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ABSTRACT
The heat transfering rate between the air (as flowing media) and the absorber plate of a solar air collector is
relatively low, due to very thin viscous laminar sublayer at surface of the absorber plate. This layer can be
distributed by using an artificial roughness at the absorber plate surface and make a turbulent flow adjacent this
sublayer region, hence the convective heat transfer can be increased. A new artificial roughened surface has been
proposed for enhancing the thermohydraulic performance of the air collector. The proposed artificial roughened
surface is in the form of a square cross section rib having relatively large width (25 mm) splits with a relatively
large gap (20 mm). The study focused on the influence that coming from various Reynolds number and different
solar interesting fluxes. The Reynolds number based upon volumetric air flow rates at the entrance of the collector
and based on the hydraulic diameter of the solar air heater was in range of (5000 – 15000). The input solar intensity
fluxes comes from solar radiation of 400, 600, 800 and 1000

W m 2 were depended. In order to simulate the

flow and heat transfer numerically, a three dimensional (3D) and realizable k-ɛ (RKE) model is carried out then
the results were validated against experimental data. The Reynolds number effect on Nusselt number,
thermohydraulic and friction factor are obtained and analyzed. The thermohydraulic factor is determined and
plotted for the range of Reynolds number under investigation at different solar intensity fluxes. The results show
that the thermohydraulic more than unity for the cases studies. The proposed roughness geometry and according
to the flow Reynolds number of approximately 8000 at 1000

W m 2 solar intensity flux yields to maximum

thermohydraulic performance. The maximum value of the thermohydraulic factor was found to be 1.26. The
present proposed artificial rib is a promising method for thermohydraulic performance at relatively low Reynolds
number.
KEYWORDS
solar air heater, Nusselt number ratio, Thermo-hydraulic factor, artificially roughened collector and friction factor
ratio.
INTRODUCTION
Solar air heaters are collection devices that converting the solar radiation to thermal energy. This device has
various applications like drying the agricultural crops (i.e. coffee, corn and tea) and space heating. However, it
has poor thermal efficiency due to the low air thermal conductivity which leads a low heat transfer coefficient
between the flowing air and absorber plate. In practice, in order to attain higher thermal performance, an artificial
rib technique on the absorber plate has been provided. These ribs repeal laminar sublayer at the surface of the
absorber plate. The flow become turbulent and hence increase the rate of heat transfer from the absorber plate to
the airflow. The turbulence inside the solar air collector must be formed in the region close to absorber plate, in
order to avoid high friction losses and hence low power required for air pumping. A lot of researchers analyze
thermal and hydraulic performance of the solar air collector in experimental and numerical work. Sharma and
kalamkar (2015) [1] discussed and summarized, by review articles, the experimental work investigation. The
investigation on numerical work of a few researchers have been summarized in review articles, by Sharma et. al.
(2016) [2]. The review articles reveal that the flow and heat transfer characteristics depend on many system
parameters associated with roughened rib solar air collector like roughness pitch ratio (p/e) and roughness hight
ratio (e/Dh) as well as operating condtions like Reynolds number and heat flux intensity.
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Several investigation have been performed and used ribs with different shapes and geometries on the absorber
plate of the collector. S. Kumar and R. Saini (2009) [3] studied the solar heater when the rib is W-shaped. They
reported that the fr and Nur, both maximizes at 60° rib angle 2-75 and 2-16 respectively. Aharwal et. al. (2008)
[4] studied Nur and fr enhancement in an integral repeated ribs. They reported a maximum enhancement in Nusselt
number is 2-83 and friction factor is 3-6. Karwa et. al. (2010) [5] investigated with 60° V down discrete ribs, and
enhancement of heat transfer when mass of air flow is less from 0.04 kg/s have been reported. Hans et. al (2010)
[6] performed investigation with V shape ribs on the absorber surface of the solar heater. They concluded an
enhancement of fr and Nur by 6 and 5 times, respectively as compared to that smooth surface (plate). Many
authors have numerically investigated the thermal-hydraulic performance of solar air collector. Sahu and Bhayoria
(2005) [7] studied the enhancement of thermal performance in transvers broken ribs. They observed thermal
efficiency increment of 83.5%, at p = 20.
Gupta et. al. (2008) [8] examined with 60° broken ribs, 90° saw tooth profile of a square channel. They reported
that 60◦ broken ribs with 60◦ inclined rib give higher enhancement of heat transfer under the same operating
conditions. Layek et. al. (2009) [9] studied V shaped and transverse chamfered groove. The maximum optimal in
Nu at 18° chamfered have been found. A lot of investigation have been performed and used ribs with different
shapes and geometries in the collector. S. K. Sharma et. al. (2017) [10] experimental and 3D simulation for two
truncated and two transverse ribs have been investigated. The ratio of aspect (w/t) of ten rib roughens with height
(e/Dh) of 0.55 and a hacked angle of 90◦ for Reynold number ranging from (4000-16000). They used difference
rib arrangements and concluded that the 3D similar for results closer to the experimental result. Abhishek P. et.
al. (2019) [11] investigated the performance of a wavy finned solar air collector experimentally. The thermal
efficiency improvement of 69.6 % in their investigation for a mass flow rate of 0.01580 kg/s.
Several authors performed numerically a two dimensional simulation to investigate the thermohydraulic
performance of solar air collector. Gawande et. al. (2016) [12] perform a CFD simulations and experimental with
L-section shaped rib on the absorber surface with k-ε as the turbulence model. The factor of THPP is 1-9 have
been investigated. odel provided a closer to experimental result in comparison with other model. R. Kumar, et. al.
(2017) [13] carried out a tow dimensional investigation of elliptical ribs on the absorber plate. They investigated
it with various relative roughness height, relative roughness width and relative roughness pitch. They reported
that the width of the rib affects the heat transfer enhancement. Some authors carried out three-dimensional (3D)
investigation of performance for the solar air collector. However, the number is few. S. V Karmare et. al. (2010)
[14] carried out 3D simulation ribs of square, circular and rectangular cross section with

