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Fully developed laminar mixed convection has been investigated numeri-
cally in a vertical double-passage channel by taking into account the effect
of viscous dissipation. The channel is divided into two passages by means of
a thin, perfectly conductive plane baffle and the walls are uniformly heated.
The effects of Brinkman number and the ratio between Grashof and
Reynolds numbers on the velocity and temperature profiles and the Nusselt
number on the hot wall have been analyzed. The results show that these ef-
fects depend mainly on the baffle position.
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Introduction

Enhancement of the heat transfer in a vertical channel is a major aim because of
its practical importance in many engineering systems, such as the solar energy collection
[1, 2] and the cooling of electronic systems [3, 4]. The convective heat transfer may be
enhanced in a vertical channel by using rough surface, inserts, swirl flow device, turbu-
lent promoter, efc. [5]. Candra et al. [6, 7] investigated the use of ribbed walls, Han et al.
[8] used V-shaped turbulence promoters, Lin et a/l. [9] and Beitelmal et al. [10] demon-
strated the effect of jet impingement mechanism. Recently, Dutta and Hossain [11] inves-
tigated the heat transfer and the frictional loss in a rectangular channel with inclined solid
and perforated baffles.

Unfortunately, most of these methods cause a considerable drop in the pressure.
Guo et al. [12] suggested that the convective heat transfer could be enhanced by using
special inserts, which can be specially designed to increase the included angle between
the velocity vector and the temperature gradient vector rather than to promote turbulence.
So, the heat transfer is considerably enhanced with as little pressure drop as possible. A
plane baffle may be used as an insert to enhance the rate of heat transfer in the channel. To
avoid a considerable increase in the transverse thermal resistance into the channel, a thin
and perfectly conductive baffle is used. The effect of such baffle on the heat transfer in a
vertical channel can be found elsewhere [13, 14].
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In a previous work [15], the effect of viscous dissipation on fully developed lam-
inar mixed convection in a vertical double-passage channel with uniform wall tempera-
tures has been investigated numerically. Although viscous dissipation is usually ne-
glected in low-speed and low-viscosity flows through conventionally sized channels of
short lengths, it may become important when the length-to-width ratio is large [16]. As an
illustration, the working dimensions are: length = 1.2 m, width = 0.2 m and the volume
flow rate = 1-10~> m%/s [17]. For double—passage channels, the length-to-width ratio be-
comes larger as the baffle becomes near the wall. So, viscous dissipation may become im-
portant.

For the fully developed laminar duct flow, Guo et al. [12] observed that Nu for
the case of the isoflux thermal boundary condition is greater than Nu for the case of iso-
thermal boundary condition. This can be explained based on the concept of the included
angle between the velocity and temperature gradient vectors. This angle is larger at
isoflux thermal boundary condition than at isothermal boundary condition. Therefore,
they stated that changing the thermal boundary condition could enhance the convective
heat transfer. Fully developed flow is closely approached in a channel whose length is
large compared with its width. The study of this flow is, therefore, useful; it is also in-
structive because it yields the limiting conditions for the developing flow. Aung et al.
[18] have found that when L > 1072 (L = Gr I/b, [ is the length) the case is fully developed.
Therefore, the present work is devoted to study, numerically, the effect of viscous dissi-
pation on fully developed mixed convection in a vertical double-passage channel with
uniform wall heat flux.

Analysis

The channel shown in fig. 1 is divided into two passages by means of a perfectly
conductive and thin baffle. Laminar, two-dimensional, incompressible, steady flow is
considered. The fluid properties are assumed to be constant except for the buoyancy term
of the momentum equation. The channel walls have uniform heat fluxes.

For fully developed flow, it is assumed that the transverse velocity is zero and
the pressure depends only on x. The governing equations, expressing the above condi-
tions, are:

d’u, 1 dp;
vl =g (T ~Ty) +— L (1)
dy po dx
2
o’r  (d oT
k—2+,u(—u =poCpt— (2)
oy dy 0x

(71
l

The subscript “i” denotes stream 1 or stream 2.
It should be noted that many authors [13, 19, 20] used the entering fluid temper-
ature as a reference temperature. This allows comparison with the numerical solution of
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the developing flow problem at great dis-
tances from the entry, but is rather bizarre
as far as the fully developed flow is con-
cerned. The momentum balance eq. (1)
has been written according to the
Boussinesq approximation by invoking a
linearization of the equation of state p(7)
around the reference temperature 7.
Barletta and Zanchini [21] recommended
the choice of the mean fluid temperature
as the reference temperature in the fully
developed region. This choice ensures
that at each channel section, the average
square deviation from the local tempera-
ture is minimum and, as a consequence,
yields the best conditions for the validity
of the equation of state p(7). Recently,
Boulama and Galanis [22] adopted the
temperature of the cooler wall as refer-
ence, because it leads to simple expres-
sions for the thermal boundary condi-
tions. In particular, the value of the
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Figure 1. Physical configuration of the
double-passage channel

dimensionless temperature at this wall equals zero. In the present work, the choice of
Barletta and Zanchini is used. So the reference temperature is defined as:

