may operate the loop in natural circulation mode
exploiting the density gradient.

In the works of London and Kays [1], and, Coppage
et al. [2], the circulation of coupling fluid was forced
using a pump. They found the main disadvantage with

their arrangement was suitability of ‘good’ fluid heat
transfer medium for coupling the hot and cold end heat
exchangers, which was to be handled by a pump.
Though, this problem could have been handled well with
natural circulation, a little work had been done on nat-
ural circulation loops by that time. The concept of nat-
ural circulation loop (NCL), sometimes also called
thermosyphon, had come in to the limelight only after
the pioneering works of Keller [3] and Welander [4].
Thereafter, one can see considerable growth in research
on NCLs (thermosyphons), attracting the attention of
many authors. One example was the survey monograph
of Japikse [5]. The main advantages of these NCLs are:
highly self sustained, reliable, quieter in operation, less
expensive, no restriction in usage of type of coupling
fluid and less chance of contamination and low require-
ment of make-up fluid. These qualities makes NCLs to
stand at the cutting edge of modern research and attrac-
tion, and, usage of superior quality of coupling fluid,
eliminating the main drawback, which was thought to
be unresolved problem in the studies of London and
Kays [1], and, Coppage et al. [2]. Therefore, the NCLs
are of interest in many different contexts. On one hand,
NCLs are being used for cooling of electronic chips, nu-
clear reactors, internal combustion engines, turbine
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blades, etc. On the other hand, these are also being used
for solar water heaters, space heating, advanced heavy
water reactors (AHWR), waste heat recovery systems
and so on. In fact, NCLs can be represented by simpli-
fied models for natural convection of fluids, which are
ubiquitous in nature (atmospheric, oceanic circulation
loops, etc.).

The contribution in the present paper is the compar-
ison of dynamic performance for direct heat exchanger,
fluid coupled indirect heat exchangers with forced circu-
lation loop (FCL) and fluid coupled indirect heat
exchangers with natural circulation loop (NCL) for the
identical geometrical, physical and operating conditions.
In most of the engineering applications the designer or
the operator is concerned about the steady state perfor-
mance of these three arrangements. However, operation
of the heat exchanger (direct or indirect) during the
transient case cannot be ruled out during startup, shut-
down, control operation, accident and failure. More-
over, often they operate under variable input conditions
especially in process plants. It is important to know the
performance of the heat exchangers (direct or indirect)
under such situation to assess the overall system perfor-
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mance to design the control strategies and to take the
different preventive measures for safety. The dynamic
performance of direct heat exchangers [Fig. 1(a)] has
been studied in detail [6-12].

Works on dynamic behaviour of multistream heat
exchangers can also be seen in the literature [13-15].
Multistream heat exchangers are widely used in process
industries such as gas processing and petrochemical
industries. Luo et al. [16] modelled and simulated the dy-
namic behaviour of one dimensional flow (cocurrent and
countercurrent) multistream heat exchangers and their
networks. They have introduced four connection matri-
ces through which the solution becomes general and it
could directly be applied to one dimensional flow heat
exchanger networks. The responses to inlet temperature
and flow rate variations are calculated numerically and
for some cases analytically. Examples have taken to
illustrate the procedure. One of these is indirect coupled
heat exchanger system where, for the circulation of cou-
pling fluid a prime-mover is used. System responses to a
unit step disturbance in the temperature as well as mass
flow rate of one of the external fluid streams and to a
unit step disturbance in the mass flow rate of the circu-
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Fig. 1. Different counter current stream arrangements for heat transport: (a) direct heat exchanger; (b) fluid coupled indirect heat
exchanger with FCL and (c) fluid coupled indirect heat exchanger with NCL.



N.M. Rao et al. | International Journal of Heat and Mass Transfer 48 (2005) 3244-3252 3247

lating fluid have been studied. A most general analytical
calculation method is presented for systems of counter-
flow and cocurrentflow heat exchangers by Ranong
and Roetzel [17]. They further, extended this method
to the FCL system of two coupled heat exchangers.
They observed a different transient behaviour than the
direct heat exchange systems. This has become more
apparent when a perturbation in circulation rate of the
coupling fluid is introduced where the outlet tempera-
tures of hot and cold streams subjected to initial oscilla-
tions. They observed that the amplitude of these
oscillations diminishes gradually and finally reaches a
steady-state. These induced temperature oscillations
due to perturbation in circulation flow rate did not exist
in direct heat exchangers. However, hardly one can find
any literature on the dynamic performance of indirect
heat exchangers coupled by an NCL.

