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Abstract

This study provides a detailed review of the thermal and thermo-hydraulic performance
of solar air heaters (SAHs) enhanced through the application of artificial roughness on
the absorber plate. Various roughness geometries, such as wire ribs, V-shaped ribs, arc-
shaped ribs, and rib-groove patterns, have been analysed to assess their influence on heat
transfer enhancement and frictional behaviour. Findings from previous experimental and
numerical studies reveal that the incorporation of artificial roughness can increase the
Nusselt number by approximately 1.25 to 6.3 times and improve thermal efficiency by
20-35% when compared to smooth absorber plates. The review further highlights that the
most effective performance occurs at a relative roughness height (e/D) between 0.02 and
0.05 and within a Reynolds number range of 10,000 to 18,000. Overall, the analysis confirms
that artificial roughness is a simple, economical, and highly effective technique to enhance
heat transfer and overall efficiency in solar air heater systems.

Keywords: artificial roughness; heat transfer enhancement; solar energy; thermal efficiency;
thermo-hydraulic performance

1. Introduction

Energy plays a fundamental role in supporting human life and enabling development.
It is required in various forms to meet our daily needs. The energy consumption rate is
closely linked to a population’s level of prosperity and quality of life. Energy sources
are broadly classified into two types: traditional and emerging [1,2]. Traditional sources
include a wide range of fossil fuels such as coal, petroleum, natural gas, lignite, peat,
shale oil, and tar sands. These resources are exhaustible and cannot be replenished once
consumed. Estimates suggest that the total recoverable energy from these conventional
sources is approximately 35 x 10'° k], while the current global energy demand stands at
around 0.4-0.5 x 10'° k] per year. This implies that these conventional resources may be
depleted within the next 75 to 85 years. Recognising the limited availability of traditional
energy sources has driven the search for alternatives. Emerging energy sources are broadly
classified into renewable and non-renewable types. Renewable sources of energy include
solar, wind, biomass, hydropower, tidal, wave, and geothermal energy, as well as hydrogen,
biofuels, and small-scale hydro systems. These sources can regenerate naturally over
relatively short periods. Among them, solar energy is considered one of the most reliable
and promising options [3,4].
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A solar air heater is a system designed to absorb energy from sunlight and convert
it into useful heat for warming air. As shown in Figure 1, sunlight passes through a
transparent cover and strikes a dark absorber plate. This plate is designed to capture as
much heat as possible, while insulation below prevents energy losses. The air in contact
with the heated surface absorbs this energy and begins to rise, creating a natural flow or
assisted movement with the help of a fan.
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Figure 1. System layout of SAH.

The warm air generated by SAH can be utilised in a number of applications, such
as space heating, crop drying, or preheating ventilation air. Its design is simple, relying
mainly on the absorber plate, glazing, and insulation, which makes it both cost-effective
and easy to maintain. The figure clearly illustrates this process, showing how cool air
enters, becomes heated by the absorber, and exits as warm air.

By reducing the dependence on fossil fuels, solar air heaters provide an environmen-
tally friendly and renewable way of generating heat. They are especially beneficial in
regions with strong sunlight and can significantly lower heating costs. Over time, their
widespread adoption can help cut carbon emissions and promote sustainable energy use.

Solar air heaters (SAHs) are a key element in systems designed for harnessing solar
energy. They function by capturing solar radiation at the absorber surface, converting it
into heat, and subsequently passing the absorbed heat to the airflow circulating within the
collector. Because of their straightforward construction and affordability, SAHs are among
the most commonly utilised devices for solar energy collection [5].

A range of heat transfer improvement methods has been applied to boost the per-
formance of SAHs, which are commonly utilised in solar energy systems that demand
low-temperature thermal output. These performance enhancement methods primarily fo-
cus on increasing the rate of heat transfer between the absorber surface and the flowing air.
Common approaches include the use of artificial roughness elements, such as ribs, grooves,
and protrusions, which introduce turbulence in the boundary layer and enhance convective
heat transfer. Other techniques include modifying the absorber geometry, incorporating
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extended surfaces or fins to increase the heat transfer area, and applying selective coatings
to enhance solar absorption. By altering the flow pattern or increasing the effective surface
area, these methods significantly improve thermal performance while maintaining practical
feasibility for SAH applications. Common applications include drying crops [6-8] such as
grains, fruits, and spices, reducing moisture in timber for seasoning [9], providing space
heating in greenhouses or residential buildings [10-12], and curing materials like ceramics,
polymers, and paints in industrial processes [13]. The performance of SAHs is often limited
by the low thermal capacity of air and the poor transfer of heat through convection from
the absorber plate to the flowing air, necessitating compensatory design improvements. To
address this, surface modification methods that directly affect the heat exchange surface
are positioned on the lower side of the absorber sheet, where it interfaces with the airflow.
These methods improve thermal performance either by enlarging the surface area for heat
exchange using designs like corrugated or finned surfaces or by intensifying the convection
heat transfer rate through the use of roughened surfaces [14].

SAHs can be classified in different ways depending on their design and operating
principles. As shown in Figure 2, they can be categorised based on the type of air flow,
material of the absorber plate, duct shape, absorbing surface, air flow pattern, energy
storage, and convection system. Each of these parameters affects how efficiently the system
converts sunlight into usable thermal energy.
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Figure 2. Categorisation of SAHs.

For example, the type of flow can be single-pass or multi-pass, which determines how
many times air travels over the heated surface. Similarly, absorber plates can be metallic,
non-metallic, or matrix type, each offering different thermal properties and durability. The
shape of the duct, whether tubular, semi-circular, triangular, or rectangular, also plays a
crucial role in controlling airflow and heat transfer.

Other factors, such as smooth or rough absorber surfaces, influence how much heat is
absorbed and retained. The pattern of airflow can be parallel or perpendicular, with varia-
tions depending on whether air passes over, under, or along both surfaces of the absorber
sheet. Finally, solar air heaters may include energy storage for continuous operation or
function without storage, and they can operate using active, passive, or hybrid convection
systems. Together, these design choices make solar air heaters versatile and adaptable for
a broad spectrum of uses. Figure 3 presents multiple design layouts of solar air heaters,
providing a comparative view of their construction and operation.
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Figure 3. Structural comparison of flat plate, double-pass, V-rib roughened, and porous media solar
air heaters.