(α = 60 ) . They

reported, for square sectioned rib, that the enhancement in the heat transfer of 30 %, higher than smooth plate. D.
Jin, et. al. [15] Performed 3D simulation of multi vee shaped ribs. The investigation was with various relative
roughness pitch (p/e) and relative roughness height

(e Dh ) and different Reynolds numbers (Re). They

optimized the thermohydraulic factor of 1.93.
The above literature survey indicates that the rib roughens elements are among the practical and the most effective
technique for enchasing heat transfer in solar air heat ducts. However, a few researcher has been focused on
artificial roughened surface with a big width of rib and big gap between these ribs as well 3D numerical analysis
for the proposed rib specification. Thus, the main object of the present study to investigate numerically and
experimentally, the thermal and flow characteristics in solar air heater roughened wide a square rib. Then, to
obtain the best maximum the THPP factor thermal- hydraulic performance factor for square sectioned rib of 25
mm width and 20 mm gap at p/e = 15 and e/Dh= 0.0526 and that be used in the best Reynolds number range.
EXPERIMENTAL SETUP
An experimental setup has been fabricated and implemented and implemented to investigate the impact of air
flow and solar intensity flux on the Thermo-hydraulic performance of a solar air collector roughened with a square
rib. A schematic diagram of the experimental setup is shown in Figure 1.
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Figure 1. Schematic diagram of the experimental rib-roughened solar air heater
The experimental setup components consist of rectangular duct, a blower and U- tube manometer. Table 1 gives
the dimension of the experimental setup.
Table 1. Dimension of the experimental setup.
No.
1.
2.
3.
4.
5.
6.
7.
8.
9.
10

Parameter
Solar collector width
Solar collector length
Exist section
Rib high
Rib width
Gab between two ribs
Relative roughness (e/Dh)
Relative pitch (P/e)
Reynold number
Solar intensity flux

