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A B S T R A C T

The transfer of heat by the fins is influenced by the change of the direction of the fins. This paper investigates
study the effect of the direction of longitudinal fins on a three-dimensional convection heat transfer in a rec-
tangular channel and also study the effect of the lateral and longitudinal inclination of the rectangular channel.
The Grashof range from 5 × 108 to 109, Reynolds from 1000 to 2300 and Prandtl 0.71. The bottom surface of the
channel is exposed to constant heat flux, while other walls are isolated. Two cases are investigated. In case one,
measurements were conducted for a lateral inclination of the channel, with a range of α = 0°,30°,60°, and 90°.
Case two studied the longitudinal inclination of the channel, with the lateral inclination angle fixed at α = 90°
and the longitudinal inclination angle Ө = 0°, 30°, 60°, and 70°. The dimensionless of fin height was Hf/H = 0.6,
and the fin spacing was S/H = 0.17. The experimental results show that the coefficient of the heat transfer for
lateral inclination (α = 0°) was greater than that for a sideways orientation (α = 90°). Additionally, the average
coefficient of heat transfer for both the lateral and longitudinal inclination case is increased with the longitudinal
inclination angle. The empirical equations are obtained based on the experimental results. These equations
correlated the Nusselt number as a dependent variable of the orientations angles, Reynolds number, and the
Grashof number, these equations are consistent with experimental results.

1. Introduction

Most engineering applications consume energy and associated with
produce heat [1,2]. This heat production is usually an undesirable side
effect that decreases the system performance, each engineering system
is designed almost to operate within a specified range of temperatures
[3]. Failure of a system occurs when these limits are surpassed by
overheating [4]. Therefore, many engineering systems try to avoid this
overheating problem as much as possible by using different methods for
dissipating heat away from the system to surrounding areas [5]. The
energy of heat is released in several ways; systems that operate give
energy in the form of heat, chemical reactions release latent energy
such as heat, electrons that flow through materials that generate heat,
pressure gases generate heat, and radiation matter creates heat [6].

In the design and construction of different types of energy (heat)
transfer systems, different devices, such as cylinders, rods, and plates,
are used to achieve heat flow between the source and the sink. These
structures provide surfaces for absorption or rejection of heat and are
defined as main surfaces [7].

To increasing heat transfer from surfaces are usually used fins when
it is not possible to increase the rate of heat transfer, either by in-
creasing the coefficient of heat transfer on the surface or by increasing
the difference of temperature between the surface and the fluid [8]. In
the system of electronic thermal management, heat sinks are usually
attached to the tops of the electronic package to enhance heat dis-
sipation and control the junction temperatures of these packages [9].
The main desired goal of the design of heat sink is a substantial en-
hancement of the heat transfer by convection with minimal increases in
the pressure drop of streamwise. The rectangular fins are widely used to
increase the rate of heat dissipation of the systems because they are
simple and inexpensive to manufacture. The transfer of convective heat
within a channel containing fins was studied by many researchers
[10–14].

The convection heat transfer in rectangular enclosures is studied
numerically by Lakhal et al. [10] with perfectly attached fins to the hot
wall. The effective parameters for this problem are the enclosures as-
pect ratio is 2.5 ≤ AR ≤ ∞, the Rayleigh number is 102 ≤ Ra ≤
2 × 105, the dimensionless partitions lengths are 0 ≤ B ≤ 1, the angle
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of inclination 0 ≤ Ө ≤ 60 and Pr = 0.72. The results show that at low
Rayleigh numbers, the heat transfer system is dominated by conduction
[11]. Huang et al. [12] they studied experimentally the heat transfer by
natural convection from square pin fin heat sinks subjected to the or-
ientation effect. A seven square pin fin heat sinks and a flat plate with
different arrangements were tested in a controlled environment. The
results show that the downward facing orientation gives the lowest
coefficient of heat transfer. Therefore, the coefficients of heat transfer
for sideways and upward orientations are of comparable magnitude.
The test was carried on a trapezoidal fin heat sink with various or-
ientations under a controlled environment.

