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Effect of artificial coarseness on the performance
of rectangular solar air heater duct:
a comparative study
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Abstract Solar air heater is regarded as the most common and popular
solar thermal system and has a wide range of applications, from residential
to industrial. Solar air heater is not viable because of the low convective
heat transfer coefficient at the absorber plate which contributes to decreas-
ing the thermal efficiency. Artificial coarseness on the plain surface is the
most effective method to enhance heat transfer with a moderate rate of
friction factor of flowing air in the design of solar air heater duct. The dif-
ferent parameters and different artificial coarseness are responsible to alter
the flow structure and heat transfer rate. Over the years different artificial
roughness and how its geometry affects the performance of solar air heater
have been thoroughly studied. Various investigators report the correlations
between heat transfer and friction factors. In the present study, a compar-
ison of several artificial coarseness geometries and methods with a view to
enhancing the performance of solar air heater has been made. A brief outline
has also been presented for future research.

Keywords: Solar energy; Artificial coarseness; Heat transfer coefficient; Thermo-hydraulic
performance; Friction factor

Nomenclature
D – hydraulic diameter, mm
d – dimple diameter, mm
d/W – relative width of the gap
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d/D – relative diameter of rib print
e – rib height, mm
Re+ – roughness Reynolds number
e/D – relative roughness height
F ′ – flat collector efficiency factor
FR – heat removal factor
fr – friction factor for roughened surface
fs – friction factor of flat duct
G0 – mass flux, kg/(sm2)
Gd – distance of the gap, mm
G(Re+) – heat transfer function
Gd/Lv, d/x – relative position of the gap
g – groove position or gap, mm
g/e – relative gap position
gI/e – relative additional gap in each symmetrical rib
g/P – relative groove position
H – duct height, mm
I – global solar irradiation, W/m2

L – length of long way test section, mm
Lf – final length of duct, mm
Lv – length of V-rib, mm
L/e – relative long way length
l/s – relative length of metal grid rib
m0 – mass flow rate, kg/s
Nu – Nusselt number of roughened duct
Nus – Nusselt number of smooth duct
qu – heat flux, W/m2

P ′ – staggered rib position, mm
Pb/ed – relative dimpled pitch
p/P – relative staggered rib pitch
P I/p – relative staggered rib roughness
P/e – relative roughness pitch
∆P – pressure drop, Pa
Re – Reynolds number
R(Re+) – momentum transfer roughness function
r/g, r/e – relative staggered rib size
S – length of short way discrete rib, mm
S/e – relative short way length
St – Stanton number
s′/s – dimensionless gap position
s′ – gap position, mm
Tfi – entry temperature, K
Tfo – exit temperature, K
Ta – ambient temperature, K
UL – overall heat loss coefficient, W/(m2K)
V – velocity, m/s
W – duct width, mm
w – width of a single V-rib, mm
W/H – aspect ratio
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W/w – relative roughness width
Wc/Wd – relative dimpled obstacles
w/e – staggered length of the rib to the height of the rib

Greek symbols

α – angle of inclination in flow direction, degree
Φ – chamfer angle, degree
ρ – density, kg/m3

η – thermal efficiency
τ – transmittance

Acronyms

HVAC – heating, ventilation and air conditioning
SAH – solar air heater
THP – thermo-hydraulic performance

1 Introduction

Since the beginning of human civilization, energy has been one of the most
vital factors for sustainability of the mankind. Today, energy remains an
essential element of global economic growth and industrialization. With the
rapidly diminishing fossil fuel reserves, which have been the primary source
of energy so far, it has become imperative to find new energy sources. Solar
energy has emerged as a viable source of alternative energy, which is clean,
ensures a pollution-free environment, and which is available year-round.
In other words, besides mitigating the energy crisis, it can also reduce
CO2 emissions. Another benefit is that solar energy is easy to change into
other types of energy, such as thermal, mechanical, chemical, and electrical
energy. A solar air heater (SAH) is an apparatus that absorbs solar energy
and then transfers the heat energy to the air passing through. As SAH has
been established as one of the most cost-effective techniques for converting
solar energy, it is being widely used in various industries for room heating,
room cooling, room drying, and other industrial purposes [1].

Absorber plates are an essential component of solar air heaters (SAHs).
However, the formation of a viscous sublayer over the absorber plate tends
to reduce the heat transfer coefficient and increase thermal resistance. The
research established that artificial coarseness in the absorber plate could be
an effective method to break laminar sublayers and increase the heat trans-
fer coefficient [2]. However, it causes a significant pressure drop, enhanc-
ing the requirement for electricity. Many researchers have utilized artificial
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coarseness geometry of various configurations and dimensions to enhance
heat transfer and improve SAH efficiency. The present study provides an
overview of different geometries, such as V-shape, W-shape, arc-shape, etc.,
and examines how different orientations of artificial roughness affect the
performance of SAH. The aim of this paper is to determine which artificial
coarseness surface works the best with different shapes and structures.

Generally, traditional SAH has low thermal performance because of
a smooth surface that offers low convective heat transfer to flowing air, lead-
ing to major losses in surrounding. The SAH performance can be increased
in two ways: by reducing the top surface heat loss of SAH or by enhancing
the heat transfer at the absorber plate. Various methods are available to
enhance the heat transfer but the most common method is to increase the
heat transfer rate by using artificial coarseness instead of a smooth surface.
Artificial roughness develops turbulence on a heated surface and breaks
the laminar sublayer but it causes an increase in the pressure drop which
is undesirable for the design of SAH. In this paper, the previous research
of artificial coarseness used in SAH is summarized.