1.1. Thermal Efficiency of a SAH [15]

The thermal efficiency (g,) of an SAH is described as the proportion of effective
thermal energy absorbed by the working fluid compared to the overall solar energy striking
the absorber surface:

Nih = Qu/Qa @

where:
Q'y is the effective thermal energy absorbed by the fluid, and
Q' is the overall solar energy striking the absorber surface.
The absorbed solar energy by the absorber sheet is expressed as [15]:

Qa=L x1txAC 2)

where:
I, = solar irradiance (W/m?)
T = transmissivity of the glass covering
A. = Total area of the absorber sheet (m?)
The useful heat transfer to the fluid is given by [15]:

Qu=my X Cpp X (Tgo — Tp) 3)

where:
m¢ = mass flow rate of the fluid (kg/s)
Cpt = specific heat capacity of the fluid (J/kg-K)
T, and Ty = outlet and inlet temperatures of the fluid, respectively (°C or K)
Thus, the thermal efficiency can also be represented as [15]:

Nih = (thy X Cpex (Tro — Tq))/(Ir X T X Ac) 4)

This equation quantifies how effectively the solar radiation falling on the collector is
transformed into heat energy carried by the fluid.
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To more accurately describe the heat transfer behaviour along the air flow path, the
differential energy balance for an infinitesimal segment dx of the solar air heater duct can
be expressed as [16]:

de/dX = (h X P x (Tp — Tf))/l‘hf X Cpf (5)

In this expression, T, and Ty refer to the local absorber plate and fluid tempera-
tures, respectively, while h is the convective heat transfer coefficient and P is the heated
boundary perimeter.

By integrating Equation (5) along the duct length L, the outlet temperature of the
working fluid can be determined as [16]:

Tt =T + (Tp — T)(1 — e(—(hPL/ (¢Cpy))) (6)

By substituting this relation into Equation (4), the thermal efficiency can be evaluated
with improved accuracy.

Under steady-state and one-dimensional flow conditions, Equation (5) can be solved
analytically. However, when spatial variations in h, T, p, or fluid properties are notable,
numerical schemes such as finite difference or finite element methods are employed. This
analysis enhances understanding of local heat transfer and aids in refining roughness
geometry and flow design.

1.2. Thermal and Fluid Flow Aspects

The efficiency of a SAH largely depends on the heat exchange between the absorber
sheet and the passing air. Turbulent airflow tends to transfer heat more effectively than
laminar flow, and specific roughened patterns are used to induce turbulence and enhance
fluid mixing. However, while such roughness geometries improve heat transfer, they
also typically raise the pressure loss throughout the system. Therefore, assessing the
performance of these enhancements requires a balanced evaluation that considers both
thermal and hydraulic effects.

The heat transfer between the absorber plate and the flowing air is primarily deter-
mined by the convective heat transfer coefficient (1), which is influenced by the air velocity,
flow regime, and surface roughness characteristics. For artificially roughened surfaces, the
Nusselt number (Nu) can be correlated with the Reynolds (Re) and Prandtl (Pr) numbers as:

Nu = CRe"Pr" (7)

where C, m, and n are empirical constants dependent on the roughness geometry and
flow conditions [16].
Similarly, the friction factor (f), representing the pressure drop due to surface rough-
ness, can be expressed as:
f=KRe™? 8)

where K and p are constants determined experimentally for specific duct configurations [16].

1.2.1. Thermo-Hydraulic Parameter

Since improvements in heat transfer are often accompanied by increased frictional
losses, relying solely on heat transfer rates can give a misleading impression of overall
system performance. To more accurately evaluate the effectiveness of different rough-
ness geometries, a parameter described as the Thermo-Hydraulic Performance Parameter
(THPP) is used. Originally proposed by Lewis in 1975, this parameter quantifies the heat
transfer enhancement of a roughened surface relative to a smooth one, while accounting
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for the associated frictional penalty. It serves as a critical metric in identifying the opti-
mal roughness configuration that maximises heat transfer without significantly increasing
energy loss due to friction.

Here is a breakdown of the formula [15]:

St/ St
(F/fa)}

THPP =

where:

St (Stanton number) and f (friction factor) for the roughened surface, and respective
values of St; and f; for the smooth surface.

Interpretation:

e  This parameter evaluates the proportional improvement in heat transfer (numerator)
to the rise in frictional losses (denominator).

e A value of THPP > 1 indicates that the roughened surface improves thermal perfor-
mance more than it increases friction losses; thus, it is considered beneficial.

e  The exponent 1/3 reflects the trade-off between pumping power and heat transfer in a
thermodynamically balanced way.

1.2.2. Exergy Analysis of Solar Air Heater

The exergy analysis provides insight into the quality and usefulness of the energy
extracted by the solar air heater (SAH). Unlike thermal analysis, which evaluates the
quantity of heat gained, exergy analysis quantifies the maximum useful work that can be
obtained from that energy under given environmental conditions.

The rate of exergy input from solar radiation to the collector is given by [17-19]:

Eip = Acd(1— 1) (10)

where A, is the collector area (m?), I is the solar irradiance (W/m?), T, is the ambient
temperature (K), and T; is the apparent sun temperature.
The exergy associated with the useful heat gain by the air stream is expressed as [17-19]:

: . T
Ey = mCp[(T, — T;) — Taln(%)] (11)
1
where m is the mass flow rate of air (kg/s), C, is the specific heat capacity of air (J/kg-K),
and T, and T; are the outlet and inlet temperatures (K), respectively.
The exergy efficiency (7.x) of the solar air heater is then defined as the ratio of the
useful exergy gain to the exergy input from the incident solar radiation [17-19]:

Nex = & (12)
Ein

This parameter provides a measure of how effectively the system converts the available
solar exergy into useful heating of air. Exergy efficiency is typically lower than thermal
efficiency, as it accounts for irreversibilities such as frictional losses, heat dissipation, and
entropy generation in the flow domain [17-19]. Therefore, incorporating exergy analysis
offers a more comprehensive evaluation of solar air heater performance, allowing the
identification of configurations that not only maximise heat transfer but also optimise
energy quality and system sustainability.
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2. Influence of Various Factors on the Thermal Efficiency of SAHs