Experiments on the heat transfer by natural convection from tra-
pezoidal fin array heat sinks subjected to the orientation effect were
carried out by Al-Azawi [15]. A trapezoidal fin heat sink with various
orientations was tested in a controlled environment. The author pointed
out that the sideways horizontal fin gave the lowest coefficient of heat
transfer, while the sideways vertical fin yield the best performance of
natural cooling. Of these experiments, Nu was defined as a function of
Ra at Pr = 0.7 for each direction, with Ra between 1400 and 3900. The
results showed that the heat transfer coefficients for sideways vertical
fins higher than those of upward fins by 12%, while higher than the
downward fins by 26% and by120% than of sideways horizontal fins.
Moreover, Naidu et al. [16] They studied theoretically and experi-
mentally the heat transfer problem by natural convection from a fins
array to find the effect of the base inclination of fins array on the rate of
heat transfer. A numerical model was developed by taking the can,
formed from a horizontal base and between two adjacent vertical fins.
All the governing equations for a fluid, together with the equations of
heat conduction in each fin, were resolved using the method of alter-
nate Direct Implicit. The experimental studies were carried out for five
different longitudinal inclinations, including 0°, 30°, 45°, 60°, and 90°.
In addition, the natural convection heat transfer from a heat sink with
narrow plate-fins and a parallel arrangement mounted on an inclined
base is experimentally investigated by Walunj and Palande [17]. The
rectangular base was tilted at an angle of 0°, 10°, 20°, 45°, 70°, 80°, and
90° while the fins were facing upwards. The results showed that the rate
of convection heat transfer decreases by increasing fin length and in-
creases by increasing fin height. Furthermore, the heat transfer is in-
creased by convection with an increase in the aspect ratio, but this
behavior was different for different tilt angles. In addition, Ahmed [18]

The CFD software Ansys/Fluent was used to study the effect of the
longitudinal inclination angle for a plate heat shield for different Rey-
nold numbers and different of fin heights on the hydraulic and thermal
performance of heat sink. The study showed that a variation of the
longitudinal inclination angle caused a complicated and substantial
flow field variation in space both upstream and downstream near a heat
sink. In addition, experimental simulations are performed by Maughan
and Incropera [19], to investigate the effects of longitudinal fins on
laminar mixed convection in airflow between parallel plates, with iso-
thermally heated for the bottom plate while the upper plate is cooled
with constant temperature. The results were that no secondary flow was
evident for conditions of fully developed on the without fins plate until
the Rayleigh number exceeded the critical value 1708. Beyond that,
longitudinal vortices were formed and persisted in decaying into tur-
bulence at Ra = 20,000. Dogan and Sivrioglu [20] and Taji et al. [21] A
similar experimental study was performed on heat transfer by mixed
convection from longitudinally arranged fins within a horizontal duct
to find highest heat transfer and find the optimal value for the ratio of
the fin height to the spacing between fins. An experimental study was
carried out to find the effect of spacing between fins and fin height as
well as the heat flux on combined convection heat transfer from a fins
array heated from the bottom inside a horizontal channel. Results
showed that the optimum spacing of the fins that gave the maximum
heat transfer is S = 8–9 mm and that the optimal spacing depends on
Ra*. Moreover, Yang et al. [22] Das et al. [23] They studied combined
convection heat transfer in an inclined parallel plates channel with
transverse fins attached to the bottom wall of the channel. Their results
indicated that, for Gr/Re = 10, the optimum aspect ratio increased with
an increase in the longitudinal angle of inclination, while the orienta-
tion effect on the optimum aspect ratio was not pronounced for Gr/
Re < 1.

Only a few information can be found in the available literature on
experiments of the heat transfer by mixed convection from a fins array
fitted in a horizontal duct. However, some transient convection heat
transfer studies by implemented within ducts with longitudinal angles,
but none of the previous studies represented the effect of the lateral tilt
angles of the channel on the heat transfer process. The current study
experimentally reports the effect of longitudinal inclination angles and
lateral tilt angles of the channel on a laminar mixed convection heat
transfer in three dimensions from a rectangular fins array attached to

Nomenclature

Ab surface area of plate, m2

Ac area of channel cross sectional, m2

Dh hydraulic diameter of the channel, m
g gravitational force, m/s2

hav the average of heat transfer coefficient, W/mK
H height of the channel, in
Hf height of the fin, m
I current, A
K conductivity, W/mK
L length, m
Lf length of the fin, m
Nuav average Nusselt number
P perimeter, m
qcon convection heat flux, W/m2

Qconv convection heat transfer rate, W
Qcond conduction heat transfer rate, W
Qrad the rate of radiation heat transfer, W
Qtotal total dissipation of the power, W
Ra Rayleigh number
Re Reynolds number
T temperature, °C

Tb bulk mean temperature, °C
Tin inlet emperature of the ah,°C
Tw average temperature of the aluminium plate surface, °C
Win mean longitudinal velocity, m/s
V voltage, V
W width, m

Greek symbols

α diffusivity, m2/s
α lateral inclination angle
Θ longitudinal inclination angle
β coefficient or thermal expansion, 1/K
ε emissivity
μ dynamic viscosity, kg/ms
ν kinematic viscosity, m2/s
σ Stefan–Boltzmann constant W/m2K4

Subscripts

f fin
in inlet
w wall
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the heated wall of the duct. In order to achieve the highest heat
transfer, the lateral tilt angles and longitudinal inclination angles are
considered to optimize them for a condition of constant heat flux [24].