2 Theory of artificial roughness

Conventional SAHs are inefficient due to inadequate provision for heat
transfer between the absorber plates and the air passage. As a result, the
thermal resistance between the absorbing plates and the air is higher in
the SAHs. Consequently, it increases the temperature, thereby increasing
the heat loss to the surrounding area. The presence of a laminar sublayer
interrupts heat exchange between the absorber plate and air passage [3].
By introducing artificial coarseness, the laminar sublayer can be broken so
as to improve heat exchange by producing local turbulence. However, it
can also increase the friction losses leading to an increase in the power con-
sumption for fluid flow. Several studies revealed that Nusselt number (Nu)
and friction factor (f) are also affected by factors, such as rib arrangement,
wire form, rib height, and rib pitch.

3 Principle of solar air heater

In a nutshell, a traditional solar air heater absorbs solar radiation and con-
verts it into thermal energy. As illustrated in Fig. 1, the SAH has a glass
cover, a rear insulated cover, and a blower. To prevent heat transfer from
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the top of the absorber plate to the surroundings, a glass cover is used,
which simultaneously allows incoming solar light to pass through the ab-
sorber plate. In addition, it serves as insulation at the backside, thereby
reducing the energy loss. The heated air is transported via a duct to the
three insulated sides and a collector at the top side of the heater. SAH
is utilized for various residential and industrial applications in moderate-
temperature. Applications include industrial heating, ventilation and air
conditioning (HVAC) systems, agricultural crop drying, and space heating.
A conventional SAH loses the maximum amount of energy to the surround-
ing environment because energy cannot be transferred efficiently between
the absorber plate and the air duct. Due to the formation of a laminar
sublayer near the boundary exchanging thermal energy, its thermal perfor-
mance is poor. As a result, it is essential to choose an appropriate method
of heat transfer that will enhance the performance of SAH.

Figure 1: Schematic diagram of a solar air heater.

4 Characteristics of fluid flow and heat transfer
through artificially roughened ducts in solar
air heater

In the study, Nikuradse [4] used a technique called sandblasting to make
the air flow more smoothly and control its temperature. He tested differ-
ent levels of roughness and speed to see what works best. The ‘roughness
Reynolds number’ (Re+) is a special number that helps us understand how
well a rough surface is performing in transferring heat. It is a way to figure
out the best conditions for heat transfer on a rough surface.

The roughness Reynolds number is provided as

Re+ =
√

2
fr

(
e

D

)
Re , (1)
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where fr is the roughened surface friction factor representing the pressure
loss of a fluid, e/D is the relative height, which is defined as the ratio of
rib height (e) to the hydraulic diameter (D) of the duct.

As explained below, three flow regions were developed for the flow rough-
ness:

I Hydraulic flow regime (0 < Re+ < 5)
For smooth pipes, the friction factor (fs) remains constant for all values of
relative height (e/D).

In the hydraulic smooth flow regime, the flow resistance in terms of
friction factor is not a function of roughness height and flow behaves as
laminar in such roughened pipe.

Roughness function R(Re+) is defined as dimensional flow velocity at the
control volume edge enclosing roughness elements. It represents momentum
losses caused by roughness. The following correlation was proposed:

R(Re+) =
√

2
fs

+ 2.5 ln
(2e
D

)
+ 3.75 . (2)

II Transitional flow regime (5 < Re+ < 70)
The effect of rib altitude can be observed in this transitional area. The
roughness Reynolds number (Re+) and the e/D ratio, which is defined as
the ratio of rib height (e) to the hydraulic diameter of the duct, have an
impact on the roughness behavior.

III Fully developed flow regime (Re+ > 70)
The roughness function (R) remains constant in the rough area. Reynolds
number is unaffected by roughness. Dipprey and Sabersky [5] investigated
the flow across an irregular plane of densely filled-up sand grains in a con-
duit by using air as the moving fluid. Heat transfer correlation for the fully
developed flow region is presented as follows:

G(Re+) =
(
fs

2St − 1
)√

fs

2 +R
(
Re+

)
. (3)

Here, St is the Stanton number which is defined as the ratio of heat transfer
of a fluid to the thermal capacity of a fluid, and D is the hydraulic diameter
of the duct which is generally defined for a non-circular duct. The roughness
function is defined as for fully developed flow region (Eq. (3)).
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Heat transfer functionG
(
Re+) represents dimensionless temperature dif-

ference over the same control volume. It signifies the heat transfer capacity
of a rough surface.

In addition to the analytical model, some researchers studied the heat
transfer and friction flow characteristics using numerical methods. Poitras
et al. [6] investigated the flow structure by using a numerical simulation of
transverse ribs. Inter-rib spacing and Reynolds number effects were exam-
ined. The length of the recirculation zone was significantly influenced by
inter-rib space.

5 Measurement of solar air heater performance
Heat transfer is enhanced by artificial roughness at the expense of friction,
resulting in turbulent flow within the SAH duct. A highly efficient and
economically feasible collector may be designed by enhancing the Nusselt
number with the least amount of pressure drop. In this connection, sev-
eral designs for solar air collectors have been presented that have different
configurations of roughness geometry.