2. Description of arrangements

In Fig. 1 three different arrangements have been
shown for thermal transport between a cold and a hot
stream. Fig. 1(a) is a typical counter flow concentric tube
heat exchanger where the two streams exchanges energy
through the solid wall of the heat exchanger.

Fig. 1(b) and (c) depict fluid coupled indirect heat
exchangers. The cold and hot streams exchange the en-
ergy through an intermediate fluid stream incorporating
two counterflow concentric tube heat exchangers. The
coupling fluid absorbs energy from the hot stream in
the hot end heat exchanger and transfers it to the cold
stream in the cold end heat exchanger.

The difference between the two arrangements arises
from the mechanism of circulation of the third or the
coupling fluid. In Fig. 1(b) the coupling fluid is circu-
lated with the help of a pump and the arrangement is
called forced circulation loop (FCL). On the other hand,
in Fig. 1(c) the motion of the coupling fluid is due to
thermally driven natural convection. Accordingly, the
loop is termed as natural circulation loop (NCL). It
may be noted that for exploiting the buoyancy effect,
the hot end heat exchanger should be placed below the
cold end heat exchanger in the NCL. In FCL, however,
no such restrictions are there.

3. Development of mathematical models

To make a uniform basis of comparison, the NCLs
and FCLs of fluid coupled heat exchangers have been
considered with identical heat exchanger geometry and
steady state circulation rate. The product of overall heat
transfer coefficient and area in case of direct heat ex-
changer has been selected carefully so that, its perfor-
mance can be compared with the other two systems.

The analysis is given below. Heat capacities of both
hot and cold fluid streams have been kept identical for
the three cases. One dimensional analysis has been made
for the three systems. Further details have been given in
Rao [18] and Rao et al. [19].

4. Fluid coupled indirect heat exchanger with NCL

For analyzing the performance of an NCL one needs
to consider the momentum and energy equations for the
coupling fluid and the energy equations for the hot and
the cold streams. In natural circulation both fluid flow
field and temperature profile generates simultaneously
during transient operation. As the circulation loop is
of uniform cross section the velocity of coupling fluid
becomes a function of time only, however, temperature
is a function of both time and space during transient
condition. The momentum equation for the entire loop,
as derived in Rao [18], is written as

Z(Ll +L2) OCCf 4a,ui’f(L1 +L2) 2 b

(ASC)Cf or pct‘(Asc)igb o
2(L1+Ly) (Ly+Ls)
+ pogh / Tepds — / Tgds| =0. (1)
(2L1+L2) Ly

The energy equations for the external fluid stream
and the coupling fluid, as deduced in Rao [18], are given
below for a differential element.

For hot end heat exchanger
or, ATy | (UA),

o "% T pdo,, (h T T =0, @)

OT ¢ OT ¢ (UA)h
o TS o) L

For cold end heat exchanger
oT.  oT.  (UA),

(Tes — Ty) = 0. (3)

- C TN T TC - TC = 07 4
ot “ 0s  (pdsc) L ( 1) )
oTy Ty (UA)
Ot | e (T4 —T.) =0.
ot e O0s  (pAsc) Li (T )=0 )

The riser and downcomer are assumed adiabatic.
Accordingly, the change of temperature in these sections
are given by
or cf or cf
ugs——=0. 6
or s ©)

In the present study, excitation has been imposed at
the inlet temperature of the hot fluid stream. Therefore,
the boundary conditions are

Tw(s,t) = Tn(¢) at s = L, i.e. at a station ‘N’ (7)
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To(s,t) =Ty at s = (2L, + L,) i.e. at a station ‘P’ (8)

The initial conditions are

Theer(s,0) = constant (known temperature) at
s=sandt=0 9)

Momentum and energy equations along with the
boundary conditions can be non-dimensionalised by
using the following substitutions.