The efficiency of a SAH depends on a variety of interrelated factors, which can be
broadly categorised into three main groups:

i.  System Parameters

e  Number of Glass Covers: Optimal performance is generally achieved with 1 or
2 glass covers, based on whether the absorber surface is selective in nature.

e  Emissivity of Glass Cover: A lower emissivity value minimises thermal losses,
thereby enhancing the overall efficiency of the system.

e  Spacing between Plate and Glass Cover: Since collectors are designed for use
under different tilt angles and environmental conditions, there is no fixed op-
timal spacing. However, a typical gap of 1 to 4 cm is commonly adopted in
practical applications.

ii. Operational Parameters

e Inlet Air Temperature: With a rise in the temperature of the entering air, the
performance of the absorber sheet tends to decline.

e  Mass Flux of Air: Increasing the flow rate of the working fluid generally leads to an
increase in the collector’s thermal efficiency as a result of enhanced heat exchange.

iii. Meteorological Parameters

e  Solar Irradiance: Higher levels of incident solar radiation contribute to improved
collector efficiency for a fixed inlet air temperature.

e  Wind Speed: Greater wind velocities increase thermal losses occurring at the
surface of the collector to the environment, thereby reducing efficiency.

e  Dust Accumulation on Glass Surface: The presence of dust on the top cover
can block or scatter incident solar radiation, lowering the amount of energy
transmitted to the absorber and thus decreasing overall performance.

3. Overview of Studies on Heat Transfer Enhancement Using Induced
Roughness over Absorber Sheets

Mondloe et al. [20] investigated the effect of transverse wire rib roughness with
different gap configurations on the performance of flat plate solar air heaters. Five absorber
plate designs were experimentally tested under outdoor conditions in Jagdalpur, India,
at varying air mass flow rates. The study revealed that ribbed plates, particularly those
with two gaps, achieved notable improvements in both thermal and exergetic efficiencies
compared to smooth surfaces. The findings emphasised the importance of optimising rib
geometry to enhance energy conversion and recommended further research on modelling,
alternative surface coatings, and sustainability assessment. However, the study’s scope
was limited to specific climatic conditions and a narrow range of flow parameters, which
might have affected the general applicability of the results to other operating environments.
Sastry et al. [21] examined the use of equilateral triangular turbulence promoters in solar air
heaters to enhance heat transfer by disturbing the laminar sublayer and inducing secondary
vortices. Through CFD simulations, the study analysed the effects of rib height, rib spacing,
and Reynolds number on thermal and hydraulic performance. The optimised triangular
roughness configuration produced a marked increase in heat transfer relative to smooth
ducts, albeit with a moderate rise in frictional losses. Correlations were also developed to
predict heat transfer and friction factors accurately. However, the analysis was limited to
numerical simulations without experimental validation, and the findings might have varied
under real outdoor operating conditions. Sawaitul et al. [22] presented a 2D numerical
investigation of a SAH with a hybrid rib design combining hyperbolic and airfoil shapes to
improve turbulence and heat transfer. For a rib pitch of 10 mm, the Nusselt number (Nu)
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showed an increase of 0.4873, whereas the friction factor experienced a rise of 2.9158. Ata
rib pitch of 20 mm, the Nusselt number improved further by 0.6522. The results showed
that the modified ribs enhanced heat transfer due to convection; however, this resulted in
higher flow resistance.

Singh et al. [23] evaluated the thermal and fluid flow performance of an SAH equipped
with an absorber sheet having S-shaped ribs. The results showed that heat transfer im-
proved by 247.5%, whereas the friction factor increased by 478% in relation to a smooth
duct. Ribs featuring a 10 mm spacing and different arc angles further enhanced thermal
efficiency by 0.2031.

Kaya [24] conducted an experimental comparison of two solar air heater designs of
identical dimensions; one incorporating an internal zigzag strip (Collector I) and the other
featuring hollow cavities (Collector II). Airflow was introduced from the bottom to assess
their thermal and exergetic performance. Based on the second law of thermodynamics, Col-
lector I achieved an efficiency range of 0.202-0.388, while Collector II recorded 0.17-0.322,
confirming the superior effectiveness of the zigzag configuration. However, the study
was limited to a small-scale setup under controlled laboratory conditions, and further
testing under variable climatic environments was needed to validate large-scale applicabil-
ity. Vinothkumar et al. [25] numerically investigated flat and V-grooved solar air heaters
equipped with hexagonal baffles to enhance heat transfer. Using ANSYS (2020 R1 version)
Fluent, the results showed that the V-grooved configuration achieved a thermal efficiency
of 0.5495 at a mass flow rate of 6 x 1072 kg/s. Peak outlet air temperatures of 59 °C and
69 °C were observed for flat and V-grooved plates at 0.01 kg/s, respectively. The addition
of baffles improved efficiency, with the thermal enhancement factor (TEF) ranging from
126% to 228%. However, the study was limited to numerical analysis and did not include
experimental validation, which was essential to confirm the model’s accuracy under real
operating conditions. Sharma et al. [26] employed CFD analysis to assess the performance
of solar air heaters featuring C-shaped, reverse C-shaped, and reverse R-shaped ribs on the
absorber surface. Simulations conducted for Reynolds numbers between 4000 and 18,000
demonstrated that ribbed geometries enhanced the Nusselt number by 250-330% and the
friction factor by 280-505% compared to smooth ducts. Among all tested configurations,
the C-shaped rib achieved the best results, with a thermo-hydraulic performance factor
of 200.78% at Re = 4000. However, as the study was based solely on numerical simula-
tions, the results might have varied under experimental or outdoor operating conditions,
necessitating further validation for practical applications. Patel JP et al. [27] combined CFD,
Artificial Neural Networks, and experiments to improve solar air heater performance using
aerofoil-Coanda ribs. The design achieved a 2.4564 rise in Nusselt number and a peak
THPP of 287% at Re 14,000. ANN optimisation produced a THPP that was 8.648% higher
than ANSYS predictions, while experimental results (307%) closely matched theoretical
values (312%). The study demonstrated how aerodynamic design and computational tools
together can maximise efficiency in solar air heaters. The study effectively validated the
ANSYS and ANN-optimised Coanda bump aerofoil roughness through experimental test-
ing; however, it was limited to a specific range of flow conditions and geometric parameters.
The influence of varying climatic conditions and long-term operational stability was not
addressed, which might have affected the general applicability of the results to large-scale
or real-world solar air heating systems.

