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This paper investigates, experimentally along with three-dimensional CFD simulation, the
variation in heat transfer coefficients of a heated plate located with different inclination
angles (0 < <90°) and aspect ratios (0.25 < AR <2). The considerate airflow is at different
speeds from 4-32 m/s. The CFD model was simulated by Ansys-Fluent, solving the
discretized equations using finite volume method. The experimental data align with CFD
results with a relative error between 1.09% and 10.74%. Taking into consideration the plate
width enhances the heat transfer coefficient compared to 2D study. Regardless of the
inclination angle and the aspect ratio, heat transfer is enhanced with high inlet velocity. By
increasing the inlet velocity, heat transfer coefficient decreases with the increment of AR
at a = 30°. Different average correlations were obtained between heat transfer coefficient
with inlet air velocity, and between average Nusselt number with Reynolds number. A
relative error of -18% to 15% was obtained between the correlated and calculated Nusselt
numbers. A general correlation linking average Nusselt number to Reynolds number, angle

of inclination and heated plate aspect ratios, was also elaborated.

1. INTRODUCTION

Forced convection is a complex mode of energy transfer
that combines fluid motion with heat transfer. Many
applications related to this phenomenon exist such as wind-
loaded buildings, solar panels and heat sinks [1-3]. Mostly,
solar panels can be modeled as inclined surfaces. Therefore,
optimizing the parameters controlling forced convection on
inclined plates, as air velocity, angle of inclination or attack,
heat generation and plate’s dimension, became a challenge.

Some authors analyzed the impact of air speed on heat
transfer both experimentally and numerically [4-7]. By
increasing the air velocity, the flow becomes turbulent. In
order to simulate accurately those turbulences, the choice of a
turbulence model is decisive. Reynolds Averaged Navier
Stokes (RANS) models, especially standard k-¢ and k-o, are
the most used for this kind of problems. Other models derived
from the previously cited models exist like R k-¢, RNG k-¢, S
k-o and SST k-w. Several researchers were interested in
detecting the most adequate turbulence model. Therefore, the
choice was based on testing the findings of those latter with
experimental results. EI-Shamy et al. [8] showed that SST k-®
was in better agreement with experiment compared to R k-g,
while, Karava et al. [9] found that k-g¢ was the most reliable.

Studies were also elaborated to evaluate the flow structure
over a heated plate. Hourigan et al. [10] determined
experimentally and numerically both the flow patterns and the
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thermal fields over a heated plate. They found that the heat
transfer improved when the large vortices were formed. The
sound was also used as a method to enhance the forced
convection. Zuercher et al. [11] experimentally examined the
stability of the boundary layer on the upper side of an inclined
heated plate, while Griffiths [12] focused on an inelastic non-
Newtonian fluid. Liu and Ren [13] simulated the transient
convective flow adjacent to a heated plate and determined the
parameters characterizing the thermal boundary layer flow.

In general, convective heat transfer correlations were
established for laminar, mixed, and forced flows [14-17],
which relate the Nusselt number to the Reynolds number and
the angle of inclination. Altering the plate's inclination angle
has a significant influence on heat transfer, leading to either
enhancement or deterioration. According to Yang et al. [18],
when the inclination angle becomes important, heat transfer is
improved and flow separation also can occur. Alhendal and
Touzani [19] showed that average Nusselt number increases
with an angle of inclination varying from 0° to 20°
approximately then decreases with higher angles (up to 90°).
For a rectangular duct equipped by inclined baffles on its
bottom wall, Arslan et al. [20] observed heat transfer
improvement when the baffles inclination angle becomes
steeper.

Another interesting parameter that can influence the flow as
well as the heat transfer around the plate is the plate’s heating
mode. Cossali [21] applied periodic heating condition and
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studied its impact on heat transfer coefficient. Shavazi et al.
[22] considered a uniform flux on an inclined narrow flat plate.
An increasing boundary layer thickness in the laminar region
and uniform temperature distribution in turbulent region, were
observed. Turgut et al. [23] examined numerically heat
transfer over an inclined flat plate with unheated starting
length with two boundary conditions: constant temperature
and uniform flux. In order to enhance heat transfer, Sasaki and
Ashiwake [24] attached rectangular grids on the inclined plate.
An improvement of 20% was observed compared to without
grids case.

