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The performance of solar heaters for heating air could be significantly upgraded
by adding obstructions on the absorber. Experiments were conducted to obtain
both thermal performance and friction factor information inside an air heater
channel containing convergent, divergent and uniform holes on ribs fixed on the
absorber surface. This study covers a Reynolds number range of 3000-18000, rib
heights, e, varying between 2 mm and 4 mm, hole diameters, D, spanning from I-
3 mm, and ribs featuring various hole arrangements. Surface roughness effects on
the Nusselt number and friction factor, f, were investigated, and the findings have
been compared with that of a flat absorber. Nusselt number and friction factor
increased through 3.54 and 2.7 times, respectively, over the flat absorber. At Re
= 18000, the convergent hole rib (e = 4 mm, D = 2 mm) provided the greatest
enhancements in Nusselt number and friction factor.

Keywords: hole diameter, rib height, various hole arrangements, heat transfer,
friction factor

Introduction

Solar air heaters (SAH) function as thermal energy transfer devices that absorb solar
rays, transform it to heat energy, and convey this energy into the fluid moving through the solar
collector. A SAH is highly beneficial for low temperature thermal energy uses. It is widely
used for heating spaces, drying agricultural goods, and drying timber due to its affordability,
simple design, and easy of operation. Owing to the insufficient heat transfer coefficient be-
tween the heater plate and the moving fluid, flat-plate SAH demonstrate relatively low thermal
efficiency. Introducing roughness into the duct is a constructive way to induce turbulence and
improve transfer of heat. Artificial roughness provided at the absorber surface disturbs its vis-
cid sub-layer, resulting in turbulence that augments the heat transfer coefficient and enhances
thermal performance.