Chaudhary et al. [28,29] examined rhombus-shaped roughened solar air collectors
under outdoor conditions, showing significant efficiency gains compared to smooth plates.
The best outcome was recorded with a thermal efficiency (ny,) of 0.7948 at specific roughness
parameters, giving a 0.53 improvement over smooth surfaces. The design enhanced heat
transfer by increasing turbulence and breaking the laminar sublayer, though with added
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friction losses. Climatic factors such as solar irradiance, ambient temperature, airflow,
moisture, dust, and shading were also found to strongly influence overall system perfor-
mance. Under moderate conditions of 450-940 W /m? solar intensity and 25-35 °C ambient
temperature, the system achieved its highest efficiency of about 79.5%, demonstrating an
effective balance between heat transfer enhancement and frictional losses.

Adavi et al. [30] conducted a two-dimensional numerical study on a solar air collector
featuring a pentagonal corrugated absorber plate to enhance the efficiency of solar dryers.
Using ANSYS Fluent, the effects of pitch variation and Reynolds number were analysed,
revealing that the corrugated design improved heat transfer by 181-288% compared to
a flat plate. The optimal configuration, with a pitch of 150 mm and Re = 1800, achieved
a peak thermo-hydraulic performance parameter (THPP) of 174.8%. The results showed
good agreement with previous studies, confirming the model’s reliability. However, the
analysis was restricted to 2D numerical modelling, without experimental validation or
assessment under dynamic environmental conditions, which limited its direct applicability
to real-world solar drying systems. Dong Z et al. [31] investigated a flat-plate SAH with
slanted groove ripple surfaces to enhance heat transfer and efficiency. By varying the
amplitude of the groove, the angle of attack, and the array number at Reynolds numbers
between 12,000 and 24,000, the design produced axial swirling motions that enhanced fluid
mixing. The Nusselt number rose by 121% to 338%, while the friction factor (f) increased
by 154% to 696%. Overall, the ripple surface heater achieved 104% to 194% higher heat
transfer than a smooth duct at the same energy input.

Kumar et al. [32] investigated a solar heat exchanger incorporating rectangular protru-
sions on a triangular duct absorber plate to enhance heat transfer performance. Compared
to a smooth configuration, the protruded design increased the Nusselt number by 2.45 times
at w/e and 1/e ratios of 11. Although the protrusions caused a higher pressure drop, the re-
sulting heat transfer improvement outweighed the associated losses, leading to a 1.87-fold
rise in the thermo-hydraulic performance parameter (THPP). However, the study was
conducted under steady laboratory conditions and did not evaluate long-term operational
effects or environmental influences, which might have affected performance consistency
in practical applications. Agrawal et al. [33-35] examined an SAH duct with double arc-
shaped reverse ribs on the absorber sheet in contrast to a plain sheet. The textured surface
increased the heat transfer coefficient (h) by 28% to 34% and improved thermal efficiency
by about 0.22. However, this enhancement was accompanied by an increase in the friction
factor, which grew by 150% to 270% relative to the smooth plate.

Pawar and Hindolia et al. [36] analysed the effect of diamond-shaped roughness on
the absorber plate of a solar air heater and compared its performance with that of a smooth
duct. The study found that a 15 mm roughness pitch yielded the highest performance,
achieving a thermal efficiency of 0.832, approximately 201% higher than the smooth plate.
At lower Reynolds numbers around 3000, the difference between roughened and smooth
plates was minor; however, the roughened surface provided a clear overall improvement in
heat transfer. Despite these promising results, the study was limited to a single geometric
configuration and a narrow operating range, leaving scope for further investigation across
broader flow conditions and alternative roughness dimensions. Yadav et al. [37] analysed a
SAH with square-sectioned transverse ribs on the absorber sheet across Reynolds numbers
from 3800 to 18,000. The results showed that rib height and pitch strongly affected fluid
motion and thermal transfer, with the Nusselt number increasing by 289% at Re 15,000 and
the friction factor rising by 396% at Re 3800. The best THPP was achieved at e/D = 0.042,
giving an efficiency of 180% at Re 15,000, making this configuration effective for improve-
ment in thermal transfer. The study was confined to numerical modelling of turbulent
flow using square-sectioned transverse ribs and did not include experimental verification.
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Additionally, the analysis considered idealised flow and thermal boundary conditions,
which might not have fully captured the effects of variable solar radiation and real-world
operating environments.

Hans et al. [38] explored the effects of rib geometry on heat transfer by analysing
factors including rib geometry, inclination angle, gap distance, and the pitch-to-height ratio.
They developed relationships for f and h, aiming to identify the most efficient geometry
that provided the optimal thermal transfer efficiency for a specific flow resistance. However,
the experiments were conducted under controlled laboratory conditions with uniform heat
flux, which might not fully represent the variable thermal and flow conditions encountered
in practical solar air heater applications.