5.1 Hydraulic performance

Pressure drop in the SAH duct is used to assess hydraulic performance,
which is again linked to the surplus heat, produced by the fan. Frank and
Mark [7] defined the friction factor (f) as a dimensionless version of the
pressure drop. The hydraulic performance of SAH is determined by the
Darcy-Weisbach equation:

f = 2(∆P )dD

4ρLV 2 , (4)

where (∆P )d is the pressure drop in the duct ρ is the density of a fluid, L
is the length of the duct and V is the mean fluid velocity.

5.2 Thermal performance

This term refers to the heat transfer from the collector to the circulating air.
Thermal performance is determined in terms of the energy gained by the air,
solar energy gained by the collector, and the energy lost to the surroundings.
Hottel and Woertz [8] presented the following energy equation:

qu = Iτα− UL (Tp − Ta) , (5)
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where Tp and Ta are the plate temperature and ambient temperature, re-
spectively, and UL is the overall heat loss coefficient which is expressed by
the following summation:

UL = Ue + Ut + Ub , (6)

where Ut is the heat transfer coefficient on the top side, Ub is the heat
transfer coefficient on the bottom side, and Ue is the heat loss coefficient
on the side surface.

The actual excess heat, transmitted to the air from the SAH duct is
calculated using the Hottel–Whillier-Bliss [8] equation

qu = FR [Iτα− Lf (Ti − Ta)] , (7)

where Lf is the final length of the duct.

5.2.1 Heat removal factor

When the fluid inlet temperature remains as per the collector temperature,
the heat removal factor is defined as the ratio of the actual heat transfer
to the maximum possible heat transfer by means of the collector plate

FR = m0Cp

ApUL

[
exp

(
ApULFp

m0Cp

)
− 1

]
, (8)

where Cp is the specific heat of a fluid,m0 is the mass flow rate of a fluid, Fp

is the collector efficiency factor, and Ap is the surface area of the absorber
plate.

The thermal efficiency of a solar collector (η) is defined as

η = qu

I
. (9)

Thermal efficiency can also be expressed by means of Hottel-Whillier-Bliss
equation [8]

η = FR

[
Iπα− UL (To − Ta)

I

]
. (10)

Bondi presented the following collector efficiency equation when the air
inlet temperature and the surrounding temperature are equal [9]:

η = Fo

[
τα− UL

Tfo − Tfi

I

]
, (11)

where Tfo and Tfi is the fluid outlet and inlet temperature, respectively.
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Here Fo is the heat removal factor based on the temperature of the exit air
which takes the form

Fo = GCp

U

[
exp

(
F ′UL

GCp

)
− 1

]
, (12)

where G is the function of heat transfer (Eq. (13)), U is the overall heat
transfer coefficient and the plate collector efficiency factor F ′ is the ra-
tio of the actual and the ideal heat absorption in a SAH when the fluid
temperature and the collector temperature are equal.

5.3 Thermo-hydraulic performance

The objective of this comparison is to determine the performance of the
roughened SAH ducts with smooth SAH ducts. Lewis proves that rough-
ened duct provides better thermo-hydraulic performance (THP) which is
defined as the ratio of actual heat transfer to the maximum possible heat
transfer under the same pumping power, in accordance with the formula [10]

THP =
Nu
Nus(
fr
fs

) 1
3
, (13)

where Nu and Nus are the Nusselt numbers of rough and smooth ducts,
respectively, and fr and fs are the friction factors of rough and smooth
surfaces, respectively. Thermo-hydraulic performance thus indicates the ef-
fectiveness of SAH because it includes the pumping power losses due to
pressure drop inside the duct.

6 Influence of roughness design on the flow
pattern

Artificial roughness geometry can take up various forms and orientations.
Rib pitch, rib height, inclination, cross-section of rib, and flow parameters,
including Reynolds number, are among the major geometrical variables,
which are used to indicate the artificial roughness geometry. The impact of
these variables on the THP of the SAH ducts has been examined.

6.1 Influence of relative rib pitch

Prasad and Saini [11] explained the influence of the ratio of the pitch to
the rib height (P/e) on the flow variation. If the P/e ratio is between 8 to
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10, then the reattachment point becomes higher and the heat transfer can
be the maximum. Conversely, if the P/e ratio is less than 8, then the flow
deviates. If this ratio is beyond 10, it decreases the reattachment point and
reduces the heat transfer rate.

6.2 Influence of relative rib height

Prasad and Saini [12] also explained how the height of rib roughness in-
fluences flow variation. In this context, the authors explained its effect on
the SAH duct. While the rib height can cause the separation of flow and
reattachment, the area close to the reattachment ensures the most efficient
heat transfer. Reattachment occurs when the e/D is only moderate, as seen
in Fig. 2.

Figure 2: Influence of relative rib height (δ denotes the laminar sublayer height) [12].
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6.3 Influence of rib inclination

The angle at which the rib element is aligned in relation to the flow di-
rection is an essential factor behind the counter-revolving secondary flow
throughout the span, determining variable heat discharge rates. When fluid
comes out from the leading edge and goes to the trailing edge, it is trapped
and its temperature goes up. It has been observed that no turbulence, cre-
ated by transverse ribs, reduces the heat transfer rate because of the rise in
fluid temperature at the wall. When the angle in the rib geometry alters,
turbulence is created, thereby enhancing the heat transfer rate. Therefore,
it is always beneficial for the rib geometry to have a degree of inclination.
The heat transfer is maximum at the leading edge and it reduces when it
goes to the trailing edge, as shown in Fig. 3.