2. Experimental apparatus

An experimental setup description is presented with the experi-
mental procedure discussion. A wind tunnel is built with a longitudinal
fin array to investigate the performance of the tested fin array. A
schematic drawing is shown in Fig. 1. The orientations of the experi-
mental setup selected here are shown in Fig. 2, which include a long-
itudinal and lateral inclination.

2.1. Open air stream

The induced draft fan was used to drive the cooling medium (air),
which was controlled by a valve. The wind tunnel was made from
galvanized iron and contains a damping chamber made of a
20 × 30 × 50 cm and 20 cm long inlet nozzle. The outlet nozzle is
30 cm long. The fan is induced the air then enters the damping
chamber, to suppress the turbulence in order to achieve laminar flow
conditions with a steady and uniform velocity distribution at the
channel entrance. Airflow is passed through a 60 cm long entrance re-
gion and through a 60 cm test section and is then passed through a
30 cm long exit region. The air leaves through the outlet nozzle to the
fan by a flexible hose. The flow velocity is measured using the air flow
meter. The flow rate through the wind tunnel is measured with the
velocity varying between 0.1 and 0.23 m/s. The flow meter gauge is
calibrated using an orifice plate for several volume flow rates, and the
least square method is applied to obtain the relation flow rate, as shown
in Eq. (1). The temperature of the inlet air was measured by a ther-
mocouple located at the entrance. The wind tunnel is mounted on a
wooden board that allows the orientation of the wind tunnel to be
changed for a range of longitudinal inclination angles (0°–70°) and a
transverse lateral inclination in the range of (0°–90°).

= × + × × +Q Q Q Q1912.6 88.201 0.5581 0.0118ref exp
3

exp
2

exp

(1)

where Qref is the standard flow rate, and Qexp is the experimental flow
rate.

2.2. The test section

The test section is a rectangular heated base with longitudinal fins.
This section contains an aluminum plate that is 60 × 30 × 0.6 cm. The
fin array is made from aluminum with 2 mm thick, 60 mm length. This
array was installed on the aluminum plate by making 2 mm width
grooves and 3 mm deep. The fins are embedded into the grooves of the
aluminum base plate without clearance by pressing hard and forcing
the fins into the grooves. The fins are then fixed by spot-welding along
the aluminum plate, similar to how many studies embed longitudinal
fins into the grooves of the base plate without welding [14,20,25]. The
section view (A-A) in Fig. 1 of the rectangular duct is graphically dis-
played in Fig. 3 and shown photographically in Fig. 4. The insulated
with 15 cm glass wool and a wooden box were implemented on all sides
of the test section to insulate it from the ambient environment. Table 1
shows descriptions of the tested fin array.

2.3. Heater circuit

The test section bottom wall was constructed from a 6 mm alu-
minum plate heated with a heating element. A sheet heater was located
under the aluminum plate, which was distributed along the aluminum
plate, i.e., both have the same dimensions of 30 cm × 60 cm, as seen in
Fig. 5.

The variation in the heater plate was provided by an electric cur-
rent, providing the boundary condition of a constant heat flux for the
experimental study. The plate was heated using an electrical heater,
which consisted of a nickel-chrome wire that was wrapped up as par-
allel strips on an electrically isolated plate, but the heat-conductive was
made of mica and covered by another mica plates (inserted between
two mica sheets). The heater is situated in contact under of the base; the
thickness of the heating element is equal to nearly 3 mm. The test
section is completely insulated along all sides to drive all the heat to the
fin array.

2.4. Thermocouple circuit

The base plate temperature was measured by a thermocouples set
(type K NiCr-Ni) located inside an aluminum plate of thickness 6 mm.
The thermocouples are installed in the bottom wall inside holes drilled
in the aluminum plate, the diameter of drilling holes is 6 mm and the
depth is 5 mm. The number of thermocouples was 24, which were

Fig. 1. Schematic diagram of the experimental setup.
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distributed on the aluminum plate.