Jaurker et al. [39] developed correlations for the Nusselt number and friction factor for
a rib-grooved configuration in a rectangular solar air heater duct. Their thermo-hydraulic
performance parameter (THPP) analysis showed that the rib-grooved geometry provided
superior thermal performance compared to the rib-only design. However, the study focused
on a limited range of Reynolds numbers and geometric parameters, leaving the influence
of wider operating conditions and alternative groove shapes unexplored. Gupta et al. [40]
investigated solar air heaters with transverse-wire roughness and demonstrated that these
configurations significantly enhanced the thermo-hydraulic performance compared to
smooth surfaces. Momin et al. [41] examined V-shaped rib geometries and reported
superior heat transfer characteristics due to enhanced flow mixing and turbulence near
the absorber plate. Bhagoria et al. [42] evaluated wedge-shaped ribs and established
empirical correlations for the heat transfer coefficient and friction factor, confirming notable
improvement in thermal performance. Similarly, Sahu et al. [43] studied 90° broken
transverse ribs and found that rib discontinuities effectively disrupted the boundary layer,
thereby increasing heat transfer rates. Layek et al. [44] conducted a second-law optimisation
of solar air heaters with chamfered rib—groove roughness and identified conditions yielding
maximum exergy efficiency. Collectively, these studies confirmed that the geometric design
of roughness elements plays a decisive role in balancing thermal enhancement and pressure
losses. However, each investigation was performed under specific operating conditions
and for limited geometric configurations, indicating the need for broader experimental
validation and cross-comparative analyses to generalise these findings. Mittal et al. [45]
performed a comparative analysis of solar air heaters with different roughness geometries
to evaluate their effective efficiency under fixed operating and system parameters. Using
previously reported correlations for the heat transfer coefficient and friction factor, the
study examined how effective efficiency varied with Reynolds number for both smooth and
roughened surfaces. The highest effective efficiency was achieved in the Reynolds number
range of 10,000-14,000 under the selected conditions. However, the analysis was limited to
specific operating parameters and assumed steady-state conditions, without accounting for
the effects of variable solar intensity or transient environmental factors that might have
influenced real system performance. According to Whillier A [46], black-painted absorber
plates remained the most widely used in SAHs since selective surfaces were difficult to
produce. The study emphasised that heat transfer resistance between the flowing fluid and
absorber sheet was a key performance limitation, but it could be reduced through low-cost
modifications like roughened plates or screens. It also found that, for heating air about
50 °F above ambient, an economical design used a Tedlar cover with airflow beneath a
blackened mesh screen.

Thermal energy storage (TES) plays a vital role in ensuring a stable heat supply and en-
hancing the overall efficiency of solar air heaters, particularly during fluctuating or low solar
radiation periods. Recent research highlights that incorporating phase change materials
(PCMs) or thermochemical storage substances into solar air heater systems can substantially
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boost their thermal effectiveness. These materials store surplus heat during high-intensity
solar hours and release it when sunlight diminishes. For example, studies conducted by
Shchegolkov et al. [47] have demonstrated that the use of paraffin-based PCMs enhanced
outlet air temperature stability and improved overall system efficiency. Therefore, inte-
grating TES units into solar air heater configurations offers a practical method to optimise
energy use, minimise heat losses, and extend effective operation duration. Recent research
has continued to focus on improving the performance of solar air heaters (SAHs) through
innovative surface geometries and advanced analytical methods. A recent numerical study
by Kumar et al. [48] examined solar air heaters fitted with polygonal-shaped ribs and
grooves, reporting notable gains in Nusselt number and thermo-hydraulic performance
compared to conventional rib geometries. Another investigation by Shaik et al. [49] anal-
ysed triangular-duct solar air heaters with various artificial roughness elements, showing
that optimised rib configurations achieved higher heat transfer enhancement with mod-
erate frictional losses. Recent studies, such as those by Ghanem and Bhosale [50] and
Kumar et al. [51], have also incorporated exergy and environmental-economic assessments
to evaluate the true sustainability of modified SAH designs. Complementary numerical
and experimental works [52,53] have demonstrated that polygonal and honeycomb-shaped
ribs can significantly boost heat transfer performance, confirming the growing shift toward
optimised and multifunctional absorber surfaces. Recent studies extended solar energy
applications beyond conventional air heaters. Sedaghat et al. [54] reported that integrating
solar PV systems into portable cabins in Kuwait improved energy efficiency and reduced
grid dependence. Likewise, Narayanan et al. [55] found that combining solar thermal col-
lectors with PV panels in Australian homes provided greater economic and environmental
benefits than standalone systems. Both studies underscored the importance of system
integration and adaptation to local climatic conditions for optimal solar performance.

Table 1 summarises the comparative performance of various rib and baffle geometries
investigated under different meteorological and operating conditions. The comparison
shows that complex or hybrid rib shapes, such as rhombus, diamond, and combined
configurations, provide greater heat transfer improvement and thermo-hydraulic perfor-
mance due to enhanced turbulence and more effective disruption of the thermal boundary
layer. The comparisons presented in Table 1 are based on fundamental performance pa-
rameters such as thermal efficiency, friction factor, Nusselt number improvement, and
thermo-hydraulic performance factor (THPP). These metrics provide a consistent basis
for evaluating the heat transfer and flow characteristics of different rib and baffle geome-
tries, ensuring that the results from various studies can be compared on a common and
valid ground.

Table 1. Comparison of different research outcomes and parameters.

S. No. Investigators Geometry Parameters Outcomes
Ng =14
g=4mm
m = 0.01891-0.03937 kg/s ~ Max efficiency of 83.3% at Ng =2,
transverse wire rib configuration e/D =0.043 = 0.0394 kg/s and min
! Mondloe et al. [20] with multiple gaps P/e=10 efficiency of 16.5% at Ng = 1,
Dy =0.0554 m m = 0.0244 kg/s.
H=0.03m
W =0.36m
P =10, 15, 20 mm
. . e =140 mm . o .
2 Sastry et al. [21] Equilateral Triangular P/e =714, 1042, 14.29 Nu increases by 41% at Re 15,000;

Roughness f increases by 423.9% at Re 5000.