Figure 3: Flow pattern due to angled rib [13].

6.4 Influence of duct aspect ratio

The ratio of the width to height of the duct (W/H) is known as the aspect
ratio, which considerably impacts the thermal performance of the SAH.
With a moderate increase in the heat discharge, a high duct aspect ratio
enhances turbulence inside the duct and raises the friction factor. On the
other hand, with a minimum height-to-width ratio, SAH exhibits better
heat convective performance. The flow is faster in the duct because the
cross-sectional area is shorter. Hence, it increases the heat transfer rate of
the flowing fluid. A number of researches have been undertaken to find out
the parameters for the optimal width and height of a duct to achieve the
optimum heat transfer.
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6.5 Influence of relative gap position

A secondary heat flow is released by creating a space in continuous ribs. Af-
terwards, the main heat flow along with the secondary flow passes through
the gap and the flow. As a result, the thermal barrier layer weakens, re-
sulting in a greater heat transfer coefficient. On the one hand, a small gap
cannot offer enough area for adequate heat flow. On the other hand, if
there is a large gap, the flow is retarded [14]. Hence, the gap should have
the optimal width for attaining the best heat transfer coefficient.

6.6 Influence of relative roughness width

The relative roughness width (W/w) pertains to the total width of the
absorber plate (W ). For understanding the concept, one can consider at-
taching a rib to the absorber plate in a V-shape, with two of its edges
at the leading sections and a third one at the trailing section. One would
observe that in comparison to the trailing edge, the heat transfer rate is
higher at the leading edges. It is due to the turbulent nature of the fluid
at the leading edges that the heat transfer rate is higher there. When the
flow moves into the trailing edge, it becomes almost stagnant, reducing the
heat transfer rate [15]. It has been established that when W/w rises from
1 to 6, the rate of heat transfer improves. The peak is at 6 after which it
declines.

7 Artificial roughness patterns in the solar air
heater

During the present study, various rib arrangements that influence friction
and heat transfer properties were examined. The following sections focus
on the effects of different patterns of roughened surfaces as observed in
SAH ducts.

7.1 Transverse rib

7.1.1 Continuous transverse rib

The solar air heater, designed by Prasad and Saini [16], made use of wires
with small diameters for ensuring roughness. As part of their experiments,
the authors increased the P/e ratio from 10 to 20 while changing the e/D
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ratio from 0.02 to 0.033. Following their experiment, Prasad and Saini found
the maximum increase in Nu and f by 2.38 and 4.25 times, respectively, at
the P/e of 10.

Verma and Prasad [17] examined the Nu and f in circular wire ribs
with fixed geometrical parameters. Their experiments revealed the e/D ra-
tio varying from 0.01 to 0.03, the P/e ratio varying from 10 to 40, Re+

varying between 8 and 42, and Re ranging between 5000 and 20000. Fur-
thermore, the maximum THP of 71% was recorded at a roughness Reynolds
number of 24.

The impact of transverse wire, attached to the absorber plate, as well as
the effect of heat transfer and friction on the transition flow regime, were
examined by Gupta et al. [18]. The Reynolds number is, in fact, a function
of the Stanton number. The St rises when Re increases and it reaches its
maximum value when Re reaches 12 000.

7.2 Transverse broken ribs

Sahu and Bhagoria [19] investigated Nu and f for broken transverse ribs
with fixed geometrical parameters. Their study involved four parameters,
including the P/e ratio varying from 10 to 30, e/D ratio of 1.5, aspect
ratio (W/H) of 8, and Re ranging from 3000 to 12 000. Their experiments
established that the optimum range of the Nusselt number could be attained
when the pitch was at P = 20 mm. The maximum enhancement of the heat
transfer coefficient by 1.25 to 1.4 times as compared to the smooth plate
was obtained. Figure 4 depicts the transverse broken rib geometry.

Figure 4: Transverse broken small diameter wire [19].

7.3 Inclined ribs

7.3.1 Continuously inclined ribs

According to Gupta et al. [18], inclined ribs are superior to transverse ribs.
During experimentation, the authors changed the W/H ratio from 6.8 to
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11.5, the e/D value varied from 0.018 to 0.052, the P/e ratio was fixed at
10 and the Re changed from 3000 to 18 000. Following their experimenta-
tion, Gupta and his team found the thermal efficiency in the roughened
plates to improve by a range of 1.16–1.25 times compared to the smooth
plates.

7.3.2 Inclined broken ribs

The impact of a gap in the continuously inclined ribs was examined by
Aharwal et al. [14]. The different parameters of the continuous inclined
ribs included the P/e ratio at 10, the e/D ratio of 0.377, the W/H ratio
of 5.84, the angle of attack (α) at 60 deg, and the Re varied from 3000 to
18 000. During experimentations, the gap width of the ribs was also changed
from 0.5 to 2 and the relative gap position was altered from 0.16 to 0.67.
Accordingly, the maximum enhancements in the Nu and f in ducts with the
continuous inclined ribs were recorded at 2.59 and 2.87 that for a flat plate,
respectively. Figure 5 depicts the continuous inclined geometry of the ribs.
Aharwal et al. [20] changed the dimensions and calculated Nu and f . In
their study, different parameters were varied, such as the P/e ratio altered
from 4 to 10, the e/D ratio changed from 0.018 to 0.0377, and the angle
of inclination in flow direction (α) altered from 30 to 90 deg. Aharwal and
his team attained the highest Nu and f increased by 2.83 and 3.6 times,
respectively, as compared to flat ducts. Thermo-hydraulic performance was
reported to be maximum for relative gap width of 1.0 and a relative gap
position of 0.25.