Value
800 mm
1200 mm
400 mm
3 mm
20 mm
25 mm
0.0526
10
5000-14000
4000-1000 W/m2

Absorber plate is made from (AL) sheet which thickness of 2 mm. The blower sucks the air and delivers it to the
atmosphere. The blower position in the inlet opening, a gate valve in order to regulate the volumetric air flow
passage across the solar air collector. The inlet air, absorber plate and outlet air temperatures were measured with
a calibrated (T) type thermocouples. The pressure drop across the solar air collector was measured by an air flow
rate of type (F. K. 8121). In the plastic pipe of (60 mm) diameter an orifice meter was fitted. An (U) tube
manometer containing water used for measuring pressure drop a cross the orifice. The capacity of the blower and
the volumetric flow rate selected the Reynold, number. The rib roughened surface for the numerical and
experimental analysis is shown in Figure 2.

P

Rib width

Gap

Figure 2. Rib Roughened Surface
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EXPERIMENTAL DATA REDUCTION
The determination of the heat transfer coefficient between the passage air and absorber surface is the purpose of
the present work. During the experimental, several interest parameters are measured:
1.

Temperature of inlet air (Tin )

2.

Temperature of mean plate (TPmean )

3.

Temperature of outlet air (Tout )

4.

The drop of pressure across the solar air collector ( DPd )

5.

The pressure drop across the orifice ( DPor )

The frictional losses and heat transfer coefficient were calculated in term of friction factor (f) and Nusselt number
(Nu) respectively. By using the drop across the collector, the friction factor is calculated with the following
equation:

f =

2 ∗ DPd ∗ DH
4 ∗ ρ air ∗ L ∗υ 2

(1)

Where:

Dh Hydraulic diameter of the solar air collector Dh =

4 Area
wettedparameter

L is the distance between inlet and outlet of the pressure tapping points.
The equation used to determine the Nu number is as follows:
Useful heat gain
.

Qu m CP (To − Ti )
=

(2)

Also:

=
Qu hA(TP − T f )

(3)

Where: T f is the mean of film temperature (mean of To

− Ti )

.

m CP (To − Ti )
h=
hA(TP − T f )

(4)

hDh
k

(5)

Nu =

The Reynolds Number is expressed as:

Re =

ρυ Dh
µ

(6)

The Thermo hydraulic factor is calculated using the equation below:

THPF =

Nur Nuo

( fr

(7)

fo )

13
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NUMERICAL SOLUTION PROCEDURE
Numerical simulation by using computational fluid dynamics CFD has been applied to analysis roughened rib
solar air heater. Solution of conversation mass, momentum and energy equations are achieved. The turbulence
model realizable k-ɛ (RKE) has been used for solving the governing equation. The simple algorithms is employed
as pressure- velocity coupling method. The computation were performed using ANSYS fluent under steady state
condition. Prepossessing include of prepare the shape and generation the mesh on it. The typical mesh are used in
numerical solution with rib in Figure 3 and without rib in Figure 4.

Figure 3. Section of mesh employed for the numerical solution with rib

Figure 4. Section of mesh employed for the numerical without rib

Figure 5. Variation of average Nusselt number with average Reynolds number
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Figure 6. Variation of average of average friction factor with average Reynolds number for smooth air heater

Figure 7. Variation of average Nusselt number with average Reynolds number for ribbed solar air heater at
intensity heat flux of 600 w⁄m^2
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Figure 8. Variation of friction factor ratio with average Reynolds number for different values of solar radiation
intensity

Figure 9. Variable of average Nusselt number with average Reynolds number for fixed value of solar radiation
intensity 1000 w⁄m^2
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Figure 10. Variation of average Nusselt number with average Reynolds number for solar air heater for different
values of solar radiation intensity fluxes.