2.5. The experimental data

From the experimental study can be measured the voltage drop
across the heater, temperature, electric current, and velocity. Then from
the heated plate can calculate the average Nusselt number as follows:

=Nu h D
kav
av h

air (2)

where hav: the average heat transfer coefficient.
Dh: characteristic length.
kair: thermal conductivity of air.
The average heat transfer coefficient expressed by Eq. (3) is fre-

quently used in experimental studies and represented by the average
surface temperature of the aluminum plate and air inlet temperature.
The experimental verifications of Eq. (3), previously identified and
adopted by many studies as an active method to determine the average
heat transfer coefficient, are given in Refs. [14,20,25,26]. Furthermore,
the channel hydraulic diameter Dh is known by Eq. (4).

=h Q
A T T( )av

convection

b w in (3)

=D A4
h

c
(4)

where Ab = L*W is the unfinned area of the heated wall, Ac is the duct
cross-sectional area, Qconv. is the fluid convection heat transfer rate, Tw

is the average heated wall temperature, P is the summation of edges of
the duct and Tin is an air inlet temperature. The heat transfer from both
the fins and heated aluminum plate by convection (Qconvection) is cal-
culated by the energy balance [27–30], as follows:

= + +Q Q Q Qtotal convection conduction radiation (5)

where Qtotal is the total supplied power, Qradiation is the overall loss of
radiation from the heated base and fin areas, and Qconduction is the
overall heat loss from the isolation of the duct. Based on Ohm's law the
overall energy provided to the heater can be calculated.

= ×Q V Itotal (6)

Heat loss was calculated in isolating the test section, as shown
below:

Fig. 2. Photo image of the experimental setup. (a) Lateral inclination case, (b) Longitudinal inclination case.

Fig. 3. Schematic diagram of the test section (section A-A).
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=Q k A T
Lcoduction insulation insulation

insulation

insulation (7)

where kinsulation is the insulation for the thermal conductivity, Tinsulation
is the inside and outside gradient temperature of the insulation.

Radiation losses are calculated from the following equation:

=Q FA T T( )radiation R w b
4 4 (8)

where F is the shape factor, AR is the radiation surface area, and σ is the
constant of Boltzmann, 5.67 × 10−8 W/m2.K4.

The Reynolds number:

= w DRe in h

air (9)

The Grashof number can be modified (Gr*) as:

=
=

Gr
g q D

k
con h

air air

4

2 (10)

where =qcon
Q

A
convection

b
is the mean heat flux transported by convection to

the air.
The properties of the fluid are calculated at an average of the heated

plate and fluid inlet +( )T T
2

w in .

3. Calibration of thermocouples

The accuracy of commercial measurement devices is less than the
accuracy of equipped laboratory devices. To overcome this problem, a
calibration process is carried out. The measured value found from a
measuring tool is thus compared with the identified value of the test
standard under definite reference conditions using measuring proce-
dures.

The digital multimeter and its thermocouples were calibrated
against the standard digital thermocouples for several readings. Using
the least square method, the relation of the true temperature of the
digital temperature gauge was performed and is as follows:

=T T1.0778 1.013ref exp (11)

where Tref is the standard temperature, and Texp is the experimental
temperature.

The accuracy of the instruments applied to the case study is shown
in Table 2.

4. Uncertainty analysis

To calculate the validity of the experimental study, a validation and
uncertainty estimation (errors in measurements) is conducted on all
measured quantities of heat supplied, thermocouple values, and fin
array dimensions. According to Moffat's standard procedures [31,32],
the uncertainties are estimated. Nusselt number uncertainty is ap-
proximately ± 5% and, for the modified Grashof number uncertainty, is
approximately ± 3.5%. Reynolds number uncertainty is

Fig. 4. Photo image of the test section (section A-A).

Table 1
Design considerations of the test fin array.

Parameter Values

Thermal conductivity of fin, 237 W/m
kfin K
Duck width, W 30 cm
Duck height, H 10 cm
Fin number, Nfin 15
Fin length, Lfin 60 cm
Fin height, Hfin 6 cm
Fin thickness, tfin 2 mm
Fin spacing, S 17 mm

Fig. 5. Photograph of the heater element.
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approximately ± 3%. The average heat transfer coefficient uncertainty
can be determined using Eq. (12) [33] and is approximately ± 1.74%.

