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This study presents an experimental and numerical investigation into the thermofluid
characteristics of airflow over an inclined, heated plate, mimicking a solar panel. The
inclination of the plate was systematically adjusted from 0<to 90< and the heat flux was
varied from 1000 to 4000 W/m=with Reynolds number ranging from 63,000 to 650,000.
The study employed a second-order finite volume method for discretization and resolution
of steady fluid dynamics problems, with simulations conducted using Ansys Fluent
software. The k-¢ RNG turbulence model was utilized for these simulations. The numerical
results, validated against experimental data, were extrapolated to assess the behaviour at a
wide range of attack angles and flow rates. Correlations were established between the
average Nusselt number and friction coefficient, as functions of Reynolds number and
attack angles. It was observed that heat transfer was optimized at lower attack angles.
Conversely, higher inclination angles resulted in increased skin friction, thereby reducing
airflow and negatively impacting heat convection. For larger Reynolds numbers,
convective flow enhanced and the resistance of the plate was found to be lower at smaller
attack angles. These findings have significant implications for the improvement of solar
panel efficiency, offering valuable insights into the optimal configuration for maximizing

convective heat transfer.

1. INTRODUCTION

Flat plates, as exemplified by solar collectors, heat sinks,
and building roofs, play a crucial role in various engineering
applications through their capacity to gain or dissipate heat
from their environment via natural, forced, or mixed
convection phenomena. Consequently, they have garnered
significant attention from researchers [1-5].

In order to eclucidate the influence of different types of
convection on an inclined flat plate, numerous experimental
and numerical investigations have been undertaken.
Pioneering work by Jiirges [6] offered the first convective heat
transfer coefficients derived from wind tunnel experiments
involving a plate subjected to different air flow speeds. A
numerical study by Yang and Yang [7] on mixed convection
on an inclined heated plate located within a horizontal channel
revealed that forced convection serves to enhance the heat
transfer rate. It was further noted that the angle of inclination
substantially affects the interaction between forced and natural
convections. Siddiga et al. [8] numerically analysed the
influence of parameters such as the inclination angle, heat
generation, viscosity variation and Prandtl number on laminar
natural convection over an inclined flat plate.

The plate inclination angle or angle of attack has been
demonstrated by various researchers to have a significant role
in either augmenting or diminishing the heat transfer
coefficient. Rida [9] demonstrated that thermal transmittance
peaks at a tilt angle of 20°, with the maximum value beginning
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to decrease with an increase in panel tilt. Further experimental
work by Ramirez et al. [10] examined the variation in local
heat transfer coefficients across the surface of a narrow
rectangular plate at different angles, leading to observations of
various flow patterns. An empirical correlation expressing the
average Nusselt number as a function of Reynolds number and
the plate inclination angle was deduced. Other researchers
have emphasized the importance of the angle of attack on flow
separation for different fluids, leading to the development of
several convective coefficient correlations [11-14].

Heat generation has also been recognized as a key factor.
Cossali [15] analysed the effect of periodic heating on average
heat transfer, finding it to be significant for relatively high-
frequency fluctuations, whereas the impact of instantaneous
heat transmittance oscillations at low excitation frequencies
was found to be negligible. Vynnycky et al. [16] considered
the impact of thermal conductivity of a heated plate on forced
convection heat transfer, finding that the thickness of the plate
affects the heat flux distribution in conjugate flow. For a
narrow plate, Shavazi et al. [17] analysed the effect of heat flux
on temperature distribution and the transition from laminar to
turbulent flow. An inclination angle of 30° was found to
enhance the convection rate compared to other angles. Sasaki
and Ashiwake [18] added rectangular grids to an inclined plate
to improve convective heat transfer for different heat fluxes,
resulting in a 20% increase compared to the case without grids
for inclination angles £30°.