Figure 11. Variation of average Nusselt number ratio with average Reynolds number for ribbed air heater
(different solar variation).
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Figure 12. Variation of thermohydraulic factor with average Reynolds number for different value of solar
variation intensity.

Figure 13. Percentage ratio of the increasing in Thermo haydraulic THF
DISCUSSION
The results of a roughened air collector are compared with that obtained in smooth air collector operating under
the same conditions. This investigation to enhancement Thermo-hydraulic factor of the artificial roughened air
collector. The effect of various operating factors (volumetric air flow rate and solar intensity heat flux) on the heat
transfer characteristics and friction characteristics in an artificial roughened solar air collector are presented.
VERIFICATION AND VALIDATION OF EXPERIMENTAL RESULTS
The experimental data of the average Nusselt number and the average friction factor have been determined and
compared with numerical data calculated with (computational fluid dynamics techniques). For smooth air
collector, Figures 5 and 6 show the comparison of the experimental results and numerical results of the Nusselt
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number and friction factor as a function of Reynolds number. The rate of average deviation of Nusselt number
experimental value is ∓ 3.2 % from the average values calculated by CFD technique, and the rate average
deviation of friction factor experimental values is ∓ 3.93 from the average values calculated by CFD techniques.
Thus, there is a consensus between experimental results and computational results within reasonable and
acceptable limits.
The average numerical and experimental coefficient of heat transfer in the collector with roughened surface are
displayed in the modality of mean number of Nusselt

( Nu ) . The numerical and experimental values of the
r

average (Nusselt number as a function of Reynolds number can be seen in Figure 7 at solar intensity heat flux of
(600

W m 2 ). The average deviation of numerical values of Nusselt number is under (4.8 %) from the values

collected with the experimental setup, which is considered to be reasonable good agreement and good accuracy
between the two sets of values. Through experimental and computational results obtained, the average heat
transfer and average friction can be discussed as well as the Thermo-hydraulic performance as follows:
FRICTION FACTOR CHARACTERISTIC
A friction factor ratio

( fr fo ) can give insight of the in crement in friction factor of a roughned air collector

with respect to smooth collector. Thus a comparative study of average friction factor has been down in term

( fr fo ) . The effect of Reynilds number on the friction factor ratio for roughened air collector with various

solar intensity fluxes is shown in Figure 8. From the plot, a marked increasing in the friction factor ratio is absorbed
as the Reynolds number increase for all solar intensity flux values. The increasing in the friction factor ratio is
attributed to the reduction in the air boundary layer with increasing in Reynolds number and thus the high of ribs
are protruding in to the main air flow. Therefore, as the Reynolds number increases, the frictional losses go on
increasing. Also, it can be observed from Figure 8, that there is only an insignificant different of friction ratio
between the different solar intensity fluxes. The average friction factor ratio

( fr fo ) values vary from (2.45-

2.92), (2.43-2.89) and (2.4-2.85) for solar intensity fluxes, 1000, 800, 600, 400 W⁄m2 respectively. The minimum
average friction factor ratio value is (2.38) for 400

for 1000 W

W m 2 solar intensity flux and the maximum value is (2.92)

m 2 solar intensity flux. This trend of operation is expected since the friction factor depends to a less

extent on the physical properties such as air density.
CHARACTERISTICS OF AVERAGE HEAT TRANSFER
Many of researcher reported that, the rib helps to enhance the heat transfer mechanism from the surface of the
solar air collector, However the pressure drop also increase because the flow change its direction. The installation
of an artificial rib on the surface of the air collector breaks down the layers near the surface and also produces
turbulent flow, Subsequently the transfer of heat increase from the surface, however, the pressure drop also
increases. Therefore, the selection of an arterial rib should be so as to generate a turbulent flow only close to the
surface (i.e. in laminar sublayer). Figure 9, shows a typical variation of average Nusselt number as a function of
average Reynolds number for both roughened and smooth collector at (1000