Neglecting the conduction losses during the thin thermocouple
wires because of the diameter less than 0.18 mm. Heat losses such as
radiation, the thermal contact resistance of the fins, conduction losses
during the isolation and conduction losses through the thin thermo-
couple are calculated in Appendix A based on Eq. (5). These losses were
found to equal 12.07% to clarify that the maximum total heat losses do
not exceed 13% of the overall power consumed [14,20,25]. The re-
duction in the total losses is mainly due to the fact that the duct is well
insulated and that each fin was inserted by force into the groove and
pushed down to make contact with the bottom of the groove in the base
plate. Then fixed by spot-welding along aluminum plate beside, a
molten 2024-T6 aluminum alloy (k = 185 W/m.K) was poured into an
interface line between the fins and the bottom plate to reduce the
thermal contact resistance, as shown in Fig. 4(b).

= + +h
h

Q
Q

A
A

T
T

( )2 2 2

(12)

5. Results and discussion

An experimental study for a rectangular fin array with the heat
transfer of laminar mixed convection in a horizontal orientation with a
longitudinal and lateral inclination of the rectangular duct, in which the
lower wall is exposed to a uniform heat flux. Two different cases are
investigated. In case one, measurements are performed for the lateral
inclination angle, with a range α = 0°, 30°, 60°, and 90°. Case two is
achieved by studying both the longitudinal and lateral inclination ef-
fects, with the lateral inclination angle varying from 0° to 90° and the
longitudinal inclination range Ө = 0°, 30°, 60°, and 70°. The

experiments were conducted under various flow conditions, ranging
from Re = 1000 to 2300 and with a modified Grashof number
Gr* = 3 × 108 to 1 × 109.

This paper seeks to test the more appropriate parameter to facilitate
comparisons with other similar studies that adopted the average heat
transfer coefficient hav [14,20,25]. Thus, the coefficient of heat transfer
has been considered the dependent variable. Furthermore, it is com-
paratively easier to calculate the coefficient of heat transfer than the
Nusselt number. Accordingly, there are many studies that adopted the
heat transfer coefficient as the dependent variable [34–37].

5.1. Case one: lateral inclination angles (α)

Fig. 6 illustrates the change of the local temperature of the heated
surface along the distance extended from the inlet to the outlet of the
test section for a lateral inclination angle α = 30°, Re = 2300 and
several Grashof numbers. It clear from this figure that the temperature
values in the entry of the test section have nearly the same inlet tem-
perature and represent forced convection thermal conditions. Then, the
temperature increases until it reached a maximum value of nearly
z = 0.4 m. This result refers to the intensity of the buoyancy secondary
flow. Furthermore, distribution of the local heat transfer coefficient for
the lateral inclination angle α = 30° at Re = 2300 and the different
modified Grashof numbers are shown in Fig. 6. In the entry zone of the
test section, the forced convection features seem clear on the behavior
of the heat transfer coefficient. After the short distance of the channel,
instability begins in the buoyancy secondary flow, which prevents the
continuance decline in the local heat transfer coefficient. This outcome
due to the buoyancy strength, which becomes sufficient to instability
the boundary layer.

Moreover, increasing in the heat transfer coefficient is dis-
tinguished. The mixed convection zone started after the secondary flow.
The variations of the Grashof number on the coefficient of local heat
transfer are presented in this figure. It can be seen that the heat transfer
coefficient increases with the Grashof number.

The Grashof number's effect on the average convection heat coef-
ficient distribution is shown in Fig. 7 for different Reynolds number and
lateral inclination angles. For all lateral inclination angle cases, a re-
markable change can be observed in the convection heat coefficient
produced by an increase in the Grashof number. It is noticed that as Gr*
increases above 3 × 108, a buoyancy-driven secondary flow adjacent to
the heated walls develops, which quickly increases as Gr* continues to

Table 2
Measuring instrument list.

Mesured Paramter Instrument Range Accuracy

Air temperature (Ta) BES-01 -2-90 °C ± 0.5 °C
thermocouple K NiCr-Ni – ± 0.25%
multimeter BS471110 – ± 1%
air velocity Fluke 922 1–80 m/s ± 0.015 m/s
Airflow Meter Fluke 922 0–99 m3/hr ± 1%
wattmeter BEEMET 0–2000 w ± 1%

Fig. 6. Variation in the local base temperature and heat transfer coefficient for different Grashof numbers at angle α = 30°, Re = 2300.
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increase. The reason that a pressure gradient in the channel develops,
which is against the inertial and buoyancy forces, is that it assists the
secondary effect.

