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Numerical analyses were performed for the effect of inclined angle on the mixing flow in a square chan-
nel with uniform temperature walls (Tw = 30 �C) and inlet temperature (T0 = 10 �C). Three-dimensional
governing equations were solved numerically for Re = 100, Pr = 0.72 and various inclined angles (from
�90� to 90�). Three-dimensional behavior of fluid in a channel was examined for each angle. Thermal per-
formance was evaluated using the relationship between Nusselt number ratio and pressure loss ratio
with and without buoyancy induced flow as a parameter of inclined angles. High heat transfer and
low pressure loss region was from �15� to �60� in thermal performance using mean Nusselt number
ratio.

� 2008 Elsevier Ltd. All rights reserved.
1. Introduction

Mixed convection, in which forced and natural convection coex-
ist, is important in laminar flow with compactness of heat transfer
device. The attitude of flow passage is one of the most important
factors which affect mixed convection. Iqbal and Stachiewicz [1]
showed numerical results that heat transfer of inclined tube takes
the peak at the region from 20� to 60�. Maughan and Incropera [2]
presented that onset of instability was delayed by decreasing the
Gr and/or by increasing the Re and the inclination angle and heat
transfer enhancement occurred prior to onset of the secondary
flow. Ramachandran and Armaly [3] arranged the patterns on local
and average heat transfer corresponding to the direction of the
main flow and buoyancy force and the Richardson numbers in a
parallel plate duct with uniform wall temperatures. Naito and Nag-
ano [4] showed how the developing upward flow and thermal field
in the entry region were affected by buoyancy on friction factor
and Nusselt number for various inclination angles of parallel
plates. Wikem [5] expressed the map of the relation between fric-
tion and heat transfer for various inclination angles in semi-infinite
flat plate, either heated or cooled. Choi and Ortega [6] investigated
numerically for a parallel planes channel with a discrete heat
source, and results indicated that the overall Nusselt number of
the source strongly depended on the inclination angle over 45�.
Wang and Robillard [7] studied fully developed opposing mixed
convection of inclined channel with discrete heating and numerical
results revealed that buoyancy effects produced an overall recircu-
ll rights reserved.

miya).
lating flow. Yan [8] analyzed numerically the developing laminar
mixed convection heat transfer including mass transfer. Galanis
[9] evaluated heat transfer characteristics of inclined tube for var-
ious heat transfer boundary conditions. Stability of mixed convec-
tion in an inclined channel was examined on the generation of a
small vorticity by Abu-Mulaweh et al. [10], the dependence of
inclination angle by Lee et al. [11], the linear stability theory in a
parallel plate duct by Lavine [12] and the secondary flow structure
of two or four vorticities by Galanis and Nguyen [13]. Lavine [14]
and Lin and Lin [15] indicated the periodicity of temperature
change in a reverse flow and the flow visualization of a vorticity
or a reverse flow in a slightly inclined rectangular duct, respec-
tively. Morcos et al. [16], Chen et al. [17] and Armaly et al. [18] ar-
ranged quantitatively the heat transfer of an inclined rectangular
duct with uniform heat flux, inclined plates with constant wall
temperatures and inclined plates with uniform heat flux, respec-
tively. However, three-dimensional behavior and performance
evaluation of mixed convection in an inclined channel have not
been examined well.

In this study, authors analyzed numerically the heat transfer
and three-dimensional flow behavior of mixed convection in a
square channel with uniform wall temperatures, and evaluated
thermal performance using Nusselt number ratio and pressure loss
ratio with and without buoyancy induced flow.

2. Description of the problem

Mixed convection dominates the flow in a duct with heat re-
moval from an electric device, in a solar collector tube or in a chan-
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Nomenclature

a thermal diffusivity of fluid, m2/s
D width of square channel, mm, m
g acceleration of gravity, m/s2