Initially, many attempts were made to enhanced the thermal performance of SAH in
the absence of a storage medium by expanding the region that transfers heat and enhancing
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turbulence in the air passageways using fins. Karim and Hawlader [1] performed both experi-
mental and theoretical analyses on unribbed plate, finned, and Vee corrugated SAH. The find-
ings indicated that, at a flow rate of 0.04 kg/s, the Vee corrugated collector achieved 10%-15%
higher efficiency compared to the smooth plate design and 5%-11% higher than the finned
plate design. Saha et al. [2] a synergy-based comparative analysis was carried out on two types
of vortex generators: rectangular winglet pair (RWP) and delta-winglet pair (DWP) located on
a plate-fin heat transfer with two different flow provision. Observations revealed that the RWP
was a more efficient approach for improving heat transfer than the DWP vortex generator.
Singh and Singh [3] numerically investigated for Nusselt number and friction factor by using
an uneven cross-section transverse rib. This investigation encompassed Reynolds number from
3000-15000, P/e from 4-30, e/Dy, is 0.043, and saw-tooth angle, a, is 45°.The results reveal
that from this investigation Nusselt number and friction factor, f, was 2.16 and 3.24 at Re =
15000 and P/e=16. Gupta et al. [4] conducted extensive research upon inclined ribs to evaluate
the consequences of Reynolds number, flow attack angle, and relative roughness height on heat
conveyance and pressure fall in a rectangular air ductule. Yadav et al. [5] observed that using
artificial roughness led to a maximum increase in the friction qualities and Nusselt number,
reaching values 4.25 and 2.38 fold higher than those for a flat duct. Varun et al. [6] experimen-
tally analyzed a SAH absorber with inclined and transverse ribs for Re =2000-14000, P/e = 3-
8, and e/Dy = 0.030, and found that P/e = 8 provided the best performance. Fiebig et al. [7]
experimentally examined the influence of a single longitudinal swirl generator on flow behav-
ior, heat transfer, and friction factor, f, reporting that the modified delta wing achieved higher
heat transfer performance than the delta and rectangular winglets. Ghritlahre et al. [8] investi-
gated the thermal performance of an arc-shaped SAH under apex-up and apex-down air-flow
configurations. Experiments were performed for mass-flow rates between 0.007 kg/s and 0.022
kg/s with fixed parameters of P/e = 10, e/Dy = 0.0395, and a = 60°. The results indicated that
the apex-up configuration yielded approximately 6.9% higher thermal efficiency than the apex-
down arrangement at identical mass flow rates. Gill ez al. [9] carried out a numerical study on
the friction factor and Nusselt number of a SAH fitted with broken arc ribs. The analysis con-
sidered relative gap positions from 0.2 to 0.8, Reynolds number between 2000 and 16000, with
fixed parameters of e/Dn = 0.043, oo = 30°, and P/e = 8. The author found that broken arc ribs
improve the Nu = 2.37, f= 2.55, and thermo-hydraulic performance (THP) parameter is 1.94
compared with smooth one. Agrawal et al. [10] experimentally investigated with roughness in
double arc reverse ribs for improved THP of SAH. This experimental investigation used the
roughness parameters, a = 30°, 45°, 60°, 75°, Re = 3000-14000, P/e = 10, e/Dy= 0.027, and
W/H = 8. Data collected from experimental study observed that the Nusselt number, and fric-
tion factor are 2.85 and 2.42 higher than on a flat absorber. Ravi and Saini [11] experimentally
evaluated the performance of a SAH with staggered and multiple discrete V-rib arrangements.
The investigation was carried out with fixed parameters of P’/P=0.2, gle=1, Gd/L,=0.7,
= 60°, e/Dy = 0.043, and P/e = 10, while varying »/e from 1-2.5 and Reynolds number from
2000-20000. The results showed that at r/e = 2.5, the Nusselt number and friction factor in-
creased by 3.4 and 2.5 times, respectively. Kumar et al. [12] experimentally studied a SAH
with booster mirrors and W-shaped ribs to evaluate heat transfer performance. This study ex-
plored at two sorts of setups: W-shaped ribs with booster and W-shaped ribs without booster.
This study encompassed Re = 2000-7000, P/e = 16, 18, /Dy = 0.042, and o = 30°. The author
discovered that boosters with W-shaped ribs performed 35% to 41% better than boosters with-
out them. Wang et al. [13] evaluated SAH with S-shaped ribs considering rib spacing, rib
width, clearance width, channel height, radiation, and mass flow, and reported 13%-48%
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higher performance over a smooth absorber. Misra et al. [14] used ANSYS FLUENT 19.0 to
analyze the effect of V-down ribs with multiple gaps on the thermal performance of a SAH.
The study covered Re = 4000-20000, P/e = 8-14, and a = 45°-60°, and found maximum heat
transfer at P/e = 10 and a = 45°. Lanjewar et al. [15] studied SAH with W-shaped ribs on the
absorber underside to evaluate heat transfer and friction characteristics. The e/Dy= 0.018-
0.03375, Re = 2300-14000, oo = 30°-75°, W/H = 8, and P/e = 10 parameters used for this in-
vestigation. Results reported that heat transmission and friction properties of W-shaped ribs
greater than smooth absorber. Rahmani et al. [16] numerically analyzed the effect of fin height
on SAH performance. In this study considered two configurations i.e. wavy and raccoon-
shaped fins. This numerical investigation encompassed fin height 7.5 mm, 15 mm, and Re =
12000-24000 (every step in three increment). This numerical analysis concluded that the use
of wavy and raccoon-shaped fins enhances thermal performance by 50% compared to a un-
ribbed surface. Arunkumar et al. [17] analyzed the effect in spring fin wire diameter ratio,
spring diameter ratio, and helicoidal pitch ratio impact the performance of a SAH with helicoi-
dal spring shaped fins. The study encompasses the geometric variables Py/H = 0.1-0.1667, d/H
=0.0533-0.1067, and D/W = 0.02-0.12. Those helicoidal spring shaped fins enhances the ther-
mal performance for a SAH and found helicoidal spring shaped fins eliminates the viscous sub
layer down the absorber. Bekele et al. [18] investigated experimentally using a SAH equipped
with a delta-shaped obstruction on the duct's heated plate. It was concluded that these delta
wing obstacles achieved the highest thermal performance enhancement. Saravanakumar et al.
[19] studied SAH with arc-shaped ribs, baffles, and fins, analyzing airflow and thermal perfor-
mance parameters. The study revealed that optimal effective performance was achieved at
higher flow rates. The small gaps between various rib configurations, such as continuous in-
clined ribs Aharwal et al. [20], V-ribs Singh ef al. [21], arc- ribs Gill et al. [22], multiple V-
pattern ribs Jaurker et al. [23], several arc ribs Pandey et al. [24], greatly improve heat transfer
performance. Previous research clearly shows that investigators have introduced perforations
on ribs or solid blocks to create air jets that strike the heated region, leading in an enhanced
convection heat transfer coefficient.