The majority of studies have addressed laminar natural
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convection or forced convection for low turbulence
experimentally and higher Reynolds numbers numerically
[19-22]. To simulate turbulent flow, various turbulence
models are available: Reynolds Averaged Navier Stokes
(RANS) and Large Eddy simulation (LED) models. Within
RANS models, standard k-¢ and k- are most commonly used.
Other models such as R k-g, RNG k-¢, S k-o, SST k-o are
either based on k-¢ or k- with certain modifications or a
mixture of both models in the case of SST k-w. Karava et al.
[3] found that the SST k- turbulence model provided more
accurate results than the R k-¢ model compared to
experimental data, with an error of 10%. El Shamy et al. [21]
used the k- model because its results better corresponded with
their experimental findings and correlations in literature.
These models are employed to calculate the flow velocity,
which significantly affects the improvement in heat transfer.
The investigated range of Reynolds numbers varies between
5600 and 150745. However, a higher range for forced
convection around an inclined heated plate has not been
explored.

In the present paper, both experimental and CFD analyses
of air flow over a heated plate at various angles of attack, a,
ranging from 0° to 90°, variable heat flux, q, from 1000 to
4000 W/m?, and different Reynolds numbers, Re, ranging
between 67000 and 367000 are undertaken. This includes
predictions about the general relationship between heat
transfer and friction factor. The Nusselt number, Nu, for an
inclined plate surface is also investigated across a broad range
of angles of attack.

2. EXPERIMENTAL APPARATUS

Experiments were performed in a Plexiglas wind tunnel.
The experiment test setup mainly consists of a square channel
of 30 cm>30 cm, and 50 cm long duct with a suction
centrifugal fan, as shown in Figure 1. The fan is rated at
3.67kW and is connected to a variable speed inverter that
allows the wind speed to be adjusted. Average airspeeds over
the test section ranged from 3.8 m/s to 20 m/s, leading to
Reynolds numbers of 67000 and 367000, respectively. The
wind speed profile is determined through the duct section
using a hot wire anemometer with an accuracy of 0.01 m/s. A
flat plate is attached to the test track by a special mechanism
that can change the angle of attack. The plate was rotated to
alter the angle of attack from 0° to 40° about the vertical axis
using a protractor mechanism. The flat plate was heated from
below by an electric heater, while, the side opposite the
heating element was covered with insulation to reduce heat
loss from the other edge of the plate (Figure 2). The decrease
in pressure along the plate is assessed using a digital
micromanometer with an accuracy of 1 N/m2 The
uncertainties for the wind speed and pressure drop
measurements are estimated at +4% and +1% of the reading,
respectively. Velocity and pressure measurements are made as
recommended by ASHRAE [23]. Both the horizontal and
vertical axes of the plate were fitted with K-type thermocouple
probes on a logarithmic scale and the uncertainty was set to
0.5°C. Air temperatures upstream and downstream of the
inclined plate were measured with 3- and 6-grid points of K-
type thermocouple probes, respectively. A digital thermometer
is connected to all thermocouples with a specified level of
uncertainty of 0.5°C through a switch box. The time was
sufficient to reach steady state and to obtain a constant
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modulus measurement experiment, which was observed at
about 40-50 min.

Air inlet
=

1. Honeycomb

2. Hotwire probe

3. Inclined plat

4. Thermocouple

5. Micromanometer
6. Suction fan

Figure 1. Schematic diagram of the test rig

/Thermocouple

Flat plate
Heater
Insulation

Figure 2. Scheme of the specimen, heater and insulator
assembly

3. NUMERICAL MODELLING

The plate of a length L=25 cm, is heated with a flux, g, and
inclined with an angle of attack, a (Figure 3(a)). It is
surrounded by air with a velocity similar to the experiment
values and even higher. Reynolds number varies from 67000
to 650000. The angle of attack will be varying between 0<and
90< The flow is incompressible. An inflow limit of three times
the length of the plate establishes a uniform flow velocity. At
the downstream limit of the plate length, the pressure was set
to zero. Constant wall heat flux and no-slip condition are
specified on the plate surface. The simulation is two-
dimensional, and the results are obtained for steady state
regime. The computed domain is given by Figure 3(b).

