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Abstract

This work introduces a novel method that improves the thermal performance of a conventional concentric tube
heat exchanger. The introduced method includes inserting porous substrates at both sides of the inner tube wall.
The porous substrates improve the convective heat transfer coefficient between the tube wall and the fluid. This
improvement is investigated numerically and its effects on the effectiveness of the heat exchanger are evaluated. The
present numerical results show that inserting the porous substrate may enhance the heat exchanger effectiveness
considerably for both parallel flow and counter flow arrangements, especially at high values of the heat capacity
ratios. In the current study, the effect of inserting porous substrates on the pumping head of the fluid is also
investigated. © 1999 Elsevier Science Ltd. All rights reserved.

1. Introduction

The heat exchanger industry has been seeking ways
to reduce the size and cost of heat exchangers. The
enhancement of heat transfer has become an important
factor in achieving these goals and has captured the
interest of many researchers. Recent overviews of
single phase tube enhancements are reported by
Ravigururajan and Rabas [1], and Bergles [2]. Also,
comprehensive assessments of enhancement options
have bene published by Bergles [3], Webb et al. [4] and
Webb [5]. Enhancement of heat transfer in heat
exchangers can be accomplished through two tech-
niques:

1. Increasing the convection coefficient. The convection
coefficient may be increased by enhancing turbu-
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lence, creating secondary flow, and inducing swirl
flow. One or more of these mechanisms may be
accomplished using coil-spring wire, ribs, inden-
tation, spiral flutes [5,6], transverse-ribbed tubes,
helically ribbed tubes, wire-coil insert, twisted-tape
insert [2], ribbed or ribbed grooved walls [7]. Also,
the convective heat transfer coefficient may be
enhanced using fluids that undergo a phase tran-
sition or by using electrohydrodynamic enhance-
ment tools [8] and using mist flow [9].

2. Increasing the heat transfer area by using longitudi-
nal fins [10], wire-on-tube heat exchangers [11].

Other techniques utilize both effects. Examples of these
techniques are spiral fins or ribs and offset strip fins
[2].

In the present work, it is intended to investigate nu-
merically the effect of inserting porous substrates at
both sides of the wall that separates the cold and hot
working fluids on the performance of the heat exchan-
ger. Previous studies showed that the heat transfer pro-
cess in closed channels can be enhanced by partially
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Nomenclature

coeflicient of the microscopic inertia term, ¢Fr,/ pR\/E
heat exchanger inner surface area, m

heat exchanger outer surface area, m>

fluid specific heat

solid matrix specific heat

Darcy number, K/r3

Forchheimer coefficient

convective heat transfer coefficient

heat exchanger wall thermal conductivity

thermal conductivity ratio, k,/k;

fluid thermal conductivity

effective thermal conductivity in the porous domain
permeability of the porous substrate

mass flow rate in channel A

mass flow rate in channel B

dimensionless radius ratio, r/r,

dimensionless radius ratio, r/r, =1

dimensionless radius ratio, r3/r;

dimensionless radius ratio, r4/r»

local Nusselt number, hrs/k,=(30,/0R)/(0m—1)

the value of Nusselt number with porous substrate divided by Nusselt number without porous sub-
strate, Nuwith/Nuwithout

pressure

dimensionless pressure, pr3/piv3

the value of fully developed pressure gradient with porous substrate divided by the fully developed
pressure gradient without porous substrate, (dP/dzyiw)/(dP/dZyithout)
Prandtl number of the fluid, ¢;u/k;

radial coordinate

inner radius of the inner porous substrate

radius of the inner tube (channel A)

outer radius of the outer porous substrate

radius of the outer tube (channel B)

dimensionless radial coordinate, r/r,

temperature at any point

fluid inlet temperature to channel A

fluid inlet temperature to channel B

mixing cup temperature over any cross section
axial velocity

inlet axial velocity

dimensionless volume averaged axial velocity, ur,/v;
dimensionless inlet axial velocity, ugr/v;

overall heat transfer coefficient

radial velocity

dimensionless radial velocity, vr,/v,

axial coordinate

dimensionless axial coordinate, z/r,

Greek symbols

porosity

heat exchanger effectiveness

dimensionless temperature, (7—17})/7T;
dimensionless mixing cup temperature, (7,,—7;)/T;
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UR dynamic viscosity ratio, /1

I fluid dynamic viscosity

U effective dynamic viscosity of the porous domain
v kinematic viscosity

VR kinematic viscosity ratio, v,/v;

p density

PR density ratio, p,/p;

Subscripts

A and B channel A and B of the heat exchanger
R ratio

S solid matrix properties

ss steady state

1 orf fluid domain properties

2 porous domain properties

filling the channels with porous materials [12]. The aim
of the present work is to improve the performance of
the conventional concentric tube heat exchangers. This
can be accomplished by inserting high-thermal conduc-
tivity porous substrates on both sides of the inner tube
wall. A mathematical model is constructed to simulate
the system under consideration. This model is used to
study the effect of several operating and design par-
ameters on the thermal performance of the heat
exchanger.