It is observed from this figure that the convection heat transfer
coefficient with an orientation α = 60°, Re = 1000 and Re = 1800 is
higher than other orientation angles when Grashof number
Gr* = 9 × 108. Additionally, the convection heat transfer coefficient in
the lateral inclination angle α = 30° and Re = 2300 it has the max-
imum heat transfer rate at Gr* = 9 × 108. The low heat transfer
process with a high orientation angle is due to the impeding air, which
is generated by changing the angle so that the heated air that enters
between the fins will hit the surface of the fins before leaving the sides.

The thickness of the thermal boundary layer increases with a re-
duction in Re. Because of this layer, heat transfer from the heated wall
surface and the fin is decreased. There is a fluid flow entering the duct

and passing through a channel between the fins. The heat exchanging
takes place between the fresh air and the heated plate and goes out at
the exit. As a result, hav increases with increasing Re.

Fig. 8 Shows the change of the temperature in the heated wall Twz

and the local heat transfer coefficient hz for lateral inclination angles
α = 0° and 90° at Re = 2300, respectively.

It is observed from Fig. 8 that the base temperature increases with
an increasing Gr* and lateral inclination angle. With an increasing Gr*,
the values of the surface temperature increase when the angle is
changed from an upward orientation (α = 0°) to a sideways orientation
(α = 90°). It is also clear from Fig. 8 that the coefficient of heat transfer
diminishes as the heat sink is laterally inclined from the horizontal
(upward orientation) α = 0° to the vertical (sideways orientation) or-
ientation α = 90°. For the orientation angle α = 90°, the fluid between
the fin channels becomes hotter than the fluid above the tip fins. This

Fig. 7. Shows the change of average h with Reynolds number for several Grashof numbers and lateral inclination angles.

Fig. 8. Presented the local base temperature and h for different Gr* number and α = 0°, α = 90° at Re = 2300.
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outcome leads to a reduction in the coefficient of heat transfer.
It can be observed from this figure that the local heat transfer

coefficient has the highest value at inlet due to a thin boundary layer
and supremacy forced convection. Then, the coefficient of heat transfer
is gradually decreased because there is a balance between the effect of
all convection and buoyancy. Thus the buoyancy effect controls over
the forced convection effect at the end part of the test section, leading
to an increase in the local heat transfer rate.

Fig. 9 displays the variant of the average convection heat coefficient
with regard to Re for lateral inclination angles α = 30°, α = 60°, and
Gr* = 6 × 108. The orientation angle of fins α = 60° gives a coefficient
of heat transfer less than that of α = 30° orientation. It is, therefore,
concluded the rising heat transfer coefficient with decreasing α is due to
the buoyant force produced by the change in air density when the
temperature difference occurs. This outcome leads to more air entering
between the fin channels for low values of α, which leads to an efficient
heat exchange. Then air is heated in the course of the fin channels and
goes up, while, with an increase in the lateral inclination angle, some of
the hot air remains confined between the fins. Therefore, α = 30° or-
ientation delivers the best performance for natural cooling.

Furthermore, the heat transfer coefficient is affected by the or-
ientation as shown in Fig. 9 for different Reynolds numbers with lateral
inclination angles α = 0° and α = 90° and Gr* = 6 × 108. The upward
orientation (α = 0°) have higher values of heat transfer coefficient than
that for the sideways orientation (α = 90°). The sideways orientation
(α = 90°) causes the thermal boundary layer to concentrate on the fin
surfaces. Therefore, there is a concentration of the boundary layers,
resulting in a decrease in the fluid inflow velocity during fin arrays,
avoiding the entry of fresh fluid into the fin channels. Therefore, the hot
fluid remains longer among fin passages.

5.2. Case two: longitudinal inclination (Ө) and lateral inclination angle
case (α = 90°)

This experiment was conducted to demonstrate the effect of both
the longitudinal and lateral inclination angles on the heat transfer
features of mixed convection laminar flow from fins inside a rectan-
gular duct oriented with a lateral inclination angle α = 90° and long-
itudinal inclination ranges (Ө = 0°, 30°,60°,70°).

Fig. 10 shows the change of the local base temperature and

Fig. 9. Shows the change of average h with Reynolds number for lateral inclination angles α = 30°, α = 60°, and Gr* = 6 × 108.