Figure 5: Inclined broken ribs [20].
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7.4 V-shape rib

7.4.1 V-shape continuous rib

Momin et al. [21] investigated the impact of the V-shaped ribs connected
to the absorber plate. During the experiments, the authors varied α from
30 to 90 deg and the e/D ratio from 0.02 to 0.034. Both the Nu and f were
enhanced to the maximum at the 60-degree α as compared to a flat duct.
In the course of their probe, the authors discovered that the V-shaped ribs
performed better than the inclined ribs. The performance of Nu in V-shape
rib was 1.14 times the one for the inclined ribs, having equal rib height,
pitch, and other operating conditions.

Roughness geometry in V-shaped rib was investigated by Isanto et al. [22].
According to their published article, they set the e/Dratio at 0.033, α at
30 to 80 degrees, and P/e at 10. Following their experiments, the f and Nu
were recorded to increase 2.45 and 2.34 times, respectively, when compared
to the flat plate.

7.4.2 Discrete V-rib

Karwa et al. [23] used V- discrete and V- discontinuous ribs in their exper-
iment. The parameters, set by them, were the P/e ratio at 10.63, relative
roughness length (B/S, Fig. 6) which is defined as the ratio of the half-
length of the V-rib element to the short-way length of the mesh and varied
from 3 to 6, and angles of attack set at 45 to 60 deg. The Re value also
varied from 2850 to 15 500. The authors observed that discrete ribs out-
performed discontinuous ribs and the angle of attack at 60-degree ribs per-
formed better compared to 45-degree ribs. Figure 6 depicts the V-shape’s
rough geometry.

Figure 6: V-shape rib different geometry [23].

Muluwork et al. [24] compared the V-down rib, V-up rib, transverse discrete
rib, and V-down discrete rib. Studies revealed that the value of St for V-up
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and transverse discrete ribs is less than for V-down discrete ribs. Within
the range of the parameters studied, the St was found to have a maximum
value between 1.32 and 2.47. Karwa [25] examined the V-down continuous,
V-up continuous, inclined transverse, V-down discrete, and V-up discrete
ribs. He found that the V-down ribs facilitated the maximum heat transfer
when pumping powers were equal in both artificially roughened and smooth
ducts.

Singh et al. [26] investigated the discrete rib with a V-shaped geometry.
In their study, the Re values varied from 3000 to 15 000, the relative gap
position (g/e) from 0.5 to 2.0, the e/D ratio from 0.015 to 0.043, α varied
from 30 to 75 deg and the P/e ratio ranged between 4 and 12. They found
that maximum Nu and f increased by 3.04 and 3.11 times, respectively, as
compared to smooth plates. Figure 7 depicts the V-down discrete roughness
geometry.

Figure 7: V-down discrete rib [26].

7.5 Ribs with multiple V-shape

7.5.1 Continuous multi V-rib

According to Hans et al. [27], the roughness of a variety of V-ribbed ducts
is characterized by Reynolds numbers, the e/D and P/e ratios, the angle
of inclination, and the W/w value changes from 1 to 10. They observed
heat transfer to be the maximum when W/w is equal to 6. The authors
pointed out that if the W/w value is less or greater than 6, the extent of
heat transfer decreases. Figure 8 depicts the roughness geometry. Maximum
enhancement in Nusselt number and friction factor was six- and five-fold,
respectively, in comparison to the smooth duct for the range of parameters
investigated.
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Figure 8: Continuous multi V-rib [27].

7.5.2 Multi V-shaped ribs with a gap

Kumar et al. [28] examined the acceleration of heat flow and generation
of local turbulence by creating a gap between the V-shaped ribs. Accord-
ingly, the e/D ratio was recorded at 0.043, angles of inclination at 30 to 75
deg, relative roughness pitch at 10, relative gap distance ratios at 0.20 to
0.80, relative gap widths at 0.55 to 1.5, relative width ratio at 6, and Re
varied from 2000 to 20 000. The thermo-hydraulic performance (THP) was
also found to be significantly boosted compared to a smooth plate. They
reported maximum enhancement in Nu and f as 6.32 and 6.12 times that
of smooth duct, respectively.

7.6 Arc-shaped ribs
Roughness geometry in an arc-shaped rib was investigated by Saini and
Saini [29]. Accordingly, the e/D ratio ranged from 0.0213 to 0.0422, an-
gles of inclination varied from 30 to 75 deg, the P/e value was 10 and Re
varied from 2000 to 17 000. The roughness geometry of the arc-shaped ribs
improved the Nu to a maximum value of 3.80 and f increased 1.75 times
compared to the smooth plate. Figure 9 depicts the arc roughness geometry.

Figure 9: Rib roughness in arc shape [29].
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7.7 Multi-arc ribs

Continuous arc multi-rib

Singh et al. [30,31] probed the concept of multi-arc roughness. The Reynolds
numbers were kept between 2200 and 22 000, the e/D ratio ranged between
0.018 and 0.045, the P/e value varied from 4 and 16, whereas the width
ratio was between 1 and 7. They reported maximum enhancement in the
Nu and f as 3.71. and 5.07 times that of smooth duct, respectively.