In our previous work, we studied the effects of rib geometry, hole size, and zeolite
coating on heat transfer, Nusselt number, and friction factor, f, in SAH. Uniform holes were
found to enhance reattachment-driven heat transfer with only a moderate increase in friction
[25]. Considering the findings from previous research, this study is directed toward improving
the thermal performance of the absorber surface through the incorporation of ribs featuring
convergent, divergent and uniform perforations. The influence of Reynolds number on heat
transfer enhancement, flow resistance, and overall performance is examined to determine the
optimal rib geometry. While several investigations have addressed different forms and sizes of
surface roughness elements, no experimental study has been reported on this specific rib con-
figuration and its influence on convective heat transfer performance.

Experimental

Experimental system

The experiment investigated the effects of several rectangular ribs with convergent,
divergent, and uniform perforations on the convective heat transfer and friction characteristics
of a SAH. A graphical representation of the test layout is presented in fig. 1. The air channel
comprises of three sections: inlet, testing, and outlet. The total duct length is 1750 mm, with a
1000 mm test section and a hydraulic diameter of 80 mm. The inlet area measures 500 mm in
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length, while the outlet area is 250 mm long. These dimensions were established based on the
ASHRAE 93-77 standard [26], which recommends minimum lengths of 5JWH for the inlet
and 2.5WH for the outlet in systems with a zig-zag flow pattern. Guide vanes were installed
at the inlet to enhance airflow distribution over the absorber surface. Wood was selected as the
primary duct material due to its affordability, availability, and insulating properties. The ab-
sorber, made of a 3 mm thin GI sheet, is artificially roughened with ribs and serves as the duct's
bottom wall. Glass wool insulation is applied to the sidewalls to minimize heat loss.

Thermocouple
Tes?t Entry for inlet air
Section Section Temperature Control
/" = ~|L Valve
Thermocouple
for Outlet air ] :l :l ] :I ] :l :I | . |-| "‘
Temperature ] :I ] ] :I :I:I ] Pl
Orifice
/' Meter Blower
Exit
Section Micro
Manometer

Figure 1. The experiment set-up

Thermocouples were installed to monitor the inlet and outlet air temperatures. Cali-
brated K-type thermocouples having digital displays, displaying output in °C having a preci-
sion of 0.1 °C were used to determine working fluid and absorber surface temperatures at many
locations. A standard thermometer has been employed for calibrating the thermocouples. The
twelve thermocouples positioned at uniform intervals to gauge the mean temperature of the
absorber. A calibrated orifice metre coupled to a U-tube manometer is included to determine
the air-flow rate. Calibration of the orifice plate was performed using a Pitot tube. The inlet
flow rate was controlled by installing a flow regulating device in the entrance. The pressure
fall in the test region is gauged using a digital micromanometer. Figure 2, shows different hole
configurations.

Convergent Hole Uniform Hole Divergent Hole

Figure 2. Different hole configurations

Procedure for experimentation

Prior to starting the experiment, all components and instruments were thoroughly in-
spected to ensure that were functioning properly. Subsequent heat transfer experiments were
carried out at steady operating conditions. The rate of air-flow was varied among 0.0064 kg/s
and 0.0386 kg/s, with four intermediate values chosen to cover a range of Reynolds number
from 3000-18000. The average radiation recorded during May 2024 in Bodinayakanur, Tamil
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Nadu, India, was 800 W/m?. Since air was used as the working fluid, its physical properties
were considered as follows: density of working fluid 1.225 kg/m?, specific heat of working
fluid 1006 J/kgK, thermal conductivity of working fluid 0.0262 W/mK, and dynamic viscosity
of working fluid 1.81 x 10~ kg/ms. Figure 3, shows Photographic View of the experimental
set-up. The selected ranges of operating and geometric parameters were chosen based on a
combination of practical operating conditions of SAH, design constraints, and evidence re-
ported in earlier studies.