1t
7,-L(rdy 3)
by
The boundary conditions are:
y=0: u; =0, a—T:—ﬂ
oy k
y:b*: l/ll :l/l2 :O, n :T2
y=b: u, =0, . 4
oy k

Integration of eq. (2) with respect to y yields:

b 2 b
du or
+uj{—) dy=poc, —[udy
=0 ! dy 0x 3,

ay y=b ay

(4)
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The first two terms of LHS of eq. (4) represent the heat fluxes on the walls and
the integration in RHS represents the mass flow rate within the channel, which is constant
at any cross-section. The reference velocity u is defined as:

lb
uy =—[ udy (%)
bO

Thus, eq. (4) can be rewritten as:

b 2
or 1 d
T |91 192 +NJ(—MJ dy (6)
ox  poc,buy ! dy

Now, the energy equation can be rewritten as:
2 b 2
T du u du
k—2+ﬂ(—J =—d1+4> +uj(—j dy (7)
oy dy uyb g dy

To make the governing equations dimensionless, the following dimensionless
quantities are introduced:

X=_2 =Y ="

bRe’ b’ U
0 T-T0 . _ghab’ 4>
q,b vk q

k

b 2
P= pz’ Re:uL’ Br:ﬂ
Poto v Qb

Hence, the dimensionless governing equations are:

2

d°U; :_ggi +ﬁ (8)

dr? Re dx

> 2 1 2

00 g9V - 1+R+Brj U a4y w=nu ©)

oY 2 dy ! dy

where

1 dU 2
:1+R+BrJ. &l ar 10
n o[dY] (10)
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The pressure gradient in eq. (8) is assumed to be constant, i. e.:
dP.

i, 11
del (11)

Introduction of the dimensionless parameters into eq. (3) gives:

1
[ody =0 (12)
0

The dimensionless boundary conditions are:

y=0 v,=0 22_
oY
Y:Y . U1:U2:O, 91:02

y=t Uy=0, 29
oY

where x
y b
b
Conservation of mass considered at any section of the channel passages gives:
Y .
[U,dy =y (13)
and 0
1
[U,dY =1-Y (14)
Y*

The dimensionless bulk temperature in passage 1 is:

Y* Y*
[U,0dY  [U,6dY
Oy =L =0 (15)
judar Y
0

The Nusselt number on the hot wall is:
1

Nuj=— (16)
0 Y=0 _ebl

Numerical methodology

Investigation of the governing equations formulated shows that the energy equa-
tion and the momentum equation are coupled and non-linear. Furthermore, for uniform
wall heat fluxes the wall’s temperatures are not specified. Therefore, the solutions can be
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obtained by use of an iterative scheme with successive approximations. The equations

are first approximated by finite difference equations. Then, the following solution proce-

dure is used:

(1) guess the walls’ temperatures,

(2) guess a temperature field at the interior points inside the whole channel,

(3) solve the momentum equation, using eqs. (13) and (14), to obtain the velocity field
and the pressure gradient for the two streams separately,

(4) solve the energy equation, using eq. (12) and the values of the velocity of the
previous step, to obtain new values of the temperature at the interior points inside the
whole channel and the value of 7,

(5) by means of a three-point derivative formula, using the temperature values computed
at step 4, compute new values for the wall’s temperatures, and

(6) return to step 3 and repeat until convergence.

A uniform grid in the Y-direction is used with equal numbers of grid points for
each passage (41 points). Thus, a smaller grid size in the narrower passage will be ob-
tained. The solution procedure and grid sizes were validated by comparison with the case
when the effect of viscous dissipation is neglected. For this case eq. (10) gives:

n=1+R (17)
The numerical results of 7 against the values from eq. (17) are shown in tab. 1

for different values of R. It is found that the deviations in 7 are always less than 1.4%.