(UA),, = %D))h; (10b)
Oncer = % (10c)
()4
S:[;il; Kl:l]:_f; KZ:% (10e)
Ntuy, . = (%,4;)5” (10f)
Gry = PogBD* (To — Ti) (10g)

2
Hep

Using the above non-dimensional parameters Egs.
(1)-(6) can be represented as (11)—(16) respectively.

aC,  mhakK, ap T 1
[ o ol Ky
o0 T (Gl Koty
2(K +1) (K1+1)
X / Gcde — / Gcde =0 (11)
(K1+2) 1
00 a0
a?h — CiRy zTSh + Nit: CLRy (0 — Og) = 0 (12)
00, . 00, o
mo+ Caag + Nu,Ci(0s — 00) = 0 (13)
00, 00,
E - C:ch +NIM;CZRC(GC - Bcf) =0 (14)
00, 00
a;‘ +C4 asl + Nt C: (0 — 0.) = 0 (15)
00, . 00y
a_rf +C a_sf =0 (16)
where, Ry, = % ratio of coupling fluid heat capaci-

tance to hot/cold stream heat capacitance per unit
length.

The boundary conditions in the non-dimensional
form are

0,(S,7) = On(7) at S = 1.0 (17)

0.(S,7) =0.0 at S = (K| + 2) (18)
The non-dimensional initial conditions are
Oheer(S,7)=00atS=S andt=0 (19)

5. Fluid coupled indirect heat exchanger with FCL

In this arrangement, a pump or any suitable device is
used to provide fluid flow at the desired rate. Hence, one
can find only development of coupling fluid temperature
profile in transient condition. Therefore, the energy
equations (2)—(6) and (12)—(16) are to be considered in
dimensional and non-dimensional forms, respectively,
in this case. Further, identical boundary and initial con-
ditions have been considered [Egs. (7)—(9) in dimen-
sional and (17)—(19) in non-dimensional forms].

6. Direct heat exchanger

The energy balance equation for a hot stream and a
cold stream considering a differential element of direct
heat exchanger can be written, respectively, as,

oT oTy  (UA),

b (7, —T) =0, 2
ar " 7os (pAsc)hLl( " )=0 (20)
or,  oT.  (UA),

c Tc - T1 =0. 21
ot T 0s  (pAsc) L ( ) @b

The boundary and initial conditions are similar to
other two arrangements.

The above equations can be non-dimensionalised by
using the following substitutions.

Cie = o (22)
(), = ot 23)
911,0 = % (24)
5= Lil (25)

)

Though, the non-dimensionalisation of Cj ., (UA),
and 7 have been performed on the basis of (ucD)., iden-
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tical values of C} ., (UA); and t have been used for the
comparison of three arrangements.

Using the above non-dimensionalisation, Egs. (20)
and (21) can be represented as follows:

o6, .00y .
00, a0,
where
. _ (U4)
Ntul = Tt (29)

and R = (p A‘?C ratio of the cold stream heat capacitance
to hot stream heat capacitance per unit length.

For comparing the dynamic behaviour of the three
possible heat exchange arrangements, the (U4), has
been taken as,

(UA); = [(UA)y + (UA)]. (30)

where, (UA);, and (UA); are the product of overall heat
transfer coefficient and area of hot and cold end heat
exchangers respectively, for both FCLs and NCLs. As
Ntuy o+ = —( e i3 derived in Eq. (10f) (UA); and (UA);
can be expressed as

(UA), = N C;, and (UA);

= Nt C;. (31)
On substitution of Eq. (31) into Eq. (30) yields
(UA); = [Ntu;,C; + Ntu:C?) (32)

Therefore, Ntu; may become by substituting Eq. (32)
into Eq. (29) written

Nw; = {Ntuh (NtuC %)] (33)

For the present study, the hot and cold stream heat
capacities are taken as identical (C; = C;). This gives

Ntu} = [Ntu;, + Ntu) (34)

The chosen numerical values for Nfuj and Nt are 5
and 2, respectively. Hence, the numerical value for Nz,
becomes 7 and same is taken while comparing the three
arrangements. Moreover, as R is also equal to the ratio
of Ry, to R, (Z f{i“ / (p”:vf;d Z j:g;), its numerical value
also becomes the ratio of these two. Since, numerical
values of Ry, and R, have taken as 5000 and 1000, respec-

tively; R = 5.