Figure 3. Photographic view of the experimental set-up

The following parameters are estimated at the time of the experiment:
Entry section air temperature.
Exit section air temperature.
Average temperature of the absorber surface.
Pressure loss over the test section.

Data reduction

Based on the data obtained from the present study, the airflow rate, heat transferred
to the air, heat transfer coefficient, Nusselt number, and friction factor were evaluated.
The flow rate of mass can be quantified as:

m=pAV @)
where A = nd*/4.
The transfer of heat to the air can be computed using the following relation:
Q = me (to _tl) (2)
Thermal efficiency is obtained from:

-2
Tn = IAC (3)

where A. is the absorber plate length x absorber plate width.
The coefficient of heat transfer can be assessed using:

-—= )
)
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where

12
Nusselt number can be assessed for a roughened absorber using:
_ hD,

k
Friction factor can be assessed for a roughened absorber using:
D, AP
2LV p

(zi +tnj and 1, = L A T o P S A A S A N T N

Nu ®)]

(6)

f=

Validity test

The experimentally obtained Nusselt number and friction factor for the flat surface
were compared with the values predicted by the Dittus-Boelter and Modified Blasius equa-
tions, respectively, as reported by Promvonge and Thianpong [27].

Dittus-Boelter formula:

Nu, = 0.023Re™*Pr** (7
Modified Blasius formula:
f.= 0.085Re™* 8)

Figures 4(a) and 4(b) visually depict the experimentally obtained and mathemati-
cally determined values of Nusselt number and f, respectively. The average variation of
Nusselt number is 2.35%, while the average variation of the f'values is 2.27%. This confirms
a strong conformity between the predicted and experimental results, thus verifying the ex-
periment's set-up.
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Figure 4. (a) Validation of smooth plate for Nusselt number and
(b) validation of smooth plate for friction factor

Uncertainty analysis

Uncertainty analysis is an effective technique for designing and planning experi-
ments. The following equations were used to calculate measurement uncertainty:
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2 2 2
WR = a_R [/V1 + a_R I/V2 et a_R I/Vn (9)
ayl aYz ayn

where Y1, Y»,..., Yo are the independent variables and W1, W,..., Wy, — the uncertainties in the
independent variables.

Thermal efficiency, Nusselt number, and friction factor have uncertainties of 3.08,
3.12, and 3.17%, correspondingly, which are within acceptable limits. The following uncer-
tainties are associated with the measurements: Mass-flow rate: £0.001 m*hr, temperature:
+0.1 °C, irradiation: =1 W/m, pressure fall: +£0.098 Pa, heater plate length: £0.6 mm, and duct
height: +£0.1mm.

Results and discussion

Effect of rib height on thermal efficiency and
Nusselt number in solar air heaters

Figure 5 shows rib height, e, affects thermal efficiency, #m, and Nusselt number for
Reynolds number values ranging from 3000-18000. The thermal efficiency of the SAH in-
creases as the inlet flow rate rises. As the mass-flow rate of air increases, thermal efficiency
improves because of the enhanced heat extraction by the working fluid. An increase in rib
height, e, enhances the Nusselt number and thermal efficiency as the free shear layer at greater
rib heights generates secondary flow. A greater rib height enhances turbulence and improves
air mixing within the SAH duct. Turbulence improves heat transfer by breaking laminar flow
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Figure 5. Variations in Nusselt number and thermal efficiency for
various rib heights with Reynolds number

and providing convective heat exchange among the heated absorber surface and the passing
working fluid. Increased rib height offers an expanded surface area, enhancing heat exchange
among the heated absorber and the moving working medium. The larger surface area enables
better interaction among the heated absorber and the working medium, leading to improved
heat transfer efficiency. Conversely, shorter ribs may generate lower turbulence and air-flow
mixing, resulting in less effective heat transfer improvement than taller ribs. Smaller ribs pro-