e/D=042
Re = 4000-18,000
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Table 1. Cont.
S. No. Investigators Geometry Parameters Outcomes
f increased 3.92 times; Nu
. P P =10,20 mm . . .
3 Sawaitul et al. [22] Hyperbolic airfoil shape improved 1.65 times at 20 mm rib
e=0.5,1mm X
pitch.
p/e=833
/Dy, =0.027 - -
4 Singh et al. [23] S-shape W/H=8 Ntmax = 2478 and Nimax =1.203
o = 30° to 75° imes, respectively.
Re = 3000 to 14,000
A collector with zigzag fins shows
5 Kaya M [24] Zig-zag fins h = 0.004-0.0098 kg /s up to 20.4% higher exergy
efficiency than a hollow collector.
Max thermal efficiency Minmax) Of
6 Vinothkumar R [25] Hexagonal baffles 54.96% achieved at 0.06 kg/s and
thermal enhancement factor
improves from 1.26 to 2.28
C-shaped, reverse C-shaped, and P/e=14.285 Numax = 3.3; fmax = 5.05; Max peak
7 Sharma SL et al. [26] reverse R-shaped configuration Re = 4000 to 18,000 THPP of 2.01 at Re 4000 for C-rib
ribs e/D=0.021 configuration.
P =16-36 mm
. . e=0.5-1.5mm Numax = 2.46 times; peak THPP of
8 Patel JP et al. [27] Aerofoil-Coanda ribs g = 0-16 mm 2.87 at Re 14,000.
Re = 3000-18,000
P/e=8-12
e/Dy, = 0.0225 to 0.03375 Max thermal efficiency of 0.7948
9 Chaudhri K et al. [28] rhombus W/V,=9to11 achieved with a 0.53 improvement
d;/e=8to12 in thermal performance.
Re =2000-14,000
Nu ratio: 1.81-2.88;
10 Adavi S8 et al. [30] V-shaped ribs R o peak Nu = 2.88. Max Ty, = 1.748
B ’ at pitch = 150 mm and Re = 1800.
L . _ Nu values increased by
11 Dong Z et al. [31] inclined groove ripple surfaces Re =12,000-24,000 1.04-1.94 times.
P/e=5t015
w/e=65t016 _ .
12 Kumar R et al. [32] array of protrusions l/e=65t016 Numax =2.45 times; max THPP of
1.87 resulted.
e/D=0.024
Re = 4800 to 14,500
B Max thermal efficiency of 60.23%
fjllé ?1‘; at Nu = 30.93 and
13 Agrawal Y et al. [33] Double Arc Reverse Shaped 7 h = 0.02015 kg/s. h increases by
e/Dn =0.027 28-34% with f rising from 1.5 to
Re = 3000-11,000 ° 1SIE :
2.7 times.
W/H=8
P/ e_=11(r)nt1(;25 Nupax = 54.52 at Re = 14,012, and
14 Pawar et al. [36] Diamond shaped e(x_= 30° the max thermal efficiency is
e/Dy = 0.023 83.2%.
Re = 3000-14,000
W/H=5
P =10-28.28 mm .
. . - Nu ratio: 1.82-2.89; peak Nu = 2.89
15 Yadav and Bhagoria [37] Transverse Rib Wlt.h a Square P/e=1429 at and Max THPP = 1.8 at
Cross-Section e=0.7-2 mm Re = 15.000
e/Dy, =0.021 to 0.06 T
Re = 3800 to 18,000
e/D =0.019 to 0.043
o =30° to 75°
16 Hans and Glicksman et al. [38] Multiple V-shaped rib profile Re =2000 to 20,000 Numax = 6; fmax =5
W/w=1to10

P/e=61to12
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Table 1. Cont.

S. No. Investigators Geometry Parameters Outcomes
e/D =0.018 to 0.032
P/e=10
17 Gupta [40] Inclined wire rib geometry Re = 5000 to 50,000 Numax = 1.8; fmax =2.7
W/H=68t011.5
o =30° to 90°
e/D =0.02 to 0.034
P/e=10
18 Momin and Saini et al. [41] V-shaped rib configuration Re = 2500 to 18,000 Numax = 2.30; fmax = 2.83
W/H =10.15
o =30° to 90°
e/D =0.015 to 0.033
Transverse rib with a P/e=12.12
19 Bhagoria and Saini et al. [42] wedee-shaped profile ¢ =8°to15° Numax = 2.4; fnax = 5.3
ge-shaped p Re = 3000 to 18,000
W/H=5
e/D =0.0338
P =10,20and 30
20 Sahu et al. [43] 90° segmented rib geometry Re = 3000 to 12,000 hmax = 1.25 to 1.4 times reported.
W/H=8
e=15
e/D =0.022 to 0.040
g/P=031t00.6
21 Layek et al. [44] Chamfered rib-grooved profile P/e=45t010 Numax = 3.24; fmax = 3.78
¢ =5°to 30°
Re =3000-21,000
P=15mm . _
» Newar et al. [56] Combined Rectangular and h/H=04-1 Nimax = 4?:? ]15(1; (%e;k =179at
’ Semi-Circular ribs I = 400-1000 W/m? T o
Re = 4000-10,000 max exergy efficiency = 11.2%
W/H=5
P/e=10
23 Gautam et al. [57] Double Inclination Ribbed e=1 mgn Nuimax - 12,31.at Re = 7749
o =60 is obtained.
e/Dy, = 0.034
Re = 4000 to 12,000
W/H=8
P/e=10
P =10-20 mm The highest thermal efficiency
24 Sahu et al. [58] Discrete Arc Shaped Rib e=1-2mm observed is 79.99% at a roughness
o =30° pitch of 15 mm.
e/Dy, = 0.0225 to 0.045
Re = 3000 to 14,000
— 00— 2
I'=800 1\1T292 W/m The maximum thermal and exergy
25 Hegde et al. [59] Various types of V rib roughness R efficiencies are 76.63% and
t =0.040m 5.17%, respectively.
Re = 3000-18,000 ’ ! ’
p/e=5to 10
. . o e/Dy, =0.1-0.2 Max THPP increase of 26.55% at
26 Kaplan M [60] Inclined Ribs of 45 o = 45° Re = 20,000.
Re = 20,000-40,000
. e/D =0.019 . .
27 Parsad et al. [61] rf;acnci‘l’grsfr;‘ﬁgi P/e=127 Max Tglj Zlg%(‘)’é 14% at
& Re = 10,000 to 40,000 = S
e/D=0.043
P/e=10
Re = 2000 to 20,000
.. Multi-V-shaped rib roughness W/H=12 B . B
28 Kumar and Saini et al. [62] with gaps W/w =6 Numax = 6.32; fmax = 6.12
g/e=05t01.5

Ggq/Ly =0.24 t0 0.80
o = 60°
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Table 1. Cont.