2. Analysis

Consider a concentric tube heat exchanger as shown
in Fig. 1. Two porous substrates are deposited at both
sides of the inner tube. The velocity of the fluid at the
entrance of the exchanger is kept uniform and steady
uo o and u,p, where subscripts A and B refer to the
inner and outer tubes, respectively. In order to facili-
tate the solution of the governing equations, several
assumptions are adopted. These assumptions include:
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Fig. 1. Schematic diagram of a double-pipe heat exchanger.
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1. axisymmetric flow, 2. laminar, boundary-layer flow
with no internal heat generation, 3. no viscous dissipa-
tion, 4. no axial conduction of heat, and the wall ther-
mal effects are neglected, 5. the porous medium is
homogeneous, isotropic, and saturated with a single-
phase fluid, 6. both the fluid and the solid matrix have
constant physical properties, and 7. the solid matrix
and the fluid are assumed to be at local thermal equili-
brium with each other. The interactions between the
porous medium and the clear fluid is simulated by the
Darcy—Brinkman—Forchheimer formulation and the
continuity of velocity and stresses at the interface [13].
Using the dimensionless parameters given in the
nomenclature, the equations of continuity, motion,
and energy, for both fluid and porous domains, in
both inner and outer channels, are reduced to the fol-
lowing non-dimensional equations, respectively,

W1 ROV

oz "k 2m 0 .
% * % (RaaRVz) =0 @
Uz%Jer%:—é%ﬂL%

BiR[R%} B PRlDa v AU% @

In Egs. (1)—(6), subscripts 1 and 2 refer to the clear
fluid and porous substrate, respectively. The governing
equations are solved by the linearized finite difference
scheme of Bodoia and Osterle [14]. In the case under
consideration, the momentum equations assume the
following boundary conditions:

at Z=0and 0 < R < 1:
U1=U2:UO)A and V1=V2=0
at Z=0and 1 < R < Ny

U1=U2:U0‘B and V1=V2=0

for Z>0 and R=1 (on both sides of the inner tube
wall):

U=V,=0
for Z>0 and R=0:

iU
8—R1:0
for Z>0 and R= Ny
U=V1=0

for Z>0 and R=N;:

alia oUs A
aR  MRATHR

Uia = Usa,

for Z>0 and R= Ns:

AU, AU,
Uip = Uzp, TRB = HR,BTRB Q)

The energy equations have the following boundary
conditions:

a0,
tR=0: — =
a 0 IR 0
and at R=1 (on both sides of the inner tube wall):

0> = (Oia + Ooa + 0ig + 0o 8)/4 = 0y ®)
atZ =0, O<R<l: 91,A = H2,A = Hi.A
atZ =0, 1<R<Ny:

01g =08 =0i3

atZ >0, R=Ni: GI,AZOZ‘A and

atZ>0, R=N3: 0,g=0,5 and

8015 _, 02
AR  BGR
891’3
Z >0, R=Ny —22=0 )

In Egs. (9), it is assumed that the wall of the outer
tube is insulated. Also, it is assumed that the wall of
the inner tube has negligible thermal effect and as a
result, its inner and outer sides have the same tempera-
ture which is a uniform temperature 6,, given as the
average of the inlet and outlet fluid temperatures enter-
ing and leaving both channels A and B. The last
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assumption is used only in the process of estimating
the convective heat transfer coefficient on both sides of
the inner tube wall and it will not be used in the pro-
cess of estimating the heat exchanger effectiveness.
This is justified because the convective heat transfer
coefficient is a weak function of the wall thermal con-
ditions. However, this is not the case regarding the
effectiveness. Also, it is worth mentioning that the
above list of boundary conditions are given for the
case of parallel flow heat exchanger and they are easily
modified to include the counter flow arrangement.
However, it is found that changing the flow arrange-
ment from parallel to counter flow arrangement has
negligible effect on the convective heat transfer coef-
ficient on both sides of the inner tube wall. This is
due to the assumption that the convective coefficient
is a weak function of the wall thermal conditions,
which is the only varying parameter after changing the
exchanger arrangement.