Petchimuthu, S., et al.: Performance Enhancement of Solar Air Heaters ...
2624 THERMAL SCIENCE: Year 2026, Vol. 30, No. 4A, pp. 2617-2628

vide a reduced heat transfer surface, which may hinder the efficiency of convective heat ex-
change inside the SAH duct. Smaller rib heights generally lead to reduced pressure loss and
lower energy consumption compared to taller ribs. However, a shorter rib height decreases the
effectiveness of heat transfer. As rib height increases, the primary airflow strikes the surface
more forcefully, enhancing the heat transfer rate across all Reynolds number values. A de-
crease in heat transfer from the absorber region is noticed when the rib height exceeds 4 mm,
as the free shear layer fails to reattach. A lower rib height permits the reattached airflow to
move farther before encountering the next rib, allowing the viscid sub-layer to redevelop in
specific areas of the heater's surface. The redevelopment of the boundary layer leads to a de-
crease in the Nusselt number, thereby decreasing heat transfer from the absorber. A 4 mm rib
height is the optimum choice as it provides the best trade-off between turbulence generation,
convective heat transfer, and pressure drop. It maximizes the Nu and thermal efficiency with-
out causing excessive energy losses, ensuring efficient heat transfer in a SAH.

The impact of hole size on solar air heater performance

Smaller holes (1 mm) restrict airflow and do not induce as much turbulence com-
pared to larger holes, fig. 6. Turbulence plays a crucial role in disrupting the thermal bound-
ary-layer adjacent to the absorber. With less turbulence, less mixing occurs, and the bound-
ary-layer remains relatively undisturbed, limiting the heat interchange between the working
medium and the absorber. Hole of 2 mm the flow experiences a moderate level of resistance,
which results in increased flow velocity and a moderate level of turbulence. This level of
turbulence is sufficient to destabilize the thermal boundary-layer, thereby improving con-
vective heat transfer interposed within the absorber and the working medium. Bigger holes
(3 mm) provide less resistance to air-flow, permitting the air to pass through the system more
easily. The higher flow velocities associated with larger holes reduce pressure drops but also
lead to increased turbulence. While turbulence can enhance heat transfer, excessively high
turbulence can cause flow instability. In such cases, the laminar sub-layer nearer the surface
may be disrupted too aggressively, preventing effective mixing and diminishing the heat
transfer efficiency. A 2 mm hole size is the optimal choice as it provides the best trade-off
between pressure drop, turbulence intensity, and heat transfer efficiency. It disrupts the
boundary layer effectively without causing excessive instability, ensuring maximum heat
exchange performance in a SAH.
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hole sizes with Reynolds number
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The effect of hole shapes (convergent, divergent, uniform) on
flow and heat transfer

As air passes through the narrowing section of the hole, its velocity increases, gener-
ating high shear stresses at the hole’s exit, fig. 7. These stresses promote turbulence, leading
to greater interaction between the fluid layers. The increased turbulence enhances convective
mixing, breaking up the viscid sub-layer nearer the absorber plate. This enables fresh, high-
energy air to make immediate contact with the surface, enhancing the convective heat transfer
coefficient. The convergent hole structure encourages vortex formation at the exit, intensifying
air recirculation. This further improves the thermal mixing process, ensuring more uniform and
effective heat exchange.
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Figure 7. Variations in Nusselt number and thermal efficiency for
different hole configurations at various Reynolds number

In a divergent hole, the flow expands as it exits, leading to a decrease in velocity.
According to the continuity equation, as the area increases, the velocity must decrease to con-
serve mass. This flow deceleration reduces shear stresses within the fluid, which are critical
for inducing turbulence. Lower shear stress results in less turbulence generation, leading to
weaker momentum and energy exchange between the fluid and the absorber surface. Unlike
convergent holes, which promote strong turbulent eddies, divergent holes often cause flow
separation and unstable vortex formation, which do not effectively enhance mixing. The weak-
ened turbulent intensity reduces the disruption of the thermal boundary layer, allowing it to act
as a thermal insulator, thereby hindering convective heat transfer. Since divergent holes pro-
duce a more laminar-like flow, the coefficient remains lower, reducing overall heat transfer
efficiency.