Table 1. Calculations of 7 without viscous dissipation
(Gr/Re =100, Br =0, ¥Y* = 0.5)

R 1 0.5 0
n (eq. 17) 2 1.5 1
71 (numerical) 1.97217 1.496515 0.9977519

Furthermore, the calculations were carried out for the flow without buoyancy
forces. For this case the analytical solution of the momentum equation gives:

y1=-12/Y? and y,=-12/(1-Y")? (18)

The numerical calculations give very close values to those calculated using eq.
(18). For example, at Y* = 0.5 eq. (18) gives y; = y» = —48 while the numerical calcula-
tions give y; =7, = —47.99993. This confirms the accuracy and convergence of the nu-
merical calculations.

Results and discussions

The governing equations formulated with the given boundary conditions show that
the numerical calculations depend on the following parameters: R, Br, Y*, and Gr/Re.
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When the parameter Gr/Re exceeds a v ? ' R=1
threshold value, flow reversal may occur b | .
causing downflow along the cooler wall. ! -0
Since the equations are parabolic in their 05 :
nature, unstable solutions are expected ol D; — — — :
when the flow reversal occurs. Exami-
nation of the flow reversal phenomenon 0 i
is beyond the scope of this study. There- e
fore, the solution procedure was imme- ! ;
diately stopped when a negative velocity o ;
has been attained. For more discussions %0 02 0.4 06 08 1
of the flow reversal phenomenon see 2 T
Aung and Worku [19, 23]. Yis g
In the following sections the effect g 5%
of Br and Gr/Re on the Nu on the hot os ¢
wall will be presented at different posi- ;
tions of the baffle with symmetric heat- °0 0.2 0.4 0.6 08 1

ing (R = 1), asymmetric heating (R =

= 0.5), and one wall is adiabatic (R = 0). Figure 2. Effect of Br on velocity profiles for
The chosen values for Br and Gr/Re are symmetric heating

commonly found in the application of () Br=0, (b) Br = 0.05, (c) Br = 0.1

cooling of electronic systems. First, the  (Gr/Re = 100)

velocity and temperature profiles will be

presented because of their usefulness in

clarification of the heat transfer mechanism in the channel.

The effect of Br on the velocity profiles for symmetric heating is shown in fig. 2 at
different positions of the baffle. The figure reveals that the effect of Br appears clearly in
the wider passage, while in the narrower passage its effect is not noticeable. When the
baffle is in the middle of the channel very slight effects of viscous dissipation can be no-
ticed in both passages. The maximum velocity point moves towards the baffle as Br in-
creases.

The energy equation shows that the temperature profile depends on the velocity
profile. Since the velocity profiles depend on the baffle position, it is expected that the
temperature profiles depend on the baffle position too. Figure 3 presents the effect of Br
on the temperature profiles for the case of symmetric heating at different positions of the
baffle. The figure reveals that an increase in Br increases the temperature significantly in
the narrower passage. This is due to the increasing in viscous heating since the
length-to-width ratio is large in the narrower passage. This increasing in temperature in
the narrower passage is accompanied with a significant decrease in temperature next to
the wall of the wider passage. This can be explained with the aid of eq. (12) which implies
that the integration of the temperature through the whole channel is zero.

Indeed the increase in Br increases the temperature and hence the velocity increases
due to the increase in thermal buoyancy force, but at the same time the increase in Br in-
creases the pressure gradient, which decreases the velocity. For narrower passage, in

33



THERMAL SCIENCE: Vol. 11 (2007), No. 1, pp. 27-41

which the length-to-width ratio is large, the
increase in the pressure gradient is high
enough to resist the increase in thermal
buoyancy force. So, Br has insignificant ef-
fect on the velocity profile. For the wider
passage, the high increase in the temperature
near the baffle makes the thermal buoyancy
force the dominant force. Hence, the veloc-
ity increases with Br near the baffle. Conse-
quently, the velocity decreases with Br near
the wall, since the mass flow is constant at
any cross-section of the channel passages.
The effect of Br on the velocity pro-
files for R = 0.5 and O are similar to that for
the case of symmetric heating except that a
slight decrease in velocity is noticed near the
cool wall when the heat flux ratio becomes
smaller. This is due to the decrease in the
buoyancy forces there. The effects of Br on
Figure 3. Effect of Br on velocity profiles  the temperature profiles at different posi-

for symmetric heating tions of the baffle for the cases of asymmet-
(a) Br=10, (b) Br = 0.05, (c) Br = 0.1 ric heating and one wall is adiabatic are
(Gr/Re = = 100)

shown in figs. 4 and 5, respectively. For Br=
0, the temperature on the hot wall is greater
than that on the cool wall. For Br > 0, the ef-
fect of viscous dissipation on the temperature profiles is similar to that for the case of
symmetric heating.