3. Code validation and error estimates

A FORTRAN code has been constructed to solve
the governing equations above by the finite difference
scheme introduced by Bodoia and Osterle [14]. In
order to validate the present code, two special runs
were carried out corresponding to two special test
cases. The first test case resembles the fully developed
fluid flow through a pipe completely filled with porous
material where both the microscopic and macroscopic
inertia terms are neglected. In this case an analytical
solution of the velocity profile is obtained. Eq. (10)

3613

below gives the closed form solution for the velocity
profile for this special test case.

Uy {
L(b
IO
bly(b) 2
where b = (1/,/Vrpg Da). Fig. 2 shows a comparison
between the analytical solution and the solution
obtained by the present code for the fully developed
velocity profile for the first test case. The second test
case included the temperature distribution in a pipe
completely filled with porous material. In this case, the

flow is described by the plug flow model. The tempera-
ture distribution is obtained analytically as:

U>(R) = Da

Iy(bR) 1} a0

Ib)

> 2 .
0(R. Z) = 3 s oo, R) e (11)
n=1 /n n

where p=(kgr/Pry Up), and 7, are the roots of
Jo(7,)=0. The temperature profile obtained analytically
[Eq. (11)] is compared with that calculated by the pre-
sent code in Fig. 3. In order to obtain a solution that
is independent of the grid size, several runs were per-
formed with different grid sizes. An error parameter is
defined as the absolute value of the temperature
obtained by the present code minus the temperature
obtained analytically for the second test case [Eq.
(11)]. This error is calculated at each grid point over a
prescribed cross section. The maximum local error is
considered as a measure of the accuracy of the compu-
tations. For a radial step size AR=0.01, several runs
were carried out for different values of axial step size
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Fig. 2. Fully developed, non-dimensional axial velocity profile for the first test case. Comparison between present code and analyti-

cal solution.
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Fig. 3. Dimensionless temperature profile at Z=10 for the second test case. Comparison between present code and analytical sol-

ution.

AZ. For each run, the maximum error is calculated
and tabulated in Table 1. The optimum choice for AZ
was 0.1. Similarly, several runs were carried out corre-
sponding to different values of AR, keeping AZ at 0.1.
The results are shown in Table 2 where the optimum
choice was AR=0.02.

4. Effect of the porous substrate thickness on the
convective heat transfer coefficient

Using the appropriate dimensionless operating con-
ditions, Egs. (1)—(9) are solved numerically after vali-
dating the used computer code to find the Nusselt
number, Nu, at both sides of the inner tube wall. For
each set of operating conditions, the Nu number at
both sides of the wall is evaluated twice; with and
without porous substrate. The effects of the porous
substrate thicknesses 1—N; (thickness of the inner sub-
strate) and N3—1 (thickness of the outer substrate) on
the value of Nur (Nu with porous substrate/Nu with-
out porous substrate) at both sides of the wall are
shown in Fig. 4, for the following dimensionless oper-

Table 1
Effect of the axial step size (AZ) on the maximum error,
AR=0.01

ating conditions that represent water as the working
fluid and an aluminum matrix as the porous domain.
Aluminum is considered a typical high thermal con-
ductivity material. The value of ur s =pr p=1.0. This
choice of the viscosity ratio is recommended by Kakac
et al. [15].

P)‘]_A = Prl‘B = 70, kR,A = KR,B = 7812,

HR A = HRB = 1.0, PRA = PRB = 2.7

Uoa =300, U, =900, Ns=2, 0;ar=05=0,
Da=0.001, 4=1.0

As shown from this figure, increasing the substrate
thickness improves the fully developed Nu number up
to 100 times on the inner side of the wall and up to 80
times on the outer side of the wall. Also, the effect of
the substrate thickness on the pressure drop ratio Pg,
in both channels of the heat exchanger, is shown in
Fig. 5 for the same set of operating conditions. Due to
its high macroscopic and microscopic shear, bulk and

Table 2
Effect of the radial step size (AR) on the maximum error,
AZ=0.1

AZ 10 5 1 0.5 0.1 0.05

AR 0.1 0.05 0.025 0.02 0.01

Error 8.78e-2 4.18e-2 8.32e-3 4.34e-3  1.26e-3 8.4e-4

Error 2.02e-2 5.02¢-3 1.58e-3 1.41e-3 1.26e-3
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Fig. 4. Effect of substrate thickness on the improvement in Nusselt number for both the inner and outer sides of the inner tube.

microscopic inertial drag forces, the porous substrate
has the effect of increasing the pressure drop within
both the inner and outer tubes. As a result, higher
pumping work is required to maintain the same
amount of flow rate if the substrate thickness is
increased.