Air inlet
B ——

Heated plate

(b) Grid distribution

Figure 3. Problem configuration

The equations describing the thermo-fluid properties of
inclined plates are a set of nonlinear PDEs. Airflow is
governed by the equations of mass, momentum, and energy.
In general, the equations can be written as follows [24, 25]:

Mass:

‘;—’t’ + div(pu) = 0 (1)



Momentum:
6(pu)
+div(puu) = - — + div(p gradu) -
[a(pu'?) 292122 @
dx ay
wm+mwwuy=_%+mmumwdw—
[0puv) | a(pv'™)] ®
ox dy
Energy:
a(pE) + div(pE u) = div(k grad T) — [a(p;;m +
3(pv'E) @
dy ]

where, u is the velocity vector: u=ux+vy, p is the pressure, u
the fluid viscosity (kg/(m.s)), p the fluid density (kg/(m%)), T
the temperature (K) and E the energy (J).

As already mentioned in the introduction, there are many
turbulence models. As shown by Karava et al. [3], k-¢ model
is adequate to describe the turbulent flow around the inclined
plate. But we decided to use RNG k-¢ model because it offers
better performance than k-¢ by increasing the accuracy and
calculating the turbulent Prandtl number, which is more
suitable for separation flows [26].

The equations in RNG k-¢ model are written as bellow:

—(pk) +— (pkul) (ak.“effa )+ G + (5)
— P& + Sk
E(ps) +-- (pful) (aeﬂeff ax ) + (6)

Cls ; (Gk + C3£Gb) CZsp R + Sk

ou Cup$®(1-§/40) €
Where Gk = pulu]a—’ R HT??‘D?,
ug 9p _
G, =g; oPr 0% , C3e = tanh| Ee.

The model constants; C,, Ca, 0k, O, & and 0 in Eqns. (5)
and (6) are: C;,=1.42; C»1.68; ae ¢=4.34; and 6=0.012, Gy
and Gy are turbulent kinetic energy production due to velocity
and buoyancy forces, respectively. ax and a. are the reciprocal
of (Pr) for both & and ¢ respectively.

For the energy equation, it becomes as the following:

a a ar
+ a_xl-(ui(pE +p)) = a_xj(keff ox, +

Uu; (Tl])eff) + Sh

9(pE)
at

(7

where, E is the total energy, k. the effective thermal
conductivity and (‘ri f)eff the deviatoric stress tensor defined:

ou; dug

2
a_x]) 3Heff 3%, 8y

a
(TU)Eff :ueff( = + (8)

The Egs. (1)-(8) will be resolved numerically using Ansys
Fluent software.

In order to quantify the heat transfer, Nusselt number is
determineted. Local Nusselt number is defined as [26]:
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)

With g,: heat flux at point p, X): location of point p on the
plate, 7,: plate temperature, 75: bulk temperature of the air at
point p and K: air thermal conductivity.

Average Nusselt number, Nu, is the mean of local Nusselt
number calculated on the plate.

The coefficient of skin friction is also determined using the
expression:

T
f=2

v (10)
where, 7,, is wall shear stress at the point the plate, p is fluid
density and u, is bulk velocity at the location on the plate.
Pressure drag force coefficient is expressed as below:

2Ap

2
pug

Ca= (11)

With Ap: difference of pressure and uo the velocity of
undistributed air flow.

4. MODEL VALIDATION

Before investigating the phenomena, a grid dependency
study is performed to ensure that the simulation results were
independent of the grid density. The number of cells varied
from 21300 to 118428 for each computational domain by
increasing the cells along X and Y axis. The convergence for
some important parameters, such as local and average Nusselt
numbers as well as average drag coefficient resulting from
pressure, to ensure that the result remains the same regardless
of the size of the grid, was achieved. According to Table 1 and
Figure 4, Grid (7) is the optimal grid to obtain results similar
to very fine grid with less time and CPU memory.