Fig. 10. Variation of local base temperature and convection heat coefficient for different Gr* at Ө = 60°, α = 90° and Re = 1000.
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coefficient of heat transfer for various Grashof numbers at longitudinal
inclination angle Ө = 60°, Re = 1000, and a lateral inclination angle
α = 90°. In the entrance part of the test section, the temperature is low
and mostly, it is affected by the inlet temperature. Then, after some
distance, the temperature increases because of the influence of mixed
convection before decreasing from the mixing of hot and cold fluids.

At Gr* = 3 × 108, heat transfer occurs by conduction, which
overcomes the convection mechanism. At Gr* = 6 × 108, the heat
transfer mechanism through the duct is both forced convection and
natural convection. As Gr* increases to 9 × 108, natural convection
becomes the predominant heat transfer mechanism. It is detected that
the base temperature rises with an increasing Gr*. As a result, the heat
transfer coefficient increases, as can be noticed in Fig. 10.

To study the influence of the longitudinal inclination angle on the
mechanisms of heat transfer for a horizontal and longitudinal inclined
duct, in the heat transfer process exist three mechanisms that play an
important role in heat transfer for the longitudinal inclined case. The

convection is forced by these three mechanisms due to the uniform
mainstream, where the direct free convection as a result of the com-
ponent of the gravity vector parallel to the heated wall and the indirect
free convection due to the component of the gravity vector normalized
to the heated plate [38].

The effect of Gr* on the average heat transfer coefficient was stu-
died in Fig. 11 for several Re and longitudinal inclination angles. The
trend of the curves displays that the average heat transfer coefficient
hav rises with increasing Re and Gr* for all longitudinal inclination
angles. In addition, the average heat transfer coefficient hav rises with
increasing longitudinal inclination angles Ө because the buoyant force
is working in the flow direction, which will be improved with an in-
creasing longitudinal inclination angle and the natural convection ef-
fect.

The average heat coefficient changes with the longitudinal in-
clination angle for different Reynolds numbers and Gr* = 6 × 108 and
Gr* = 9 × 108 is shown in Fig. 12. From the figure, it is observed that

Fig. 11. Displays the convection heat coefficient with Re number for various Gr* number and Ө at α = 90.

Fig. 12. Exhibits that the average of heat convection with Ө for several Re numbers and Gr numbers, with α = 90°.
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the coefficient of heat transfer increases as the longitudinal inclination
angle rises. It is known that, as the longitudinal inclination angle varies
from 0° to 70°, the strongest buoyancy force appears at higher long-
itudinal inclination angles (Ө > 0°) and the weakest at horizontal
conditions (Ө = 0°).

For the lower longitudinal inclination angle of Ө = 30°, there are
weak buoyancy forces, and fluid streams above the fin section prevent
the hot fluid from escaping from the fin arrays. These phenomena lead
to less in the performance of heat transfer. Additionally, for the higher

longitudinal inclination angle Ө = 70°, the largest average heat transfer
coefficient can be attained for all Re.

With increasing the Reynolds number, the velocity increases, which
prevents the power of the secondary flow condition and decreases the
development of the thermal boundary layer. A higher Re produces
smaller variations in hav. These features are noticed for Re = 2300,
where secondary flow conditions are mostly absent, and the forced
convection is the dominant mode.

Fig. 13 displays the change of the average heat transfer coefficient

Fig. 13. Shows the change of the average heat coefficient with Gr* number for different Ө and Re numbers and α = 90°.

Fig. 14. Comparison of the correlation found from the data set and experimental consequences for lateral inclination angles.

= + =Nu Re Gr( ) ( ) 0.912(1 0.0174 sin( )) for 70av
0.256 0.136 2.12 (13a)

= + =Nu Re Gr( ) ( ) 1.074(1 0.0857 sin( )) for 60av
0.183 0.098 1.96 (13b)

= + =Nu Re Gr( ) ( ) 0.852(1 0.1018 sin( )) for 30av
0.206 0.101 1.73 (13c)

= + =Nu Re Gr( ) ( ) 0.69(1.17 0.098 sin( )) for 0av
0.318 0.137 2.74 (13d)
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with various Gr* and Re. From this figure, for the longitudinal in-
clination angle Ө = 30°, a lower value of hav is obtained. This result
occurs because the effects of buoyancy, which are induced by natural
convection, diminish, leading to in a low coefficient of heat transfer.

Furthermore, it is clear from this figure that the optimal angle for
the desired heat transfer is while the longitudinal inclination angle
Ө = 70°. This result is because of the body force component that ac-
celerates the fluid because of it acts in the direction of axial flow, re-
sulting from an increase in the heat transfer coefficient; this has an
important role in the heat sink cooling. It can be deduced that the heat
transfer coefficient increases when the fins are longitudinally inclined
from a horizontal orientation. The fins orientation also plays a sig-
nificant role in heat transfer enhancement.