7.7.1 Multiple arc ribs with a gap

Pandey et al. [32] studied the concept of multi- arc-shaped roughness ge-
ometry with a gap. During the experimentation, e/D varied from 0.016
to 0.044, P/e varied from 4 to 16, the gap width ratio changed from 1 to
7, α varied from 30 to 75 deg, the relative gap varied from 0.5 to 2 and
the dimensionless position of the gap ranged from 0.25 to 0.85. The heat
transfer on this rough surface is much better than on a smooth one. In fact,
it’s 5.85 times more effective in moving heat. So, the rough surface is a lot
better at transferring heat. Figure 10 depicts the arc roughness geometry.

Figure 10: Multiple arc-shaped ribs with gap [32].

7.8 W-shape ribs

The roughenedW-shaped SAH duct used by Lanjewar et al. [33,34] is shown
in Fig. 11. The authors carried out experiments by varying Re from 2000
to 14 000, e/D from 0.018 to 0.03375, angle of inclination from 30 to 75 deg
while keeping P/e fixed at 10. They reported maximum enhancement in
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Nu as 2.36 times and in friction factor as 2.01 times in comparison to the
smooth plate for a 60-degree angle of inclination.

Figure 11: Continuous W-shape rib roughness [33].

7.8.1 Discrete W-shaped rib

Roughness geometry in discrete W-shaped was investigated by Kumar et
al. [35]. During experimentation, the authors changed e/D from 0.0168 to
0.0338, P/e was fixed at 10, the angle of attack was between 30 to 75 deg,
while the Reynolds number varied from 2000 to 15 000. The rise of 2.16 and
2.75 times in Nu and f were observed, respectively, as compared to a flat
plate at an angle of inclination of 60 deg.

7.9 Arc-shaped dimple rib

Yadav et al. [36] experimented with the arc-shaped dimple coarseness as
shown in Fig. 12. During test series, the authors changed different param-
eters, including e/D, P/e, Reynolds number, and angle of inclination. Ya-
dav and his team found that the thermal efficiency in the roughened plates
improves as compared to smooth plates. The friction factor and Nusselt
number were increased by 2.93 and 2.89 times with respect to the smooth
duct for an angle of attack of 60 deg, a relative pitch of 10, and a relative
rib height of 0.03.

Figure 12: Dimple arc-shaped roughness [36].
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Sethi et al. [37, 38] examined angular dimple-shaped ribs with different
relative pitches and heights. They investigated the geometries with the P/e
set from 10 to 20, e/D from 0.021 to 0.036, and arc angles from 45 to 75 deg.
The maximum Nu was calculated based on the P/e at 10, e/D at 0.036,
and arc angles at 60 deg. They observed an improvement in the thermo-
hydraulic performance (THP) of 1.10 to 1.887 times in comparison to the
smooth plates.

7.10 Transverse dimple roughness

Saini et al. [39] were the first to experiment with artificial roughness created
by means of dimpled ribs instead of transverse ribs. During experimenta-
tion, the authors changed various parameters like e/D and P/e ratios, and
Reynolds numbers. Saini and his team also determined the maximum Nu
and f value for P/e at 10. They reported the maximum value of the Nusselt
number for a relative roughness height of 0.0379 and a relative roughness
pitch of 10.

7.11 Staggered dimple roughness

Bhushan et al. [40] experimented with the staggered dimpled roughness
instead of the transverse-shaped dimpled roughness. In their study, the duct
aspect ratio was 10 while the relative print diameter ranged from 0.147
to 0.367, the relative long-way length (L/e) 25 was set at 37.50 and the
relative short-way length (S/e) ranged from 18.75 to 37.5. The maximum
enhancement of the Nusselt number and friction factor was increased by 3.8
and 2.2 times, respectively, as compared to the smooth plates. Figure 13
depicts the staggered dimple roughness geometry.

Figure 13: Staggered dimple rib roughness [40].
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7.12 Wedge-shaped ribs

According to Bhagoria et al. [41] the SAH heat flow and flow characteristics
can be improved by roughening the absorber plates and by incorporating
transverse ribs, as shown in Fig. 14. In their experiment, the rib wedge angle
(Φ) ranged from 8 to 15 deg, e/D from 0.015 to 0.033 and the Reynolds
number from 3000 to 18 000. When the difference between the rough and
flat plates is compared, the Nu and f were increased by 2.4 and 5.3 times,
respectively, in comparison to the flat plates following this experiment.

Figure 14: Wedge rib roughness [41].

7.13 Chamfered ribs

The artificial chamfered rib roughness, as shown in Fig. 15, was analyzed by
Karwa et al. [42]. In their experiment, the relative roughness pitch varied
between 4.5 and 8.5, the roughness height within 0.0141–0.0328, the duct
aspect ratio ranged from 4.8 to 12, the rib chamfer angles from 15 to 18 deg,
and the Reynolds numbers varied between 3000 and 20 000. They observed
an improved THP in plates having chamfered-shaped ribs as compared to
the smooth plate. The maximum enhancement factor in friction factor and
Nusselt number were found to be 3.74 and 3.24, respectively.

Figure 15: Chamfered ribs [42].