W m 2 solar intensity flux). It can

be observed that as the average Reynolds number increases the average Nusselt number can be attributed to the
increase in kinetic energy of the turbulent flow and by the increase of the rate of dissipation which results in
turbulence intensity increasing. Figure 9 also shows a comparison between solar air heater with roughened surface
and solar air heater with smooth surface. It can be noticed that the average Nusselt number of the solar heater with
roughened surface is larger than for solar air heater with smooth surface at all Reynolds numbers. The Nusselt
number which is about (12 % ) more than that of the solar air collector with smooth surface. At Reynolds number
of approximately (8000) this can be attributed to the strong vortices produced on the top of the rib which result in
higher average Nusselt number. The effect of solar intensity flux on the Nusselt number for roughened solar air
collector is shown in Figure 10. From the plot, a significant improvement in the average Nusselt number is
observed as the solar intensity flux increases especially at higher solar intensity flux for all Reynold number
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values. This mean, the heat transfer coefficient improves better with increasing the solar intensity flux. This
improvement is attributed to the increasing in heat gain by the air passing through the solar air collector. The rate
of increase in heat gained by the air is more than that in average temperature difference between the surface
temperature and air temperature and since

h=

heat gained by the air
average temperature difference

Therefore, the heat transfer coefficient improves better with increasing in solar intensity flux. The comparative
study of the Nusselt number as a function of Reynolds number has been done in term of average Nusselt number

(

)

ratio Nu Nuo . This ratio gives a quantitative evaluation value with respect to smooth collector. The average

(

)

Nusselt number ratio Nu Nuo is plotted revers the range of Reynolds number in order to study the
enhancement in the average Nusselt number of the roughed solar collector compared with smooth solar air
collector. It can be seen from Figure 11 that, the better optimization ratio reaches to (8000) Reynolds number
anyway when Reynolds number is higher (more than 11000), there is a least average Nusselt ratio enhancement
for the considered range of Reynolds number and the average Nusselt number ratio shows a slight decrease with
the increase in Reynolds number. This can be attributed for two reasons firstly in case of high Reynolds number,
the effect of mixing of cold and hot air decrease. Secondly, affects the secondary flow, therefore the increase in
the average Nusselt number is less if the Reynolds number where the blockage of flow passage is producing less
ratio of enhancement when comparison to the case of lower Reynold number.
OVERALL PERFORMANCE
The installation of an artificial rib on the surface of the solar air collector breaks down the laminar sublayer and
also operating the flow layer near the surface in addition, the ribs produce turbulent flow, then the heat transfer
will increase between the surface and the air passing over it. The high and the width of the ribs are important and
affected on the outer flow of the air, also they play a significant part in mark the drop of pressure and thus
determine the need design capacity in such conversation of energy system. The gap between ribs is also important
and effect on the recirculation flow and eddies that formed behind ribs. The choice of a relatively high artificial
rib helps to increase the pressure drop, thus increasing the coefficient of friction. Therefore, the selection of an
artificial rib should be so as to generate a turbulent flow close the surface, in other words in the sublayer region.
In the present case study, the selection of a relatively large width artificial rib with a relatively large gap between
ribs in associated with a higher rate of heat transfer than the increase in the amount of friction losses factor. In
order to choose the best performance of a present roughened solar air collector and to compare between the cases
under student, it is very important to evaluate the enhancement performance as a whole. Some researchers have
been given a coefficient cognize as factor of Thermo hydraulic performance (THPP), to measure the performance
of the artificial; rib above the surface of the solar air collector. The values of the thermo hydraulic factor (THPP).
Can be calculated from eq. (7). Therefore the effectiveness of the whole process (THPP) is plotted against
Reynolds number in Figure 12 at different values of solar intensity fluxes. This figure shows atypical variation of
(THPP) with Reynolds number from (5000 to 15000) for roughened solar air heater and for solar intensity flux
varying from (400 to 1000

W m 2 ).