Most researches mentioned above were interested in
understanding the interaction between the air flow around the
inclined plate and heat transfer, but the numerical part was
mostly bidimensional. Thanks to developed CFD techniques,
3D studies became performed. Roy et al. [25] presented a
three-dimensional study of an inclined surface with a heating
pad in the middle, where heat transfer coefficients were
determined numerically and experimentally. Moreover, heat
transfer coefficient was calculated either locally or as an
average on the inclined plate for a fixed plate’s dimension. In
a 3D numerical study, Salhi et al. [26] showed that the
presence of inclined baffles in a rectangular channel generated
vortices inducing a mixing phenomenon, which leads to heat
transfer rate’s improvement. The dimension of the plate is also
an important parameter. Motwani et al. [27] were interested in
studying the impact of two aspect ratios on heat transfer
coefficient for different angle of plate’s inclination. Lately,
Shademan and Naghib-Lahouti [28] investigated aspect ratio
effect on airflow over an inclined flat plate using Large Eddy
Simulation (LES) turbulence model.

Due to the lack in tridimensional studies as well as the effect
of plate’s aspect ratio on heat transfer over inclined heated
plate, the aim of this paper is to set out a comprehensive
experimental and CFD analysis of this latter. This also
includes predictions about the general heat transfer correlation,
h, and general correlations for the average Nusselt number, Nu,
with angle of inclination 0 < a < 90°, Reynolds number 63848
<Re <319403, and aspect ratio 0.25 < AR <2.

2. EXPERIMENTAL APPARATUS

The experiments were conducted in a test glass apparatus
(Figure 1). Detailed description of the different parts of the
present experimental setup and measuring instruments, are
presented above.

The major components of the experiment test setup are a
500 mm long duct with a centrifugal suction fan rated at 3.67
kW and a 300 x 300 mm square channel. The duct is coupled
to a variable speed inverter, which allows the wind speed to be
varied from 3.8 to 20 m/s, resulting in 67000 < Re < 367000.
By utilizing a hot wire anemometer with an accuracy of 0.01
m/s, the wind speed profile is ascertained through the duct
segment. A unique protractor mechanism, which can adjust the
plate's inclination angle from 0° to 90° based on its
dimensions, attaches the heated plate to the test section. An
electric heater was used to heat the plate from below, and as
seen in Figure 2, insulation was placed on the side opposite the
heating element to prevent heat loss from the edges. A digital
micrometer measuring pressure drop along a plate with an
accuracy of 1 N/m? is used. The calculated uncertainties for
the measurements of pressure drop and wind speed were 1%
and +4% of the reading, respectively. Measurements of
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pressure and velocity are taken in accordance with the study
[29]. K-type thermocouple probes were fitted on a logarithmic
scale to the plate's horizontal and vertical axis, with a 0.5°C
uncertainty. K-type thermocouple probes were used to
measure the air temperatures upstream and downstream of the
inclined plate using three and six grid points, respectively. Via
a switch box, a digital thermometer with a predetermined
0.5°C degree of uncertainty is attached to every thermocouple.
It took about 40-50 minutes to see a constant modulus
measurement experiment, indicating that the duration was
adequate to establish steady state.

z)Nx Assembly Isometric of the experimental set-up

1- Motor. 2- Air blower. 3- Flexible joint. 4- Transformation duct. 5- Test
section duct. 6- Main duct. 7- Honeycomb. 8- Diffuse intake.

Figure 1. Schematic experimental setup

/ Thermocouple

Flat plate
Heater
Insulation

Figure 2. Heating plate, heater assembly and insulator

Measurements of the different parameters are carried out
during the experimental runs as follows:

- The electric power input to the main heater was
determined separately by measuring the digital watt meter.

- The mass flow rate of air was indicated by using the
anemometer vane.

- The heating surface temperatures were measured at 13
different positions to ensure their temperature’s uniformity.

- The readings of two thermocouples fixed on the front, and
five in left of the wind tunnel in the working sections were
measured.

- Heat flowing by conduction from the edges of the heating
plate was determined with the help of the readings of two
thermocouples embedded in the foam and the amiant.