7.14 Combination of ribs

Varun et al. [43] investigated the effects of combined inclined and transverse
ribs. The researchers modified some parameters, such as P/e, e/D, and
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Reynolds number, and tried with a fixed ratio of the duct aspect ratio. The
geometry having a relative roughness pitch of 8 had the maximum thermal
efficiency. Layek et al. [44] investigated the effects of chamfer grooved ribs.
They experimented with the e/D ratio ranging from 0.022 to 0.04, P/e
from 0.3 to 0.6, relative groove position (g/P ) from 0.3 to 0.6, as well as
the chamfered angles of 50 to 30 degrees. They found the maximum thermal
performance by keeping the relative groove position at 0.4.

Ravi and Saini [45] studied the multi-V-shaped gap with staggered ribs
by using different operating parameters, as shown in Fig. 16. They varied
the staggered rib pitch (p/P ) from 0.2 to 0.8, the staggered rib ratio (r/e,
where r is the staggered rib length) between 1 and 4 and kept theW/w ratio
at 8. The authors achieved the maximum augmentation of heat transfer
at p/P of 0.6, r/e of 3.5, and W/w equaling 8. In another work, Ravi
and Saini [46] investigated the double-pass (DP) SAH, having a multi V-
shaped gap with staggered ribs. The analysis included parameters such as
p/P varied from 0.2 to 0.8, r/e ratio between 1 and 4, andW/w values from
5 to 8. At the corresponding values of p/P amounting to 0.6, r/e ratio of
3.5, andW/w of 7, they found the maximum thermo-hydraulic performance
(THP) parameter as compared to the smooth plates.

Figure 16: Multi-V-shaped discrete and staggered rib [45,46].

The performance of the V-shaped discrete and staggered rib was analyzed
by Patel and Lanjewar [47], as shown in Fig 17. The maximum value of Nu
and f were found to be 2.27 and 4.28 times that of a flat plate, respectively.

Patel and Lanjewar [48] experimented with symmetrical V-shaped gaps
and staggered ribs in the duct to evaluate their influence on SAH. They
found that the number of gaps in the ribs affects the performance of SAH.
At the number of gaps of 3, the authors attained the maximum rise of
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Figure 17: Multiple V-shaped discrete combined with staggered ribs [47].

2.05 and 3.39 times, respectively, in the Nu and f as compared to a flat
plate. They also found the maximum THP value of 1.59 as compared to
the smooth plate when the number of gaps was 3. Figure 18 depicts the
symmetrical V-shaped gap and staggered rib roughness geometry.

Figure 18: Symmetrical V-shaped gap and staggered rib roughness [48].

In their study, Patel and Lanjewar [49] also observed that the relative rough-
ness pitch P/e varied while other parameters, including e/D, relative gap
position (g/e), dimensionless gap width (d/W ), p′/P , r/e and the num-
ber of gaps, remained constant. They found the maximum value of Nu at
P/e of 10.

A novel V-rib symmetrical gap and staggered rib element in a SAH were
examined by Jain and Lanjewar [50]. They found how artificial roughness
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affects the SAH performance, as shown in Fig. 19. They found the maximum
value of the THP parameter at P/e = 12.

Figure 19: V-rib symmetrical gap with staggered element rib [52].

Patil et al. [51–53] investigated a SAH plate with V-rib gaps combined
with staggered elements, as shown in Fig. 20. The relative gap positions
were changed from 0.2 to 0.8 while all other parameters, including e/D,
P/e, relative staggered rib size, and the staggered rib location, remained
unchanged. They noted an enhancement in the hydraulic performance vary-
ing from 1.48 to 2.10 times and a rise in the Nusselt number from 1.89 to
2.85 times that of the smooth plate.

Figure 20: Combination of V-rib gaps with staggered element rib [51–53].

Similarly, Deo et al. [54] experimented with V-rib gaps combined with the
staggered element. Several parameters were altered, including the relative
roughness diameter (e/D) of 0.065, the relative pitch of ribs (P/e) from 4
to 14, the angle of attack from 40 to 80 deg, the number of gaps per limb
fixed at 2, relative staggered rib size (r/e) of 4.5 and relative gap width
(w/e) of 1. They found the maximum thermal performance as compared to
the flat plate.
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7.15 Wire mesh

7.15.1 Expanded metal mesh

Saini et al. [55] focused on the expanded metal mesh roughness geometry,
as shown in Fig. 21. First, they combined relative long way length (L/e)
and relative short way length (s/e). They also studied the effects of friction
and heat transfer. Their experiments revealed heat transfer coefficients and
friction factors rising 4 and 5 times, respectively, as compared to the flat
plate.

Figure 21: Expanded metal mesh [55].

7.15.2 Discrete metal mesh

Karmare and Tikekar [56] investigated discrete metal mesh, as illustrated
in Fig. 22. The authors studied a number of parameters, such as e/D,
P/e, Reynolds number and metal grid dimensions. They discovered that
plates with roughness values of e/D = 0.044, l/s = 1.72, and P/e = 17.5
performed best.

Figure 22: Metal grid rib roughness [56].
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7.16 Other roughness

7.16.1 W-rib roughness geometry

Thakur and Thakur [57] investigated W-shaped rib geometry. They exper-
imented with a unique roughness geometry. During the investigation, they
altered several parameters, such as the relative staggered length (w/e), rel-
ative staggered pitch (p/P ), e/D, α, P/e, Re and number of gaps. With
the experiment, Thakur and his team could enhance the Nu and f by 3.3
and 4.1 times as compared to smooth ducts, respectively.