Gr Grashof number = gbD3(Tw � To)/m2

h heat transfer coefficient, W/(m2 K)
Nu Nusselt number = hD/k
Nu average Nusselt number on each wall across the section
Num mean Nusselt number along whole lengh
P pressure, Pa
DP pressure difference between entrance and exit, Pa
Pr Prandtl number, m/a
Ri Richardson number = Gr/Re2

t time, s

T temperature, �C, K
Tb mixed mean temperature of fluid, �C, K
Tf local fluid temperature, �C, K
To fluid temperature at the entrance, �C, K
Tw wall temperature, �C, K
u,v,w velocity along x, y, z, m/s
uo average fluid velocity at the entrance, m/s
x,y,z coordinate system
b volume expansion coefficient, 1/K
k thermal conductivity of fluid, W/(mK)
m kinematic viscosity of fluid, m2/s
q density of fluid, kg/m3

h inclination angle
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nel with chemical vapor deposition. The attitude of heat transfer
section is one of the important factors, and we have to evaluate
what attitude is effective for heat removal. Therefore, heat transfer
and flow in a square channel with uniform temperature walls were
analyzed numerically and basically for various inclination angles,
and thermal performance including heat transfer and flow resis-
tance was also evaluated.

Fig. 1 shows the coordinate system. Size of a square channel is a
side D = 20 mm, length l = 360 mm including adiabatic entrance
section 20 mm and h inclination angle. The dimensionless entrance
region le/D is usually estimated in laminar flow by 0.05 Re. In
Re = 100, le/D is 5. In the present length of the channel is l/D = 18.
Therefore, the channel length is assumed to be sufficient. Fluid
temperature at the entrance is T0 = 10 �C and wall temperature at
heat transfer section is Tw = 30 �C. Gravity works downwards. Incli-
nation angle, h, is zero at horizontal plane, and h > 0 means rising
flow of forced convection and on the other hand h < 0 means falling
flow. Flow is fully developed at the entrance. Working fluid is
incompressible viscous fluid (air). Physical properties of fluid are
constant except for density. Buoyancy force is expressed by Bous-
sinesq approximation and thermal radiation is neglected.
Fig. 1. Coordinate system.
3. Numerical analysis

Governing equations, conservation of mass, momentum and en-
ergy, are expressed as follows;
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Boundary conditions are established as follows;

(1) At the entrance, flow has fully developed laminar flow veloc-
ity distribution and fluid temperature is T0 = 10 �C.

(2) Walls are uniformly heated at Tw = 30 �C after 20 mm adia-
batic section.

(3) At the exit, the velocity gradient along x is zero, @u/@x = 0,
@v/@x = 0, @w/@x = 0, and heat flux gradient is zero, @2T/
@x2 = 0.

(4) Initial conditions are that flow velocity distribution is fully
developed at whole area and fluid temperature is T0 = 10 �C.

Unsteady three-dimensional governing equations were reduced
to systems of simultaneous algebraic equations by a control vol-
ume based on finite difference method. The velocity and pressure
were obtained by SIMPLE algorithm [19], and the QUICK scheme
[20] with the third order upwind method, was implemented to cal-
culate the convection flux through the cell face of a control volume.
The first operation involved solving the momentum equation using
the upstream pressure gradient to correct the pressure and velocity
profile. The velocity field was modified by a pressure correction
technique to bring it in compliance with the conservation of mass.
The cross sectional pressure distribution was evaluated by solving
a Poisson equation for pressure. Code validation was accomplished
through known results for forced convection [21] and numerical
and experimental results for mixed convection in a horizontal duct
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[22]. Grid independence test was performed by achieving sufficient
agreement between results obtained for 20 � 20 � 360,
30 � 30 � 360 and 20 � 20 � 720 [23]. As the result, the number
of uniform staggered grids were 360(x) � 20(y) � 20(z) = 144,000.
The time step Dt was 0.005 s for numerical stability, and the state
approached to steady condition at 7 s. Discussion was performed
on numerical results at steady state. Calculation was performed
at Prandtl number, Pr = 0.72, Reynolds number, Re = 100 and Rich-
ardson number, Ri = 2.2 and inclination angle, h = �90� to 90�. Flow
and heat transfer were evaluated by stream line, velocity vector,
local and average Nusselt numbers.

The local Nusselt number is defined by
Nu ¼ DðTw � T f Þ=dðTw � TbÞ ð6Þ
where d is half distance of a grid size from the wall and Tf the fluid
temperature at d.