Before each test run, the heaters wires were checked by
measuring the electric Resistance for each one individually.

3. NUMERICAL MODELLING

The computational field is depicted in Figure 3 as a
rectangle with an inclined heated plate with an ignored
thickness, length L, and width w inside of it. The plate has an
angle of a and is heated using flux. The division of the plate's



length by its width (AR = L/w) yields the aspect ratio AR. The
turbulent, incompressible flow has an entrance velocity (V)
that ranges from 4 to 32 m/s. A uniform flow velocity is
defined by the flow limit, which is three times the plate's
length. The pressure is null at the plate's minimum length, and
no slip condition is given to the surface of the plate or any
other surfaces that limit the computing field.

Air inlet

L heated plate

Figure 3. 3D problem configuration

The equations governing the phenomenon are the three
equations of conservation (mass, momentum, and energy).
They can be expressed as the following:

Mass:
-F . S\ — 1
Fra div(pv) =0 (1)
Momentum:
d(pv
((;)t ) + V.(pvV) = — Vp + pg + uAv (2)
Energy:
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The model constants; C;,Cye, @i, ¢, ,and 0 in Eqns. (4)
and (5) are: C,,=1.42; C,.1.68; agy; & =4.34;and 0 = 0.012,
turbulent kinetic energy is represented by Gy, while turbulent
kinetic energy produced by buoyant forces and velocity,
respectively, is represented by Gy. For k and € a, k and o,
represent the reciprocal of (Pr).

For the energy equation, it becomes as the following:

aT

9(pE)
eff ax; T

at

+aixi(u,’(pE +p)) = aixj(k

(6)
U (Tij)eff) + S

With E, k,¢r and (‘ri j)e 7 representing the total energy, the

effective thermal conductivity and the deviatoric stress tensor
respectively; which can be formulated as:

_ 6u] aui
(Tij)eff = Herr\ga, t ax,

The Egs. (1)-(7) will be solved numerically utilizing Ansys
Fluent software [30].
Pressure drag force coefficient is expressed as below:

2 duy,

~ g Herr ax, 0 @)

_2Mp

= ol ®)

d

With u, being the velocity of the undistributed air flow and
Ap being the pressure difference.

The Nusselt number is determined to assess the heat transfer.
Expression of the local Nusselt number is:

B Xp

Nuy (Tp T )

With Tp representing the plate temperature, T, representing
the bulk air temperature, K representing air thermal
conductivity, and g, representing the heat flux at point p on
the plate.

The average Nusselt number, Nu, represents the average of
the local Nusselt numbers computed across the plate,
expressed as:

hl
Nu = — 10
u=— (10)
where, & for the entire plate is:
q
h=——i——
AT, — T (n

where, A is changed by changing the aspect ratio, AR.

4. MODEL VALIDATION

To make sure that the grid density adaptation has no effect
on the simulation's result, a mesh sensitivity study is
performed. By expanding the cells along the X and Y axis, the
total number of cells changed for each computational domain,
ranging from 21300 to 118428. It maintains Az at 0.1 mm
along the Z axis. It was determined that the average drag force
coefficient and the local and average Nusselt numbers will
almost always converge regardless of the grid size. Grid (7) is



the best grid in this scenario since it uses less CPU memory
and time to get results that are comparable to a very fine grid
(Table 1 and Figure 4).

Table 1. Average drag coefficient for the studied grids at
0=0°, Re=2.74x10° and Pr=0.74

Cd (Average

Grid (Ax, Ay) DL i Drag on the
Cells
Plate)
€)) 0.50 x 0.50 21300 0.00407
?2) 0.40 x 0.40 26625 0.00400
?3) 0.30 x 0.30 35571 0.00391
@) 0.25 x 0.25 42600 0.00387
%) 0.20 x 0.20 53250 0.00384
6) 0.15x0.15 70929 0.00382
@) 0.10 x 0.10 106500 0.00384
®) 0.09 x 0.09 118428 0.00382
1000 T — Grid (1) e Grid (2)
900 4 U Grid (3)  ---%---Grid (4)
% --e--Grid (5) ——-Grid (6)
800 14 —® —Grid(7) ———-Grid (8)
Z 700
600
500 : 1 1 L I i L !
50 55 60 65 70 75
Plate length (cm)

Figure 4. Distribution of local Nusselt number over the plate
for the studied grids

5. RESULTS AND DISCUSSION

The experiment and CFD cases were carried out within an
average air velocity between 2-20 m/s and 4-32 m/s
respectively. The considered Reynolds number range is
between 63848 and 319403. Both 2D and 3D numerical
simulations and experiments were used to analyze the airflow
on heated inclined flat plates for angles of inclination o
varying from 0° to 90° and different aspect ratios (0.25 < AR
<2).