Table 1. Grid sensitivity check for average drag coefficient
(Cq) for a=0°, Re=2.74x10° and Pr=0.74

. Number Cd (Average Dra
Grid (Ax, Ay) of Cells o(n the Pglate) ’
Q) 0.50>0.50 21300 0.00407
2 0.40>0.40 26625 0.00400
3) 0.30>0.30 35571 0.00391
4) 0.25>0.25 42600 0.00387
(5) 0.20>0.20 53250 0.00384
(6) 0.15>0.15 70929 0.00382
@) 0.10>0.10 106500 0.00384
(8) 0.09>0.09 118428 0.00382
1000 r Grid (1) e Grid (2)
900 + = e Grid (3) ------- Grid (4)
800 A Smms Grid (5) — —-Grid (6)
3 —==Grid (7) ---- Grid (8)
3700 + s
> [ >
600 +
500 —
50 55 75

60 65 70
Plate length (cm)

Figure 4. Local Nusselt number in function of plate length
for different grids



5. RESULTS AND DISCUSSION

This research combined experimental and numerical
methods to study Reynolds number, heat flux and angle of
attack influences on fluid flow and heat transfer properties of
the hot plate.

In Figure 5, for g=2000 W/m?, the average Nusselt number
(Nu) is presented as a function of Reynolds number (Re) both
experimentlly and numerically at a= 0°, 20°, 30° and 40°. For
67000<Re<367000, experimental measurements are in good
agreement with numerical results with a maximal deviation of
5% that increases sligtly for 0=40°. In general, Nu augments
when Re increase regardless of a. By increasing the air
velocity, the airflow contact becomes higer with the plate
which enhances its heating effect. With increasing Re until
370000, Nu at a=20° becomes quite similar to the ones
obtained by a=30° and 0=40°. Beyond that Re value, Nu at
a=20° is the maximal compared to the others.

1400
1200 T -7
1000 §
800 |
=600 ¢ CFD-10°
200 & CFD-20°
- ——— CFD-30°
203 T CFD-40°
0 200000 400000 600000 800000
e

Figure 5. Experimental and numerical results for Nu vs. Re
for g=2000 W/m? and different angles of attack
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Figure 6. Skin Friction coefficient as function of the plate’s
length for Re=2.74x10%nd different angles of attack

For 0=10°, Nu is minimal, especially for very high Re, due
to the high skin friction effect noticed from the leading edge
of the plate which is greater than the other cases (Figure 6).
While for a=20°, skin friction coefficient is low at the leading
edge of the plate. Beyond the middle of the plate, the friction
becomes more important with the angle increment. With
increasing the angle of attack, airflow is hindered due to skin
friction resistance. In fact, the drag force is the combination of
the skin friction due to viscous force with pressure force. From
Figure 7, it is obvious that pressure force is higher than viscous
force for low angles of attack, quite similar for 0=60 “and they
switch roles for higher angles with a maximum value of
friction at 0=90< This drag force leads to hydrodynamic
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boundary layer with different thicknesses depending on the
chosen angle of attack that generate the turbulent flow on and
behind the plate translated by the creation of vortices. Actually,
even at the first edge of the plate, a reciculation of air is
observed at 0=10° (Figure 8), which becomes weaker for high
angles. Behind the plate, the airflow is slowed down with the
angle increase. This affects the distribution of the temperature
in the medium (Figure 9). Whenever the angle is important,
the temperature decreases behind the plate. In fact, thermal
boundary layer is also playing an important role in either
enhancing or decreasing heat transfer. Both hydrodynamic and
thermal boundary layers develop at leading edge of the plate
and one overcomes the other depending on the plate angle. By
increasing Re to very high values, the inclined plate becomes
submerged by the turbulent flow, which reduces the skin
friction (Figure 10). However, for high angles, the skin friction
rises slightly due to the plate resistance over the flow.