The local Nusselt number was averaged over one wall at arbi-
trary x and was determined by

Nu ¼
Xn

k¼1

½DðTw � T fkÞ=dðTw � TbÞ�=n ð7Þ

where Tfk is the fluid temperature at k-th position of d along the
width and n the grid number on one wall. Tb is the mixed mean
temperature of fluid and was determined by
Fig. 2. Strea
Tb ¼
Z s

0
T � uds=umS ð8Þ

where um is average velocity across the section and S cross-sectional
area (= D2).In addition, Nu was averaged over the entire wall of the
channel and was defined by

Num ¼
X4m

k¼1

Nuk=4m ð9Þ

where m is the grid number along x-direction on one wall. Thermal
performance was decided by average or local maximum Nusselt
number ratio with and without buoyancy force for pressure differ-
ence between entrance and exit, Num=ðNuÞg¼0 or Nupeak=ðNuf Þg¼0

against DP/(DP)g = 0, where g = 0 means forced convection.

4. Results and discussions

4.1. Flow characteristics

In order to examine the three-dimensional behavior, flow streak
lines from x = 0, z = 5 mm and y = 4, 8, 12, 16 mm are shown for
various inclination angles in Fig. 2. In h = 0�, fluid rises up near
the bottom wall due to wall heating, and on the other hand it falls
k lines.
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down near the upper wall. Therefore, it flows downstream with
twisting [23]. The gradient of streak lines along the flowing direc-
tion becomes mild with increase of inclination angle. In h = 90�, the
direction of the buoyancy flow agrees with that of forced convec-
tion and the flow is accelerated near the wall. In negative inclina-
Fig. 3. Velocity vecto
tion angle, the flow is decelerated near the wall because the
direction of the buoyancy flow is opposite to that of forced convec-
tion (refer to Fig. 5).

Fig. 3 shows the velocity vector across the section at x = 80mm.
Flow is divided into two recirculating flows, namely, rising flow
rs at x = 80 mm.



Fig. 4. Intensity of maximum secondary flow.

Fig. 5. Velocity distribution along x
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along side wall and falling flow near the center of the flow passage.
The center of the recirculating flow moves to upper wall and the
flow is accelerated near the wall with increase of inclination angle.
In h = 90�, velocity distribution becomes more uniform or is rela-
tively decelerated at the center of flow passage and becomes con-
cave. In negative inclination angle, the center of recirculating flow
moves toward bottom wall and velocity is accelerated near the
bottom wall. In the inclination angle close to h = �90�, main flow
and inverse buoyancy flow becomes strong and flow is decelerated
near the wall. Therefore, velocity distribution becomes convex due
to the acceleration near the center of the flow passage (refer to
Fig. 5).

Fig. 4 presents the intensity of the maximum secondary flow
across the section defined by ð

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðv2 þw2Þmax

p
=uoÞ along the flow

direction for various inclination angles. The intensity increases
generally from the starting point of heat transfer, takes a peak cor-
responding to the rise or fall of streak lines shown in Fig. 2, and
after that it decreases along the flow direction. Between h = �30�
and h = 30�, the intensity behaves in the same way along the flow
direction. In h = 90� and h = �90�, it becomes low due to the posi-
tive or negative buoyancy induced flow corresponding to main
flow. After the first peak of the intensity, there exists the region
where the second peak can be found or the gradient along the flow
direction changes. This behavior corresponds to the cross portion
–y cross section at z = 10 mm.
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of rising and falling streak lines in Fig. 2. In h = 90�, these streak
lines do not cross. However, the area is where the flow near the
wall is accelerated due to buoyancy flow and is decelerated near
the center of the flow passage, and the velocity distribution be-
comes concave as shown in Fig. 5.

4.2. Heat transfer characteristics

Temperature distributions across (y–z) section at x = 80 mm are
shown for h = 60� and h = �60� in Fig. 6. High temperature region
Fig. 6. Fluid temperature ac

Fig. 7. Local Nusselt numb
near the wall exists, and low temperature region exists at lower
section for h = �60� comparing with that for h = 60� and high tem-
perature region becomes wide at upper section. Temperature gra-
dient near the lower wall becomes high corresponding to the flow
acceleration near the lower wall and flow deceleration at upper
section for h = �60�. The present tendency near the lower wall be-
comes remarkable at close to h = 0�.

Fig. 7 shows the local Nusselt numbers on the lower wall for
h = 30� and h = �60�. In lower absolute value of inclination angle,
local Nusselt number becomes high (Fig. 10) because low tem-
ross (y–z) (x = 80 mm).

er on the bottom wall.
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perature fluid near the upper wall falls down and impinges the
lower wall. That is why local heat flux increases, and this state
expands downstream. The average Nusselt number on each wall
across the section is presented along flow direction in Figs. 8–10.
The average Nusselt number on the upper wall shown in Fig. 8
takes the minimum in a certain position at wide high tempera-
ture region as shown in Fig. 6 and after that it increases down-
stream. The value is the lowest at h = �60� and the highest for
h = 90� due to flow acceleration. In h = �90� and h = 90�, the flow
is symmetrical and the average Nusselt numbers have same dis-
Fig. 8. Average Nusselt number on the upper wall along flow direction.