Before elaborating the 3D simulations, the CFD for AR=1
and o = 0° was compared to the correlation given by ASHRAE
[29]. As itis noticed from Figure 5, the calculated heat transfer
coefficient (h) is quietly similar to the correlated one with a
relative difference between approximatively 2% and 14%
observed at V= 8m/s and V=20 m/s respectively. The same
tendency is noticed for both curves; the heat transfer increases
with higher air inlet velocity.

In a previous work [19], heat transfer coefficient was found
to be decreasing from a = 30°. As noticed from Figure 6, a
vortex is created on the first edge of the plate helping the heat
transfer improvement all over the plate. However, with the
angle of inclination increment, the airflow becomes hindered
due to the plate’s resistance which weakens the created vortex.
In fact, when the inclination angle is high, an important skin
friction occurs as a result of the created boundary layer around
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the plate. This latter leads to heat dissipation and therefore
decreases the heat transfer coefficient on the plate.

1000
100 M
E
210 k
< —e— AR=I
- 0= ASHRAE
1 1 1 1 1
0 5 10 15 20
V (m.s)

Figure 5. Validation with correlation from ASHRAE [29]

In order to have more realistic results, the width of the plate
is taken into account in the following paragraphs.

a=20°

a=30°

o= 60°

Figure 6. Streamlines for a = 20°, o = 30° and a = 60° for
2D case at V=20 m/s

For o = 30°, the variation of average Nusselt number with
Re is presented in Figure 7 for 3D results where 0.25 < AR <
2 and 2D case. Independently of the plate’s dimension, Nu
increases with Re augmentation as observed for 2D case.
However, when Re < 100000, Nu decreases slightly for AR
increment. Beyond Re = 100000, Nu decreases more for
higher AR. By increasing the aspect ratio, the surface of
exchange becomes important but leads to more skin friction,
which impacts negatively the heat transfer.



studied case depending on AR and a.

dimensional forms:

(15)