7. Solution methodology

For the evaluation of the dynamic performance of
these three arrangements, a finite element technique is
used. Egs. (11)—(16) are coupled in nature and required
to be solved simultaneously. Same computational code

based on finite element technique with modifications
according to the type of arrangement is used to deter-
mine the dynamic performance of all three arrange-
ments. The detailed numerical solution based on finite
element method (FEM) can be obtained from Rao [18]
and Rao et al. [19].

Four types of excitations namely, step, ramp, expo-
nential and sinusoidal have been considered and applied
at the inlet of hot fluid inlet temperature. The maximum
temperature limit imposed to the step function is 1.0.
The ramp and exponential functions considered in the
present work are to some extent different from those
used by the earlier researchers [20,21,9], etc. Conven-
tionally, a continuous increase in the functional value
with time is considered for both ramp and exponential
functions. This is unlikely in a real situation. The ramp
and exponential functions are modified such that the
maximum functional values are limited to 1.0. It may
be noted that a pure step function can also not be real-
ized in practice. Rather, the maximum functional value
may be reached by a steep slope. This can be represented
by the modified ramp function considered in the present
work. Further, the amplitude for the sinusoidal function
is also restricted to 1.0. The final expressions for these
excitations have been given below

1 for step input
ar, <o .
. for ramp input
On(7) = I, >0
1—e™ for exponential input

[0.75 + (0.25sin o))

for sinusoidal input

(35)

The input signals are schematically represented in
Fig. 2. For the present study, « has been taken as 500
for ramp input and 5000 for exponential input. For
the sinusoidal excitation the value of ‘o > has been taken
as 5000.

2 T T T T T

t/l
I, I’
—o— Step L2 1180
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Fig. 2. Schematic representation of the input signals.
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8. Results and discussion

Fig. 3 depicts the response of the cold stream exit
temperature for a step input to the hot stream inlet tem-
perature for the three different arrangements of heat ex-
change shown in Fig. 1. It is interesting to note that, the
responses in the three cases are substantially different
from each other. In case of direct heat exchanger there
is no time delay for the cold stream temperature. The
cold stream exit temperature starts rising immediately
from the initiation of the step input. The steady state
temperature at the exit of the cold stream is also the
highest in this case. This is because the cold stream
absorbs heat directly from the hot stream, so it can
approach the hot stream temperature closely. The
maximum time delay is observed in case of NCL as
the cold stream will sense the effect of input excitation
only after the flow field has developed inside the loop.
Moreover, the cold stream exit temperature goes
through an oscillation of diminishing frequency before
attaining the steady state value. During the start up of
the NCL form its frozen state a series of coupled ther-
mal-hydraulic phenomena takes place. Initially, as there
is no fluid flow the temperature of coupling fluid in con-
tact with the hot end heat exchanger increases to a high
value where as the fluid temperature at the top of the
loop remains at its initial value. This creates a large
buoyancy force and hence stronger circulation. How-
ever, with the development of circulation the fluid tem-
perature leaving the heating section decreases. This
causes a fall in the circulation rate. The oscillation in
0. 1s an outcome of the variation in circulation rate
and the change of fluid temperature at point ‘O’ of the
loop [Fig. 1(c)]. This phenomenon is discussed in detail
in Rao [18]. For FCL the time delay will have an inter-
mediate value. Though the flow field is established in an
FCL a finite time taken for the transport of thermal
energy is responsible for this delay.

The time delay ‘z4’ is derived below for NCL. Consid-
ering the motion of a fluid particle through the riser one
may write

dsriser = Ut dz. (36)
Therefore
L 14
dsriser = / ucfdt (37)
0 0

The above Eq. (37) may be written in non-dimensional
form

(1+K1) d
/ ds = / dr. (38)
1 0

Therefore

Td
K = / C:dr. (39)
0

DHE—___ o
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0.6+

0.4
Nty #=5.0 Ntu *=2.0
R=5.0x10" R=1.0x 10’
C*=1.0x10" C*=1.0x 10*

0.2+

Non-dimensional Temperature 6

0.0+

T T T T
0.000 0.001 0.002 0.003 0.004
Non-dimensional Time t

Fig. 3. Exit responses of cold stream to step change in hot
stream inlet temperature.