S. No.

Investigators

Geometry

Parameters

Outcomes

29

Singh and Chandan et al. [63]

Discrete V-down rib profile

P/e=4to12
Re = 3000 to 15,000
d/w=0.2t00.8
o =30° to 75°
g/e=05t02.0
e/D =0.015 to 0.043

Numax = 3.04; fmax = 3.11

30

Karwa and Solanki et al. [64]

Chamfered repeated
rib-geometry

L/D = 32.66
Re = 3000 to 20,000
e/D =0.014 to 0.032
P/e=45t085
W/H=48to12
¢ =15° to 18°

Stmax = 2; fmax =3

31

Prasad and Saini [65]

Small dia. protrusion wires.

P/e=10t0 20
Re = 5000 to 50,000
e/D =0.02 to 0.033

Numax = 2.38; fmax = 4.25

32

Saini et al. [66]

Arc-shaped rib profile

Re = 2000 to17,000
W/H=12
e/D =0.0213 to 0.0422
a/90 = 0.3333 to 0.6666
P/e=10

Numax = 3.6; fmax = 1.75

33

Aharwal and Gandhi et al. [67]

Slanted continuous rib texture
with spacing

eand b =2mm
g/e=05t02
Re = 3000-18,000
d/W =0.167 to 0.5
W/H =5.87
e/D =0.0377
o =60°
P/e=10

Numax =2.59; fmax =2.9

34

Varun and Saini et al. [68]

Combined profile of inclined
and transverse ribs

e/D =0.030
e=1.6mm
P/e=3-8
P=5-13
Re =2000-14,000
W/H=10

The highest thermal efficiency was
observed at P/e = 8.

35

Kumar and Bhagoria et al. [69]

Discrete W-type
rib configuration

e=0.75to 1.5 mm
Re = 3000 to 15,000
W/H=8
P/e=10
o« =30-75°
e/D =0.0168 to 0.0338

Numax = 2.16; fmax = 2.75

36

Lanjewar and Bhagoria et al.
[70]

W-shaped rib profile

e=0.8to 1.5 mm
Re =2300 to 14,000
W/H=8
« = 30-75°
P/e=10

Numax = 2.36; fmax = 2.01

37

Sethi and Varun et al. [71]

Dimple-shaped elements
arranged in an angular fashion

Re = 3600 to 18,000
e/d =05
W/H=11
e/D =0.021-0.036
o = 45-75°
P/e=10t020

Numax obtained for P/e = 10.

38

Nagraj et al. [72]

Aerofoil fin

I =950 W/m?
th = 0.00651-0.04614 kg /s
Re = 3000-24,000

Max thermal efficiency and
thermo-hydraulic efficiency are
123.24% and 120.94%, respectively.

39

Gawande and Dhoble et al.
[73]

A profile of a Reverse-L shape
is used

I=1000 W/m?2
e/D=0.042
P/e=7.14-17.86
Re = 3800-18,000

Max THPP of 190% is obtained.

40

Mahanand et al. [74]

Quarter-circular geometry of ribs

I=1000 W/m?
Re = 3800 to 18,000
e/D=0.042
P/e=7.141017.86

Max THPP of 188% is obtained.
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Table 1. Cont.
S. No. Investigators Geometry Parameters Outcomes

P/e=11.11-27.78

41 Antony et al. [75] Stepped cylindrical TG Core dia = 3-7 mm Max THPP of 149% is obtained.
Re = 3000-24,000

oo = 45°
e/H=0.8

42 Baissi et al. [76] Delta-shaped VG Pi/b=0.6to1 Max THPP of 226% is obtained.

Re =2500-12,000
P/e=3t05

Figure 4 illustrates the maximum thermal efficiency achieved using various rib and
baffle configurations reported in previous studies. Among the compared geometries, the
transverse wire rib roughness with different gaps [20] and the diamond-shaped rib [36]
show the highest thermal efficiencies, both exceeding 83%. In contrast, the S-shaped config-
uration [23] exhibits the lowest performance at 23.24%. Intermediate results are observed
for the hexagonal baffles [25], double arc reverse-shaped [33], and discrete arc-shaped
ribs [58], which fall within the range of 54-80%. Overall, the comparison highlights that
transverse rib and diamond-shaped geometries are more effective in enhancing heat transfer
performance compared to other shapes. It is important to note that the reported efficiencies
are based on specific experimental and environmental conditions from each study, and
actual performance may vary with changes in atmospheric or operating parameters.

Thermal Efficiency (max)

B Mondloe et al. 2025

m Singh et al. 2025

m Vinothkumar R 2025

1 Chaudhri K et al. 2024

m Agrawal Y et al. 2020

M Pawar et al. 2013

W Sahu et al. 2015
Hegde et al. 2024

Nagraj et al. 2022

Figure 4. Thermal efficiency comparison [20,23,25,28,33,36,58,59,72].

Figure 5 presents the maximum thermo-hydraulic performance factors obtained for
different rib and vortex generator configurations reported in earlier studies. The results
show that the combined rectangular and semi-circular ribs [56] deliver the highest enhance-
ment, reaching around 300%, followed by the inclined ribs at 45° [60] and the delta-shaped
vortex generator [76], both exceeding 200%. Moderate improvements are observed for
the hexagonal baffles [25], V-shaped ribs [30], and aerofoil-based designs [27], while the
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rhombus [28] and square-sectioned transverse ribs [37] exhibit comparatively lower perfor-
mance levels. Overall, the figure indicates that complex or hybrid rib geometries tend to
provide better thermo-hydraulic performance than simple rib shapes, owing to improved
turbulence generation and heat transfer characteristics.

250% Thermo-hydraulic Performance Factor (max)

287%

300%

250%

228% 226%

201% 187% 190% 188%

200% -
? 174.80% 180% 179%

153% 149%

150% -

0,
100% -
50% -
0%
@ G

THPP(max)

“ ™ ™ ™ ™ N % ™ ™ © Q o o
L A A\ U U VA S S A A S > IV
& Vv > V> Vv W Vv v N V> W Vv > W
RPN AT S A S R I S S S S
& E 8 E 5 X K Q\fzﬁ\ & K 8¢ K X
o\‘g& (Q’b(‘) &e\ 80&\ 'b&% @7} \\,bb'b o ?}gb NG éc)'b $’b¢‘§ Q,Qb 'bo,bo é'oo <b'.b\"
RS VO SRS < I A

B Thermo-hydraulic Performance Factor (max)

Figure 5. Thermo-hydraulic Performance Parameter Comparison [25-28,30,31,37,56,60,61,72-76].