Another interesting constatation is that for AR= 1, Nu is Nu=£fVv"?
higher than all cases, regardless of Re. This can be related to
the shape of the plate. For AR = 1, the plate is a square while 1000 O ARO0.25 N
for the other AR it becomes a rectangle. The square shape has 900 + X ARO0.333 .
less surface; thus, less friction occurs with the airflow. 800 4 & AROS
Compared to the 2D case, the impact of improving the surface ¢ ARI o -
. . 700 1
of contact is obvious. More surface offers better heat transfer. ®* AR2 ><’
As noticed, Nu can be correlated to Re in a linear or power 600 4= >¢-L=30em(@2b) -
.. . & .
empirical formula. Therefore, we will present these two types = 500 A “e
of correlations to see which one is more adequate for each ~ 400 A’
. X
o ®
The following empirical relationship formula of linear and 300 1 xx”
power law are suggested for both dimensional and non- 2001 ¢
100 A &8
0 L i 1 I } 1 n 1 " : 1 L L 1 + n L 1 1
h=aV+b (12) 0 100000 200000 300000 400000
Re
h=c.v™ (13)
Nu=dV+ 14 Figure 7. Comparison between Nu vs. Re for different AR
u=d © (14) and 2D case
140 140
h=14.183y07442 h=13.004V07553
120 4 R=0.9978 120 R*=0.9989
I3 A h=5.3744V+8
B=5.5797V+21 5
100 1 12 =0.9892 100 - R*=0.9927
I8 1 a0 £ 807 u=30°
S z
=60 4 =60 4
a0 s a h (Exp.) 40 4 : hl]l(l%)‘,p-)
o h (CFD) o o hm(CFD)
20 | --=----- Power h (W/m?°C) 20 4 —— Linear h (W/m>.°C)
Linear h (W/m?>C,) (. Power h (W/m2.°C)
0 I : 0 ; ‘ ‘ ;
0 5 10 15 20 25 0 5 10 15 20 25
V (m/s) V (m/s)
a. AR=034
100 100
h=11.281V068s% h=9.5521 V0752
90 R*=0.9984 90 1 R =10.9994
80 h=3.5934V + 17 80 h=3.939V + 13
1’2 =0.9892 R =099%41
F0 ’\70 1
g S0
s.60 + . 60
“ a=0 E a=40°
230 250 1
401 40 1
30 O/’ A hm (Exp.) 30 4 A hm (Exp.)
a0 O  hm (CFD) 20 1 O hm (CFD)
======== Power h (W/m?."C) === Power h (W/m?°C})
10 7 Linear h (W/m2.°C) 10 1 Linear h (W/m?"C)
0 ! ! ' ' 0 i
0 5 10 15 20 25 0 5 10 15 20 25
V (mfs) bAR=1 V (mfs)
120 140
h=10.212V"7924 h=10912Vv7%
R*=10.9976 120 4 R*=10.9979
109 i b= 5.0528V + 14
1=4,7956V + 14 o
R = 0.9909 100 Re=0.991
80 a )
3 E 80 A
Eeo | =10° E3
= . . o= 20°
40 1 . hm Present (Exp.) 40 A hm(Exp)
& O bm present (CFD) o hm(CFD)
ot P?WH h (Wimz'n(') 20 1 -======= Power h (W/m?>.°C)
Linear h (W/m?C) Linear h (W/m?.°C)
0 t 0
0 5 10 15 20 23 0 5 10 15 20 25
V (m/s) V (m's)
c. AR=2

Figure 8. Average heat transfer coefficients vs. V for different angles of inclination and AR
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400 400
—| 0. 7104
Nu 2.2897]« Nu=0.0954Re-6914
350 - R =0.9999 350 4 R =0.9996 a
Nu=0.0026Re+60 .
i Nu=0.0022Re+51
300 1 R? = 0.9962 300 1 R* = 0.9972 A
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0 ‘ " " " 0 . . : :
0 25000 50000 Re 75000 100000 125000 0 25000 50000 p 75000 100000 125000
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900 900
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600 1 600
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400 / ©  Nu(CFD) 400 z (B
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=-=-===- Power Nu 3
200 200 -=--=-==- Power Nu
Linear Nu Linear Nu
0 ! ; . 0 ‘ ; .
0 100000 200000 300000 400000 0 100000 200000 300000 400000
Re Re
¢ AR=2

Figure 9. Average Nu vs. Re for different angles of inclination and AR

Average heat transfer coefficient and Nusselt number are
presented in function of inlet air velocity and Reynolds
number respectively, experimentally as well as numerically,
for different angles of inclination from 0° to 90° and aspect
ratios AR=0.34, 1 and 2 (Figures 8 and 9). Simulation results
are in good agreement with experimental data for most studied
angles. Table 2 shows a relative error between experimental
and numerical heat coefficients for AR=1, varying between
1.67% to 11% approximatevely. This difference can be related
to the measurments uncertainty and numerical errors.
However, for a = 0°, a = 10°, and a = 90°, depending on AR,
the two curves (experiment and CFD) become distant for
higher V and Re. In experiment, when the velocity is very high
therefore Re is important, the airflow submerging the plate for
those particular angles, is facing hydrodynamic and thermal
boundary layers that one overpowers the other depending the
angle of inclination creating turbulences that can lead the plate
to vibrate. Actually, McCormick et al. [31] observed the plate
vibration experimentally when the velocity is high, showing
that it impacts heat transfer coefficient values. For all cases,
we can see that the power law is the most suitable to correlate
average heat transfer coefficient and Nusselt number for all
angles with R? very close to 1.