Uniform holes provide a balanced flow profile, where the velocity remains relatively
steady without significant acceleration or deceleration. Unlike convergent holes, which en-
hance turbulence, and divergent holes, which reduce it, normal holes generate moderate turbu-
lence. As fluid enters and exits the hole, shear forces at the edges induce a standard level of
turbulence, with the intensity depending on the Reynolds number. The thermal boundary-layer
near the hole is disrupted, preventing excessive insulation and ensuring reasonable heat transfer
efficiency. However, this disruption is less intense than in convergent holes, leading to mod-
erate heat transfer performance. Since turbulence is present but not maximized, the convective
heat transfer coefficient is higher than in divergent holes but lower than in convergent holes.
Convergent holes are the optimum hole geometry because they maximize turbulence, enhance
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convective mixing, and increase heat transfer efficiency. By accelerating the airflow and gen-
erating strong vortex structures, they ensure better thermal performance than both normal and
divergent holes.

Effect of Reynolds number on friction factor for
different hole geometries at 4 mm rib height

Convergent holes cause the air-flow to accelerate as it passes through the narrowing
path, leading to a significant increase in local turbulence near the rib surface, fig. 8. This in-
creased turbulence enhances boundary-layer disruption, resulting in better mixing of air but
also significantly increases frictional resistance. The high turbulence and pressure drop caused
by the converging shape contribute to a higher friction factor compared to other hole designs.
Divergent holes allow the air-flow to expand as it exits, reducing the velocity and creating
milder turbulence compared to convergent holes. Although turbulence is generated, it is less
intense, leading to a moderate friction factor compared to convergent holes. Uniform holes
maintain a consistent cross-sectional area, resulting in a more stable and predictable air-flow
pattern. The generated turbulence is less aggressive than in convergent or divergent holes,
leading to a lower friction factor compared to the other two configurations. The uniform holes
do not enhance mixing as much as convergent holes, they offer with minimum heat transfer
and minimal pressure fall.
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Figure 8. Variations in friction factor for different hole configura-
tions at various Reynolds number

Conclusions

The study highlights the critical influence of rib height and hole geometry on the
thermal performance and friction factor of a SAH over a Reynolds number range from 3000-
18000. The key findings can be summarized as follows.
e A 4 mm rib height is the optimal configuration for maximizing the Nusselt number and
thermal efficiency, as it balances turbulence generation and pressure drop; while taller ribs
(e > 4 mm) enhance turbulence and surface contact, they may hinder heat transfer by pre-
venting airflow reattachment, whereas lower ribs reduce turbulence and heat transfer effec-
tiveness despite lower frictional losses.
e Convergent holes generate high shear stress, creating intense turbulence and vortex for-
mation, which maximizes boundary layer disruption, resulting in the maximum convective
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heat transfer coefficient and thermal efficiency, albeit with a higher friction factor. In con-
trast, divergent holes cause flow expansion, reducing velocity and shear stress, leading to
weaker turbulence, less effective thermal mixing, moderate heat transfer efficiency, and a
moderate friction factor. Uniform holes produce steady and moderate turbulence with pre-
dictable airflow patterns, offering a balance among thermal efficiency and pressure drop;
they have the lowest friction factor but provide reduced heat transfer performance com-
pared to convergent holes.

The mixing of a 4 mm rib height and convergent hole design optimizes thermal effi-

ciency and heat transfer while keeping pressure drops within acceptable limits.

Nomenclature
D — hole diameter [m] tp — average temperature of absorber plate,
Dy — hydraulic diameter, [m] [°C]
e —rib height, [m] w — width of duct, [m]
e/Dn  —relative roughness height, [-]
H - height of duct, [m] Greek symbol
f — friction factor for roughed duct, [—] a — saw-tooth angle, [°]
1 — irradiations, [Wm™2] Nth — thermal efficiency of SAH, [—]
h — heat transfer coefficient, [Wm2K™'] ]
L — test section length of the duct, [m] Subscripts
Nu — Nusselt number, [—] b — bottom
Ple  —relative rib pitch, [-] c — carnot
Pr — Prandtl number, [—] f — fluid
AP — pressure drop across the test section, i — inlet
[Nm] 0 — outlet
Re — Reynolds number, [—] P — plate
t — temperature of the incoming air, [°C] t —top
fo — temperature of the outcoming air, [°C] th — thermal
te — average temperature of air, [°C]
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