It is clear from Figure 12 that, varying Reynolds number from (5000 up to 9000) leads to increasing and
considerable changing in the THPP factor until it reaches the highest value at the threshold Reynold number. But
with increasing in the Reynolds number beyond (1000) the change in THPP factor with Reynolds number in
insufficient. This mean, there is a peck and ideal value for the THPP in the first part of the curve. Therefore it is
preferable to operate the solar air collector (roughened with the present rib-gap arrangement) in the first part. This
effect can be attributed to the fact that Reynolds number is a powerful factor that affects the pumping capacity the
amount of thermal energy extracted from the collector and thus, it affects the thermo-hydraulic factor. It can be
also observed from Figure 12 that THPP at (1000

W m 2 ) solar intensity flux is larger than for 800, 600 and
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400

W m 2 at all Reynolds numbers. The THPP with is about (12 % ) more than that of other solar intensity

fluxes, the value of the THHP factor range from (1.115) to (1.26 ) to the extent Reynolds count.

The maximum value of THPP factor is (1.26) at solar intensity flux of (1000 W⁄m2 ) when the number of
Reynolds is about (8000). While, lowest value of THPP factor is (1.115) at solar intensity flux of (400 W

m2 )

when Reynold number is about 13000. Present thus it is possible to say that the present type of an artificial rib
with its current used dimension and arrangement is potentially gainful. In order to provide an overall view for the
impact of using the proposed artificial rib on the thermo hydraulic factor (THF), all operating conditions have
been plotted in Figure 13. As a graphical representation of the percentage ratio increases of the (THF) for four
different solar heat fluxes. As we can see, at operating condition with 7604 Reynolds number, the proposed
artificial rib can increase the THF by 18 %, 23%, 24% and 26% in comparison without using the rib for 400, 600,
800 and 1000 W⁄m2 solar heat flux respectively. While for the case of Reynolds number of 5387, the increasing
is about 15%, 18%, 19% and 20 %. For 400, 600, 800 and 1000 W⁄m2 solar heat flux respectively. Also for the
case of Reynolds number of 9314. The increasing is about 13%, 15%, 15.4% and 16% for 400, 600, 800 and 1000

W m 2 solar heat flux respectively. And for the case of Reynolds number 10788, the increase is about 12%, 12%,

15% and 15.5% for 400, 600, 800 and 1000

W m 2 solar heat flux respectively. Thus, the above results show

that the solar air collector can be operated with the proposed artificial rib at Reynold number about 8000 have a
higher percentage increases in THF than the solar air collector without the artificial rib.
CONCLUSION
The proposed artificial roughness on the plate of absorber to the solar air heater affect the flow and characteristics
of heat transfer. The present study focuses on the effects, because different Reynolds number and different solar
intensity flux. Four different solar intensity fluxes are taken in this study. The numerical and experimental analysis
has been done. The numerical and experimental analysis has been done. The numerical investigation results is
confirm with the experimental results. The geometrical parameters of the rib kept constant and the flow parameters
for each solar intensity flux stay under investigation. The study on friction and heat transfer characteristics due to
variation in Reynolds number and due to solar intensity fluxes gives significant conclusions. The major conclusion
can be summarized as follows:
1.
2.
3.
4.

The average Reynolds number significantly affects the THPP.
Reynolds number affects the heat transfer characteristics in roughened solar air heater
For all solar intensity fluxes considered, the Reynolds number affects the average Nusselt number.
For the average Reynolds number considered, the maximum enhancement of THPP has been found to
be 1.26.

5.

The highest value of THPP at the input solar intensity flux of 1000

6.
7.

Numerical and experimental results are in good agreement for the range of the parameters considered.
The value of THPP factor increases sharply at low Reynolds number and then decreases slightly in
comparison to the low Reynolds number.
Maximum enhancement of THPP factor is found at the range of low Reynolds number, hence the
proposed artificial roughned surface is useful for low Reynolds number flow.
It is observed that THPP factor increases with increase in Reynolds number up to maximum value, then
it decreases significantly.

8.
9.

W m2 .
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