Table 2. Comparison between experimental and numerical
convective coefficients for AR =1

\4 o© h exp W/ h num W/ Relative Error
m/s m2. K m2. K (%)

832 0 44.62 49.41 10.74%
1633 0 73.34 75.84 3.41%
2031 0 86.72 88.17 1.67%

39 40 27.05 26.20 3.14%
8.15 40 47.71 47.19 1.09%
2044 40 88.92 91.79 3.23%
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At first, a correlation of average heat transfer coefficient as
a function of air inlet velocity and the aspect ratio at o = 0° is
elaborated. It was obtained by taking the average values of the
constant variables’ correlations for the 3D plates with aspect
ratio 0.25,0.33,0.5 at a = 0° (Figure 10). Then the found
average value from this process is plotted against (V-AR3),
and the following correlation for % is obtained:

h=12.33-V08 AR (16)

For4<V<24and0.25<AR<I1



1000

h=12.33-V'3 . ARV

100 A
g W
2
= 10 4
B AR1:2 -o= AR1:3
A AR1:4 —>x— Power 1:2
l L L 1 L L 1 1 L 1 1 1 L 1 L L
0 2 4 6 8§ 10 12 14 16 18

V-AR®3 (m/s)

Figure 10. Correlation for heat transfer coefficient, 4, vs. V
and AR of (0.25 to 0.5)

25
S 1
15 4
I
0.5 4
04
05 4
I
15 4
Sl
-2.5"-':':':':'?':‘:':':'

-25 -2 -15 -1 -05 0 05 1 15 2 25
Normal Quantiles

Normalized Residuals

Figure 11. Residual normal probability plot

A general correlation relating average Nusselt number to
Reynolds number, angle of inclination and aspect ratio is
generated from the different data that we collected for the
following ranges cover:

0 <a<90° for

63848 < Re <319403

and 0.25 <AR<1.

the correlation expression is:

Nu = 0.1-Re®7?(1-sin(a)) “2AR 11 (17)

As shown in Figure 11, this general correlation presents a
good association between the considered variables. The
maximum error between the normalized residues and the
normalized quantities is between -18% and 15%.

6. CONCLUSION

Airflow over an inclined heated plate aroused researchers’
interest due to its various applications (solar panels, building
roofs...). The majority of existing literature on this subject
either simplifies flat plates by disregarding their width or
focuses on laminar flow scenarios. In the present paper, the
influence of different aspect ratios and angles of inclination is
analyzed on heat transfer coefficient, experimentally and
numerically in 3D. The covered Reynolds number, inclination
angle and aspect ratio ranges are 63848 <Re <319403,0°<a
<90°and 0.25 < AR < 2. The following results were obtained:
- Experimental data and numerical results agreed

significantly. The heat transfer coefficient is higher when
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the plate width is taken into consideration as compared to
the 2D result.

- Regardless of AR and a, average Nusselt number
increases with inlet velocity augmentation.

- For high inlet velocity, the increase of aspect ratio was
found to decrease heat transfer coefficient at a = 30°.

- Different correlations were developed for each inclination
angle and aspect ratio, as well as a general one linking
average Nusselt number to Reynolds number, angle of
inclination and aspect ratio. A relative error between the
correlated and calculated Nusselt numbers of -18% to
15% was found.

Those correlations can be beneficial for engineering
applications designs especially for sizing solar panels.
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NOMENCLATURE

CFD computational fluid dynamics

div  divergence (div(¥) =6ui/ox +0uz/oy+ ous/oz)
f friction factor, dimensionless

E energy, joule

g gravitational acceleration, m.s?

h Heat transfer coefficient, w.m2. k'
J Coulburn factor, dimensionless

k thermal conductivity, w.m™, k!

L flat plate length, m

Nu  Nusselt number, dimensionless

Pr Prandtl number, dimensionless

AP pressure drop, N/m?

PDEs partial differential equation

Re  Reynolds number, dimensionless

s source term

T temperature, K

t time, s

¥ velocity vector, (us, U, us)


https://doi.org/10.1098/rspa.2017.0350
https://onlinelibrary.wiley.com/journal/15231496

\% air velocity, m/s L dynamic viscosity, kg. m. s

X x coordinate, m K turbulent kinetic energy, m?. s?
y y coordinate, m € turbulent dissipation rate, m2. 3
Greek symbols Subscripts

P density, kg/m? ¢ variable

o thermal diffusivity, m?2. s 0 rate of change

B thermal expansion coefficient, k* X local distance, m
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