Kumar et al. [58] examined the effect of an S-shaped configuration on
the arc ribs. The parameters used by the team included the e/D was 0.022,
W/w varying from 1-4 to 0.054, the P/e varying from 4 to 16, and the
angle of attack (α) fixed at 60 deg. Kumar and his team could enhance the
Nusselt number 2.71 times and friction factor 4.64 times, as compared to
smooth ducts.

7.16.2 Combination of the arc with gap shape and staggered
piece

Gill et al. [59] investigated a SAH with a broken arc paired with staggered
rib roughness geometry. The authors conducted experiments to investi-
gate the impact of different coarseness parameters on Nu and f , including
P/e, r/g, e/D, W/w, and relative staggered rib position (P ′/P ). Figure 23
depicts the roughness geometry. The maximum obtained enhancement of
Nusselt number and friction factor was 2.04 and 4.18 times that of a flat
plate, respectively.

Figure 23: Combination of broken arc rib with staggered rib [59].
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7.16.3 A symmetrical arc with multiple gaps:

Jain et al. [60–62] investigated arc shape geometry using various gaps in
a single arc. The parameters, used in their study, were the Reynolds number
between 3000 and 18 000, relative roughness pitch (P/e) at 12, arc angle (α)
at 60 deg, g/e varying from 2 to 5, and e/D of 0.047. With the experiment,
Jain and his team could enhance the Nusselt number 2.77 times and the
friction factor 3.66 times, as compared to flat ducts.

8 Thermo-hydraulic effectiveness of artificial
roughened surfaces

To sum up, a significant rise in the friction factor was observed with the in-
corporation of artificial coarseness in order to improve heat transfer. Hence,
roughness geometry proved to be essential for heat transfer to a greater
degree while minimizing friction losses. While choosing the methods for en-
hancement of heat transfer, one has to account for the huge requirement
of pumping energy as turbulence in the flow results in a significant pres-
sure drop. A high rate of heat transfer at the minimum pumping energy is
essential for developing an effective and compact SAH.

During the present study, the Nusselt number and the friction factor
values for the roughened and smooth absorber surfaces were compared us-
ing the parameters for thermo-hydraulic performance (THP). Figure 24
represents the friction factor versus the Reynolds number and shows that
an increase in the Reynolds number results in a friction factor decrease.
According to Fig. 24, the optimal outcome for the friction factor along the
whole range of the Reynolds number is not a single geometry. The max-
imum value of friction factor is obtained in the case of continuous multi
V-rib geometry.

They were also compared with their respective Reynolds numbers, as
shown in Fig. 25. The THP characteristics with a wide array of values,
ranging from 0.49 to 3.70, are presented in Fig. 25. The THP parameter
is the lowest when the inclined angle and transverse ribs are combined.
However, multiple V-ribs with a gap ensure the highest rate of heat transfer.
At low Reynolds numbers, multi-arc ribs with gaps are not very effective.
However, their performance improves dramatically as the Reynolds number
increases.
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Figure 24: Friction factor with respect to Reynolds number, based on data from different
research works.

Figure 25: Comparison of thermo-hydraulic performance parameters for various rough-
ened surfaces determined based on data reported by different researchers.
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9 Conclusions

The present study has attempted a thorough examination of several artifi-
cial roughness configurations in solar air heaters as suggested by a number
of researchers. The impact of different shapes of coarseness and flow char-
acteristics on heat transfer and friction factors has also been discussed. The
following conclusions may be taken from the data that has been analyzed.

1. Artificial coarseness in the form of small ribs on the undersurface of
the absorber plate is an excellent alternative for improving heat trans-
fer in solar air heaters. However, at the same time, artificial roughness
is responsible for the increased friction factor which enhances the de-
mand for pumping power.

2. The characteristics of various parameters such as relative roughness
pitch, relative roughness height, angle of attack, and rib arrangement,
i.e. inclined, transverse, single V-shape, multiple V-shape, arc-shape,
and multi arc-shape ribs were investigated.

3. For almost the entire experimental setup, the maximum values of
the Nusselt number and friction factor were obtained for the relative
roughness pitch (P/e) of 8 to 10, the relative roughness height (e/D)
of 0.03, and an angle of attack (α) of 60 deg.

4. Compared to continuous ribs, insertion of V-gaps in continuous ribs,
continuous arc ribs, and continuous W-ribs enhance the friction factor
and heat transfer rate.

5. The maximum increase in heat transfer was recorded for multiple V-
rib geometry with a gap, followed by multiple V-shaped rib geometry
and multiple arc-shaped rib geometry with a gap. Due to providing
a gap in continuous V-ribs, multi V-ribs, arc ribs, and multi arc-ribs,
the Nusselt numbers were increased by 1.32,1.12,1.33, and 1.15 times,
respectively.

6. Continuous multiple V-rib geometry showed a significant increase in
the friction factor, followed by multiple V-rib geometry with a gap.

7. S-shaped ribs, metal rib grids, and ribs with grooves proved to be
inadequate. Each of these types needed machining in order to create
grooves.
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8. Comparison of the-hydraulic performance parameter with respect to
the Reynolds number has been performed. Maximum of thermo-hy-
draulic performance were found for W-ribs, multiple V-ribs with a gap,
and multiple arc-rib with a gap in different Reynolds number.

This review article will assist researchers in understanding the importance
of the roughness aspect that significantly increases the the Nusselt number
and friction factor, thereby improving the operation of solar air heaters.
Accordingly, one could work on the development of designs for alternative
configurations of rectangular solar air heater ducts by using these roughness
factors.
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