Table 2 and fig. 6 present the variations of Nu; with Br at different positions of
the baffle for symmetric heating. The table shows that for Y* = 0.5, Nu, is a decreasing
function of Br. This can be explained with the aid of fig. 3 which shows that for Y*=0.5,
0|y is an increasing function of Br. So, the denominator of eq. (16) increases and as a
consequence, Nu; decreases. Table 2 shows also that the rate of decreasing in Nuy, due to
the increasing in Br, increases as the baffle is nearer to wall 1. As mentioned before, this
is because of the increasing of the effect of viscous dissipation as the length-to-width ra-
tio becomes large. It may be noted that at a given value of Br, Nu, increases as the baftle
is nearer to wall 1. This is due to the increase in the included angle between the velocity
vector and the temperature gradient vector.

When the baftle is nearer to wall 2, Nu; increases up to a very high value as Br in-
creases. With more increasing in Br, Nu; changes its sign. Figure 3 shows that the
dimensionless temperature on the wall from which the baffle is far is a decreasing func-
tion of Br. So, the difference between the wall temperature and the bulk temperature in
the denominator of eq. (16) becomes very small and as a consequence, the value of Nu,
becomes very high. More increasing in Br makes the denominator of eq. (16) negative
and as a consequence, Nu; changes its sign.
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profiles for asymmetric heating
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Figure 5. Effect of Br on temperature

profiles with an adiabatic wall

(a) Br =0, (b) Br = 0.05, (c) Br = 0.1
(Gr/Re = 100)

Table 2. Variations of Nu; with Br at defferent positions of the baffle
for symmetric heting (R =1, Gr/Re = 100)

e [ [ v

0 11.51 5.63 4.57
1 9.58 5.24 5.18
2 8.18 4.95 6.12
3 7.29 4.67 7.49
4 6.7 4.43 11.1
5 6.26 4.2 19.11
6 5.8 4 78.6
7 5.35 3.8 -35.6
8 4.98 3.62 —-14.7
9 4.65 3.46 -8.75
10 437 3.29 —6.11
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The variations of Nu; with Br are presented in tab. 3 and fig. 7 for asymmetric
heating (R = 0.5) at different positions of the baffle. From the table it is evident that Nu;,
varies with Br in a manner similar to that for the case of symmetric heating except that the
change in sign of Nu,; at Y* = 0.8 occurs at higher value of Br than that for symmetric
heating. As mentioned before, this is due to that the heat flux on the hot wall is greater
than that on the cool wall. With an adiabatic wall (R = 0) more viscous heating is required
to change the sign of Nu; at Y* = (0.8 as shown in tab. 4 and fig. 8. To show the effect of
the baffle on heat transfer in the channel, it is useful to know the value of Nu, for a sin-
gle-passage channel. From a previous work [24] Nu; = 1 for Br=0.

25 - o 2
Nu £ u ;
"20 s yr=08 " 20 Fy-os
15
Y =02
10
5
o Y'=05
o 2 4 gyg © 8 o
-10
Y -08,
-15 Py
-20 -20

Figure 6. Variations of Nu; with Br at Figure 7. Variations of Nu; with Br at
different positions of the baffle for different positions of the baffle for
symmetric heating (R = 1, Gr/Re = 100) asymmetric heating (R = 0.5, Gr/Re = 100)

Table 3. Variations of Nu; with Br at different positions of the baffle
for asymmetric heating (R = 0.5, Gr/Re = 100)

Nu,

Br-10? Y =02 Y'=05 Y =08
0 11.36 5.16 3.97
1 9.64 4.87 4.36
2 8.58 4.6 4.96
3 7.79 436 5.9
4 6.83 4.14 7.25
5 6.37 3.93 10.82
6 5.29 3.74 19.1
7 4.77 3.56 93.23
8 4.72 3.4 -31.53
9 4.69 3.25 -13.33
10 4.4 3.1 -7.97
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Table 4. Variations of Nu; with Br at different positions of the baffle
with an adiabatic wall (R = 0, Gr/Re = 100)

Nu,;
Br-10” Y'=02 Y =05 Y'=08

0 11.75 4.83 3.54

1 10.21 4.55 3.79

2 8.87 4.32 4.17

3 7.86 4.09 4.76

4 7.05 3.9 5.76

5 6.41 3.72 7.47

6 5.88 3.55 10.62

7 5.12 3.4 19.28

8 4.57 3.25 126.36

9 4.17 3.1 -28.01

10 4.04 2.96 ~11.74

Figures 9 and 10 illustrate the effect w2

of Gr/Re on the velocity and tempera- p. v =08
ture profiles, respectively. Buoyancy ohr=02 v =02
forces have insignificant effect on the
velocity profile in the narrower passage, 0 > 4 P a {
but for the wider passage significant in- =10 Br10"
crease in the velocity near the cooler 20
wall (the baffle in this case) is observed. 5 i
Gr/Re has less effect on the temperature » '

profile as shown in fig. 10 since the en-
ergy equation does not include this pa-
rameter.