The value of 74 obtained by numerical integration of
Eq. (39), exactly matches with its value obtained from
the temperature response curve [Fig. 3]. In case of
FCL also the time delay can be calculated using Eq.
(39). However, C;; is constant in this case and can be
taken out of the integration sign:

Td =
Ccf

(40)

In case of NCL Cy; increases starting from zero va-
lue, whereas C;; has a non-zero finite value (steady-state
value) in case of FCL. This explains the difference in
time delay in these two cases. Moreover, in case of
FCL there is no appreciable fluctuation in the response
of the cold stream exit temperature and its steady state
value will be equal to that of NCL.

The general nature of the response for modified ramp
and exponential excitation (Figs. 4 and 5) is similar to

1.0 Ohi

5=}
DHE

g ™~ 8co
s 084
8
=" FCL
5 0
g 0.6 co
=
=]
.S 044
«
=]
g Ntuy,*=5.0 Ntu *=2.0
F 024
£ Ry =5.0x 103 R=1.0x 103
Z

0.0 C=1.0x 104 C *=1.0x 104

T T T T T T T T T T T T T
0000 0001 0002 0003 0004 0005  0.006
Non-dimensional Time 7

Fig. 4. Exit responses of cold stream to ramp change in hot
stream inlet temperature.
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1.0 O
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‘5‘ eCO
= 0.8
e
% FCL
ﬁ 0.6 /\\/ eCO
=
=1
.2 04-
w
=}
g Niuy*=5.0 Ntu *=2.0
5 0.2
& Ry=5.0x 103 R =1.0x 103
o
“ 00- Cp*=1.0x 104 C*=1.0x 10#

T T T T T T T T T
0.000 0.001 0.002 0.003 0.004

Non-dimensional Time <

Fig. 5. Exit responses of cold stream to exponential change in
hot stream inlet temperature.

that of step input. In both of these cases the cold fluid
exit temperature will be highest in a direct heat exchan-
ger. NCL will exhibit a steep rise of cold fluid tempera-
ture with the largest value of time delay. Like the step
input the cold stream exit temperature will also go
through some oscillations before reaching the steady-
state for ramp and exponential inputs. The temperature
response curves of the FCL will start with the pattern of
input excitation.

Finally, Fig. (6) depicts the response of the three en-
ergy exchange systems for sinusoidal input excitation.
The cold stream exit temperature from all the three sys-
tems shows sinusoidal variations once the steady state is
reached. The frequency of the variation is equal to that
of the input excitation. However, the temperature varia-
tion from the direct heat exchanger has the highest aver-

1.0{DHE i
0.8 e
0.6

Non-dimensional Temperature 6

0.4
o2 Ntup*=5.0 Ntu *=2.0
~—NCL
Ry=5.0x 103 R =1.0x 103
0.0

Cp*=1.0x 104 C *=1.0x 104

T T T T T T T T T T T T T
0000 0001 0002 0003 0004 0005  0.006
Non-dimensional Time t

Fig. 6. Exit responses of cold stream to sinusoidal change in
hot stream inlet temperature.

age temperature as well as the highest amplitude. All the
output curves depict a phase shift with input excitation.
The phase shift is minimum in case of direct heat
exchanger.

9. Conclusion

The present study is taken up to compare the dy-
namic performance of three possible arrangements for
the heat transport from hot fluid stream to cold fluid
stream. These arrangements are direct heat exchanger,
fluid coupled indirect heat exchanger with FCL and fluid
coupled indirect heat exchanger with NCL. One-dimen-
sional governing equations have been derived for three
arrangements in partial differential form. These equa-
tions are coupled in nature particularly for NCL. A
finite element technique has been used to solve these
equations in transient condition. Four types of excita-
tions are imposed at the inlet temperature of hot fluid
stream. These are step, ramp, exponential and sinusoidal
excitations. Identical geometrical, operating, boundary
and initial conditions have been adopted for the com-
parison of these three arrangements. It is observed that
there is no time delay in case of direct heat exchanger
and more time delay in case of NCL. The steady state
exit temperature of the cold stream is higher in case of
direct heat exchanger and lower and same in FCL and
NCL. No appreciable initial oscillations have been ob-
served in DHE as well as in FCL. In case of sinusoidal
excitation all output curves of cold fluid outlet tempera-
ture show a phase shift and same frequency of input
excitation. However, the phase shift is minimum in case
of DHE.
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