0.005 T 5 400
) [AA A o [ 30
= 0.004 “a e
£ : ‘A 8 [ »0E
<0.003 A S
o r---A-- Drag Coeffcient \'QI - 200 @
§0.002 £--©--- Viscous Force - 150 <
g I 3 A - 100 @
s - o o
S 0.001 4 o .. F50 8
2 ¢00--0--0 Ato g
e 0 A 50 ©

0 10 20 30 40 50 60 70 80 90

angle of attck (o)

Figure 7. Average skin friction and average pressure
coefficients for 0=0 to 90° and Re=2.74x<10°
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Figure 8. Velocity contours for Re=2.74x10°and different
angles of attack
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Figure 10. Friction factor vs. Reynolds number for g=2000
W/m? and different angles of attack

Correlations of average Nusselt number and skin friction
coefficient were correlated using both experimental and
numerical results for the studied Re range (7.3%<10%<Re<
5.83x10°) and angles of attack (0<to 909:

1
Nu = 0.186 Re®%6* Pr3 (0.04 sin a — 0.09 sin?a) (12)
with maximum deviations between -9% and 12%, (Figure 11).

f =0.1985 Re %31 ( 1 + sin a)®352 (13)
with maximum deviation of +15%.

In Figure 12, the average Nusselt number calculated and
correlated are plotted as a function of the angle of attack for
different Re. A good agreement between the two Nu is
observed with a relative difference between the two varying
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between 0.1% and 12%. For all the plotted Re values, Nu is
quite constant for 0 %<a<30 “with a slight increment for a=20°
then decreases with o increase. This decrease is more
prounounced for high Re. As already explained, the friction is
more important when o is high which impacts negatively the
circulation of the aiflow and therefore diminish the heat
transfer. For 7.19x10%< Re<1.5x10° [21], Nu was also found
to augment slightly for a<20< then decreases beyond 0=20<
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[{e]

o

o
L

Nu, correlated

[*2]

o

o
L

o Nu CFD

w
o
o

A EXp. results

600 900 1200 1500 1800
Nu, measured

0 300

Figure 11. Comparison of the present correlation with the
present experimental and numerical data
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Figure 12. Correlated and numerical average Nusslet number
for different angles of attack and Re
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Figure 13. Effect of heat flux on Nusselt number at a=30°



By increasing the heat flux heating the plate (q) from 1000
W/m? to 4000 W/m? at 0=30< For Re<200000, Nu is quite
similar for all the heat fluxes. Beyond Re=200000, Nu
increases when the heat flux is high, due to the turbulent layer
developed that favorites convection circulation, as seen in
Figure 13 below.

6. CONCLUSION

Forced convective heat transfer from heated plates for
different angles has been investigated experimentally and
using Ansys Fluent CFD software. The studied Reynolds
numbers range between 72924.6<Re<83396.6 and angles of
attack range 0°<0<40° experimentally, and 0°<0<90°
numerically. Significant agreement was obtained between the
experimental results and the CFD results. The main points of
this study are:

1. The pressure drag is more important for low angles
compared to skin friction.

2. The average Nusselt Number (Nu) increases slightly from
a = 0° to (approximately) 20° and decreases gradually as
a increases due to the friction encountered by the airflow
when a is high.

3. The coefficient of friction (f) decreases with increasing Re
because of the airflow submerging the plate and increases
with increasing o due to plate resistance.

4. The heat flux has a slight effect on Nu for high Re. The
convective flow is improved thanks to the turbulence.

Those results can be used to optimize solar panels design to
enhance heat transfer and therefore improve their efficiency.
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NOMENCLATURE

CFD computational fluid dynamics

f friction factor, dimensionless

E energy, joule

g gravitational acceleration, m.s?
grad gradient (grad u =ou/ox +ovloy)

814
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Heat transfer coefficient, w.m2. k'
Coulburn factor, dimensionless
thermal conductivity, w.m. k!
flat plate length, m

Nusselt number, dimensionless
Prandtl number, dimensionless
pressure drop, N/m?

partial differential equation
Reynolds number, dimensionless
source term

temperature, K

time, s

velocity vector, (u, v)

air velocity, m/s

x coordinate, m

y coordinate, m

Greek symbols

mAT®ER D

Subscripts

density, kg/m?®

thermal diffusivity, m?. s
thermal expansion coefficient, k*
dynamic viscosity, kg. mt.s*!
turbulent kinetic energy, m2.s
turbulent dissipation rate, m2.s®

variable
rate of change
local distance, m