5.3. Empirical correlations for the average Nusselt number

The variation of the heat transfer coefficient for the fins is due to the
two tilting orientations that have been previously observed. This out-
come gives a primary indicator as to how the Nusselt number will be
changed based on how the two angles change. The empirical equations
to correlate the mean Nusselt number are derived based on the
Reynolds number, modified Grashof number, and the longitudinal and
lateral inclination angles. Accordingly, the results are as expected, as
shown in Fig. 14. Fig. 14 explains the empirical equations derived for
the adoption of the lateral inclination angle as a dependent variable.
The correlation can be written as follows:with the following ranges:
1000 ≤ Re ≤ 2300, 3 × 108 ≤ Gr*≤ 1 × 109 and 0°≤ α ≤ 90°, a
relative error of 9% and a correlation factor = 0.913.

Additionally, empirical equations are derived for case two (lateral
inclination angles α and longitudinal inclination angle θ) to associate
the average Nusselt number with the Reynolds number and modified
Grashof number. Fig. 15 explains these equations. The correlation can
be written as follows:

= + =Nu Re Gr( ) ( ) (1.25 sin( )) for 90av
0.248 0.136 2.011 (14a)

= + =Nu Re Gr( ) ( ) 1.08(1.06 sin( )) for 60av
0.188 0.177 2.108 (14b)

= + =Nu Re Gr( ) ( ) 1.14(1.89 sin( )) for 30av
0.156 0.229 1.937 (14c)

= + =Nu Re Gr( ) ( ) 0.81(1.15 sin( )) for 0av
0.203 0.197 2.018 (14d)

with the following ranges: 1000 ≤ Re ≤ 2300, 3 × 108 ≤ Gr*≤
1 × 109 and 0° ≤ θ ≤ 70°, α = 90°, a relative error not exceeding 9%
and a correlation factor = 0.995.

6. Conclusions

Experimental studies were carried out for mixed convection heat
transfer, laminar flow with fins inside a horizontal and inclined duct
subjected to uniform heat flux at the bottom surface.

From the experimental study, the following can be concluded.

1 The results illustrate that the average heat transfer coefficient in-
creased with Re and the Grashof number for all inclination angles.

2 Smaller fluctuations in hav are observed with higher Re due to the
absence of the secondary flow effects and the forced convection in
the dominant mode.

3 A greater coefficient of heat transfer is observed at the highest
longitudinal inclination angles.

4 The heat transfer coefficient decreases with an increasing lateral
inclination angle.

5 As the longitudinal inclination angle increases, the buoyancy effect
increases, which causes an unstable secondary flow and results in a
fluctuation of the distribution of hav.

6 From the experimental results, the equations of correlations are
obtained to relate four main variables, independent variables
(modified Grashof number, longitudinal and lateral inclination an-
gles, and Reynolds number) and the dependent variable (the
average Nusselt number) as shown in equations (13a)-(14d).

Appendix A

To prove the validity of the experimental system, its output result is compared with its input power, and the convection losses have been
determined with good accuracy. The thermal balance equation can be expressed as follows [39].

=Q V*I m*cp*(T T )o in (1A)

Fig. 15. The data set and experimental results for inclination angles are implemented to show a comparison of the correlation.
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where Q, V and I are the power, voltage and electric current for the heater circuit, respectively, m is the air mass flow rate, cp is the specific heat of
the air, and To and Tin are the temperature at the outlet and inlet, respectively.

=Q A * * *cp*(T T )c m o in (2A)

where Ac is the cross-sectional area of the duct, m is the mean velocity of the air, and is the air density. cp and are determined by the base
temperature Tb.

= + = + +T T T
2

T T T
2b
o in

(3A)

= ° = °T 28.3 C, T 35.4341 Cin o

= + = °T T T
2

31.867 Co in

= + = + = ° =T KT T
2

42.329 31.867
2

37.098 C 310.098 310b

= = =T KCp 1.00546 kJ
kg. k

and 1.1406 kg
m

at 310b3

= m
s

0.188m

=Q m m
s

j
kg k

k
m

k(0.1*0.3) 0.188 1.00546 10
.

1.1406 (308.434 301.3)2 3
3

=Q j
s

46.14348

= Q AV*I b

= =
loss

220*0.226
0.13

49.68
0.13

46.14348

=loss 0.1207
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