Fig. 9. Average Nusselt number on the side wall along flow direction.

Fig. 10. Average Nusselt number on the bottom wall along flow direction.
tributions at upper wall, side wall and lower wall, respectively.
Fig. 9 shows the average Nusselt number on side wall. Flow
along the side wall generally rises up to upper wall and average
Nusselt number takes maximum at x = 90 mm for h = 30�. The
position moves downwards with inclination angle and the
behavior becomes mild. The flow becomes mild with larger incli-
nation angle than h = 30� and the peak does not exist. Fig. 10
shows average Nusselt number on lower wall. It takes sharp
peak at x = 85 mm for h = 0�. This tendency is same as at the re-
gion h = �30� to 30�. In h = �60�, the temperature gradient on
the lower wall is higher than that in h = 60� and average Nusselt
number is higher. Generally, it is high at negative inclination an-
gle. However, in h = �90�, flow is decelerated near the wall due
to buoyancy force, and heat transfer is depressed for low tem-
perature gradient comparing with that at h = 90�.

4.3. Thermal performance

Two kinds of thermal performance were determined by the
mean Nusselt number ratio along whole length and the local max-
imum Nusselt number ratio against pressure difference ratio be-
tween entrance and exit with and without buoyancy force. These
were indicated in Figs. 11 and 12. The 45� dotted line means that
Nusselt number ratio is same as pressure difference ratio. In
Fig. 11, mean Nusselt number ratio Num=ðNuÞg¼0 is higher and
pressure difference ratio DP/(DP)g=0 is lower than 1.0 for
h = �15� to �60�. This means high heat transfer and low pressure
loss area. The h = �60� to �90� region is low heat transfer and
low pressure loss area because of both lower values than 1.0. The
h = �15� to 30� region is high heat transfer and high pressure loss
area, and heat transfer dominates due to higher Num=ðNuÞg¼0 than
dotted line. The h = 30� to 90� region is high heat transfer and high
pressure loss area, and pressure loss dominates the field because
Num=ðNuÞg¼0 < dotted line. Consequently, thermal performance is
divided into four regions. In Fig. 12, maximum Nusselt number ra-
tio Nupeak=ðNuf Þg¼0 is higher than dotted line except for h = 90� and
heat transfer dominates the field. In the h = �15� to �90� region,
Nusselt number ratio is higher than 1.0 and pressure difference ra-
tio is less than 1.0. Therefore, it is high heat transfer and low



Fig. 11. Thermal performance by mean Nusselt number.

Fig. 12. Thermal performance by peak Nusselt number.
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pressure loss region. On the other hand, the h = �15� to 90� region
is high heat transfer and high pressure loss area and heat transfer
dominates because Nupeak=ðNuf Þg¼0 is higher than dotted line. Con-
sequently, thermal performance is divided into two-regions. These
results show that the thermal performance depends on inclination
angle. We should select the inclination angle in accordance with
practical objectives.

5. Conclusion

Effect of attitude of flow passage on heat transfer and flow of
mixed convection in a square channel with uniform temperatures
walls was analyzed numerically for �90 6 h 6 90� and thermal
performance was evaluated. Following conclusions are obtained;

(1) Three-dimensional flow is basically composed of twisted
flow by rising flow along side walls and falling flow along
the center of the flow passage.

(2) The flow across the section generates two-big recirculating
flows except for h = 90� and –90� and the center of recircu-
lating flow moves upward of flow passage for positive incli-
nation angle and moves downwards for negative inclination
angles.

(3) Thermal performance was evaluated by relationship
between mean Nusselt number ratio and pressure difference
ratio with and without buoyancy force. High heat transfer
and low pressure loss area was obtained for h = �15� to
�60�, and other regions were divided into three.

(4) Other thermal performance was evaluated by the relation-
ship between maximum Nusselt number ratio and pressure
loss ratio with and without buoyancy force. High heat trans-
fer and low pressure loss area was obtained for h = �15� to
�90�, and other region was divided into one.
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