5. Thermal performance of the modified heat exchanger

The performance of the heat exchanger is usually
quantified in terms of its effectiveness which is defined
as:

Crir (Th; —

4 max

Tc,i) (12)
where ¢ is the actual rate of heat transfer in the heat
exchanger, ¢.x is the maximum possible heat transfer
rate, Cpin 18 Mi.c. Or mic, whichever is smaller, 7}, and
T. are the temperatures of the hot and cold streams,
respectively.

For concentric tubes heat exchangers, the effective-
ness is given as [16]:

For parallel flow heat exchanger:

1 — e NTU(I+C,)
- _ 13
€ e (13)
and for counter flow heat exchanger:

| — o~ NTU(-C)
= —° (14)

1 — C, e~ NTU(-C)

where

C min (UA)i (UA)O
C = , NTU=—%">=—"= d
C max C min C min an
Ln o+
| _ 1 + r + 1
UA 4 2nkL hoAo

where 0 is the thickness of the inner tube wall, L is the
heat exchanger length, A4; and A4, are the inner and
outer surface areas of the inner tube.

The effects of the inner and outer porous substrates
thickness on the heat exchanger effectiveness for paral-
lel and counter flow arrangements are shown in Fig. 6.
It is clear from these figures that inserting substrates of
high thermal conductivity may improve the effective-
ness considerably for parallel flow and counter flow
arrangements. The percentage improvement, for the
same substrate thickness, is lower in the counter flow
arrangement since the effectiveness of the conventional
counter flow heat exchanger is higher than that of the
conventional parallel flow exchanger. Also, it is clear
from these figures that there is a critical substrate
thickness beyond which there is no further improve-
ment in ¢. This is due to the fact that any further
increase in the substrate thickness will not affect the
thermal behavior of the thin layer which is very near
the wall that separates the hot and cold streams. The
effect of the substrate thickness on € and for different
C, is shown in Figs. 7 and 8 for parallel and counter
flow arrangement, respectively. As shown in these
figures, increasing the substrate thickness, on both
sides of the inner tube wall, has more significant
improvement for large values of C,. The ratio C, may
be decreased by decreasing Cy.;,, and as a result the
number of transfer units N7U increases. Increasing the
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Fig. 5. Effect of substrate thickness on the fully developed pressure gradient for both the inner tube and the outer channel.

number of transfer units has the same effect as increas-
ing the overall heat transfer coefficient U. As a result,
increasing the substrate thickness in heat exchangers
having high U has no significant improvement. In the
limit as C, — 0 (as in boiling or condensation), the
porous substrate thickness has no effect on ¢. In the
case of boiling or condensation, NTU — oo, hence, UA
is very large without inserting the porous substrate.
Any improvement in UA is not significant. For the
special case of C, — 0, the heat exchanger behavior is
independent of flow arrangement. Fig. 9 shows the

effect of the thermal conductivity ratio on the effective-
ness of the heat exchanger for both parallel and coun-
ter flow arrangements. It is clear from the figure that
increasing the thermal conductivity ratio enhances the
heat transfer, and thus, improves the effectiveness of
the heat exchanger.

6. Conclusions

In the present work, the thermal performance of a
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Fig. 6. Effect of the porous substrate thickness on the heat exchanger effectiveness for both counter flow and parallel flow arrange-

ments. C,=0.7.
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Fig. 7. Effect of C, on the effectiveness of the parallel flow heat exchanger for different values of substrate thickness (7).

conventional heat exchanger is improved by inserting
porous substrates at both sides of the inner tube wall.
The porous substrates improve the convective heat
transfer coefficient between the tube wall and the fluid.
It is found that this improvement raises the effective-
ness of the exchanger considerably for both parallel
and counter flow arrangements. The improvement in

the exchanger effectiveness is high especially at high
values of the heat capacity ratios C,. However, insert-
ing the porous substrate has the effect of increasing the
pressure drop within the heat exchanger. Also, it is
found that there is a critical value of substrate thick-
ness beyond which there is no substantial increase in
the exchanger performance. Inserting substrates of
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Fig. 8. Effect of C, on the effectiveness of the counter flow heat exchanger for different values of substrate thickness (7).
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Fig. 9. Effect of the thermal conductivity ratio on the effectiveness of the heat exchanger for both parallel and counter flow
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optimum thickness yields the maximum improvement
in the exchanger thermal performance with moderate
increase in its pumping cost.
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