Table 5 presents the variations of
Nu,; with Gr/Re at different positions of
the baffle for symmetric heating. The ta-
ble shows that when the baffle is in the

Figure 8. Variations of Nu, with Br at
different positions of the baffle with an
adiabatic wall (R = 0.5, Gr/Re = 100)

middle of the channel, Nu, is a decreasing function of Gr/Re. Otherwise; Nu; is an in-
creasing function of Gr/Re. Figure 10 shows that the temperature on wall 1 increases
with Gr/Re when the baffle is in the middle of the channel and decreases at the other
positions. So, Nu; changes its trend with Gr/Re as explained before. The effect of
Gr/Re on Nu; for R = 0.5 and 0 is similar to its effect for R = 1.
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Figure 9. Effect of Gr/Re on velocity
profiles for symmetric heating

(@) Gr/Re = 0,(b) Gr/Re = 100, (c) Gr/Re = 200
(Br=10.05)

Figure 10. Effect of Gr/Re on temperature
profiles for symmetric heating

(a) Gr/Re =0, (b) Gr/Re = 100, (c) Gr/Re = 200
(Br =0.05)

Table 5. Variations of Nu; with Gr/Re at different positions of the baffle
for symmetric heating (Br = 0.05)

Nuy
Gr/Re 7*=0.2 Y*=0.5 Y*=0.8
0 5.93 4.34 14.83
50 6.2 4.28 16.85
100 6.26 4.2 19.11
150 6.32 4.12 22.4

Conclusions

The effect of viscous dissipation on fully developed laminar mixed convection in a
vertical double-passage channel has been studied numerically. Uniform wall heat fluxes
with symmetric (R = 1), asymmetric (R = 0.5), and one wall is adiabatic (R = 0) have been
considered. The velocity and temperature profiles have been presented and the Nusselt
number on the hot wall has been evaluated at different positions of the baffle. It can be
concluded that:
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Br and Gr/Re have significant effects on the velocity profiles in the wider passage for
all cases. In the narrower passage, these effects are insignificant,

an increase in Brinkman number leads to a significant increase in the temperature in
the narrower passage for all cases. This is accompanied with a significant decrease in
the temperature in the wider passage. When the baffle is in the middle of the channel
the effect of Brinkman number on the temperature in the whole channel decreases
clearly,

Gr/Re has less effect on the temperature profiles than Br,

for Y*<0.5, the Nusselt number on the hot wall is a decreasing function of Brinkman
number. When the baffle is far from the hot wall Nu, becomes an increasing function
of Br. At a certain value of Brinkman number Nu, changes its sign. For symmetric
heating this change in sign of Nu, occurs at less value of Br than for other cases, and
when the baffle is in the middle of the channel, Nu, is a decreasing function of Gr/Re.
Otherwise; Nu, is an increasing function of Gr/Re.

Nomenclature

b
b*
Br

[}
=]

=

[¢)

*

~S H NIRRT NZS QR

— channel width, [m]

— width of passage 1, [m]

— Brinkman number (= ,uué/ q10), [-]

— specific heat at constant pressure, [Jkg 'K ']
— gravitational acceleration, [ms ]

— Grashof number (= g fgb*/v*k), []
— coefficient of heat transfer, LWm’ K™
— thermal conductivity, [Wm 'K ']

— number of grid points, [—]

u — Nusselt number (= hb/k), [—]

— dimensionless pressure (= p/poug ), [-]
— pressure, [Pa]

— heat flux, [Wm™]

— heat flux ratio (= ¢./q1), [-]

— Reynolds number (= uyb/v), [-]

— temperature, [K]

— axial velocity, [ms™']

— axial coordinate, [m]

— transverse coordinate, [m]

— (=b%/b), [-]

Greek symbols

— volumetric coefficient of thermal expansion, [K™']
— pressure gradient (= dP/dX), [-]

— dimensionless temperature [= (T — T)/(q:1b/k)], [-]
— dynamic viscosity, [Pa-s]

— kinematic viscosity, [m’s™']

— density, [kgm™]
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Subscripts

b — bulk

0 — reference

1 — value in stream 1
2 — value in stream 2
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