Figure 6 compares the maximum Nusselt number improvement achieved by various
rib and surface modification techniques. The equilateral triangular roughness [21] and
inclined groove ripple surfaces [31] exhibit the highest enhancements, with maximum
Nusselt number ratios of 6.32 and 6.0, respectively. These configurations significantly
outperform conventional rib geometries due to their ability to induce strong secondary
flows and disrupt the thermal boundary layer. Other geometries, such as hyperbolic airfoil
shapes [22], hexagonal baffles [25], and combined rectangular-semi-circular ribs [56], also
show notable improvements ranging between 3 and 4.5. In contrast, simpler shapes like
S-shaped [23] and chamfered rib [64] arrangements result in comparatively lower heat
transfer enhancement. Overall, the figure demonstrates that optimised, multi-directional
rib patterns lead to superior convective heat transfer performance compared to traditional
or single-orientation rib designs.
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Nusselt Number improvement (max)

6.32

Nusselt Number (max)

B Nusselt Number improvement (max)

Figure 6. Comparison of improvement in Nusselt number [21-23,25-27,30-33,37,38,40-42,44,56,58,62—
67,69,70].

Figure 7 illustrates the maximum increase in friction factor corresponding to different
rib and surface roughness geometries. The results show that the equilateral triangular
roughness [21] and the multi-V-shaped rib roughness with gaps [62] lead to the highest
friction factor increases of 6.12 and 5.3, respectively. These elevated values indicate strong
flow disturbances and higher turbulence levels, which enhance heat transfer but also
contribute to greater pressure losses. The hyperbolic airfoil [22] and discrete V-down rib
configurations [63] also exhibit considerable frictional resistance, with values exceeding
4.0. In contrast, the W-shaped [62] and arc-shaped ribs [66] show comparatively moderate
increases, generally below 3.0. Overall, the figure highlights the trade-off between heat
transfer enhancement and flow resistance, emphasising the importance of optimising rib
geometry to balance performance efficiency and hydraulic losses.
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Maximum increase in Friction factor

6.12

Friction factor (max)

B Maximum increase in Friction factor

Figure 7. Comparison of the rise in the friction factor [21-23,26,33,38,40-42,44,62-67,69,70].

4. Conclusions

The present work provides an in-depth comparative assessment of solar air heaters
(SAHs) featuring different artificial roughness geometries, focusing on their collective im-
pact on heat transfer coefficient, friction factor, thermal, and thermo-hydraulic performance.
Unlike earlier works that primarily examined individual parameters, the present analysis
integrates multiple performance aspects to identify configurations that achieve a balanced
improvement between efficiency and pressure drop. The study further consolidates experi-
mental and analytical findings from diverse sources into a unified framework, providing
deeper insight into how geometric modifications affect overall system performance. This
integrated approach contributes to refining the design and optimisation of solar air heaters
for enhanced energy efficiency and reliability.

This study presents a comprehensive evaluation of solar air heaters (SAHs) incor-
porating various artificial roughness geometries to identify configurations that deliver
superior thermal and thermo-hydraulic performance. As depicted in Figure 4, the highest
thermal efficiencies were achieved with transverse wire ribs with multiple gaps (83.3%)
and diamond-shaped ribs (83.2%), establishing these geometries as the most promising



Energies 2025, 18, 6157

19 of 23

for improved heat absorption. Figure 5 demonstrates that aerofoil-Coanda ribs and hexag-
onal baffle designs provided the greatest thermo-hydraulic performance enhancements,
with increases of 287% and 228%, respectively. In terms of heat transfer characteristics
(Figure 6), the multi-V-shaped rib profile yielded over sixfold improvement in the Nusselt
number compared to a smooth duct, while the combined rectangular and semi-circular
rib configuration achieved a 4.24-fold enhancement. Furthermore, Figure 7 reveals the
effect of rib shape on frictional losses, where the highest friction factors were observed
for multi-V-shaped ribs with gaps (6.12) and transverse wedge-shaped ribs (5.30). Con-
versely, the lowest penalties were associated with arc-shaped ribs (1.75) and W-shaped
ribs (2.01), suggesting a more favourable compromise between heat transfer efficiency and
pressure drop.

The overall comparison of artificial roughness geometries shows that complex and
hybrid rib configurations deliver the most effective balance between improved heat transfer
and manageable frictional losses. This analysis provides a useful reference for selecting
or designing optimal roughness geometries to enhance the performance and efficiency of
future solar air heater systems.
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Nomenclature

D or Dy, duct hydraulic diameter (mm)
e height of rib (mm)

H duct depth (mm)

g Gap width

tg thickness of the collector edge
I solar irradiance (W/m?)

P pitch (mm)

w duct width (mm)
Dimensionless parameters

d/w relative gap position

e/Dy relative roughness height

g/e relative gap width

g/P relative groove position
Gq/Ly relative gap distance

L/D test length to hydraulic diameter ratio of the duct
P/e relative roughness pitch
W/H duct aspect ratio

W/w relative roughness width

Ng number of gaps

N number of glass covers

h/H obstacle relative height

W/V; number of elements

dr/e relative diagonal length
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w/e relative-distance-along-duct-width
1/e relative-distance-along-duct-length
Pr Prandtl number

Re Reynolds number

St Stanton number

Nu Nusselt number

f friction factor

Greek symbols

o angle of arc of attack (degree)
0] wedge angle of rib (degree)

n efficiency

Subscripts

a ambient

am air mean

f fluid (air)

i inlet

m mean

o outlet

pm plate mean

r roughened

s smooth

t turbulent

w wall

Abbreviations

SAH Solar air heater

THPP  Thermo-hydraulic Performance Parameter
TEF Thermal Enhancement Factor

CFD Computational fluid dynamics

TES Thermal Energy Storage

PCM  Phase Change Material

ANN  Artificial Neural Networks

TG Turbulence Generators
VG Vortex Generators
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