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Abstract

In the present review article, an effort has been made to review various experimental and numerical research, which include
heat transfer rate and fluid flow characteristics of a modified solar air heater (SAH) using various artificial roughness. As
it is clear that artificial roughness enhances the heat transfer and performance, in this review study, various types of rough-
ened SAH performances have been examined. These various roughness patterns are V-shape, W-rib, arc shape, spherical
ball and S-type, and their placement arrangements, like transverse, inclined and longitudinal, are discussed in this article.
The comparative studies of thermo-hydraulic performance with heat transfer and fluid flow investigations of various rough-
ened SAHs have been described to identify optimal performance parameters to select the optimum configuration that can
be further used for various applications. In addition to this, various correlations of the Nusselt number and friction factor
developed by various investigators have also been reported. The main aim of this study is to evaluate the SAH performance
using various roughness patterns. It also provides several essential recommendations for effectively designing and imple-
menting SAHSs. This review encompasses a comprehensive analysis of 178 research articles published between 1988 and
2024, focusing on advancements in the field. The findings showcase the peak values for the Nusselt number as 7.61, the
friction factor reaching 6.48 times that of a smooth duct for discrete multiple-arc ribs, and the maximum thermal-hydraulic
performance reported at 4.73 for dimple or protrusion ribs.
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1. Introduction a fact that sustainable energy sources are a global problem.

Across the globe, treaties have been employed and implemented
Various energy resources are utilised in industry, transport, the  to check and restrain global warming, climate change and en-
residential sector, etc. The energy sources widely used are natu-  ergy depletion quickly. These resources are fixed in quantity,
ral gas, coal, fossil fuel, oil, renewable and other sources. It is  but at the same time, their exploration and utilisation are hugely
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Nomenclature

Ac — surface area of collector, m?
Ao — area of orifice meter, m?
B/S  —relative roughness length
Cud — coefficient of discharge

Cot — air specific heat, J/(kg K)
¢/H  —relative baffle height

db — ball diameter, m

dp — perforated diameter, m

d/D  —relative print diameter

diw  —relative gap position of additional gap in symmetrical rib

d/x — relative gap position

Dn — hydraulic diameter, m

Dj — jet diameter, m

e — height of roughness (rib height), mm

e/ds  — dimple depth to diameter ratio

e/D, e/Dn — relative roughness height

e/lw  —rib aspect ratio

e* — roughness Reynolds number

e'le  —rib chamfered aspect ratio

f — friction factor

g — width of gap, gap of discrete rib, m

g/e, gw/Hr — relative gap width

g/P  —relative groove position

g’/e  —relative gap size of additional gap in symmetrical gap
elements

G(e*) — heat transfer roughness function

Gu/Ly - relative gap distance

h — heat transfer coefficient, W/(m?K)

h/H  —relative height ratio (for fins and ribs)

hidp - relative perforated ratio

H — height of the duct, m

Hj —jet height, m

Hr — rib height, m

k — thermal conductivity, W/(m K)

L — length of the test section in the duct, m

L/e  —relative long way length

s — mass flow rate of air, kg/s

Ng — number of main gaps

Nu — Nusselt number

0] — hole position from baffle base, m

p/P  —relative staggered pitch

P — perimeter, roughness (rib) pitch, m

AP, —pressure drop, Pa

P/e  —relative roughness pitch

P/lg  —relative pitch to gap ratio

P/H  —relative rib pitch

Pr — Prandtl number

q — solar irradiation, W/m?

0y — useful heat gained by air, W

expedited to meet the energy demand of the growing popula-
tions and other development works. Therefore, the governments
emphasise using renewable energy sources to meet the demand
at the required rate. Solar energy is an abundantly available,
clean, green, and never-ending energy source that can meet the
energy demand. Many solar thermal systems are available, such
as solar space heating, solar water heating, concentrated solar

rd — depth of dimple cavity, m
rle — depth of dimple cavity, m
ro/Dn  — relative dimple depth

R(e*) - friction roughness function
Re — Reynolds number

Sle — relative short way length
s/H  —relative baffle pitch

St — Stanton number

T — temperature, K

Tu — turbulence intensity

Vv — air velocity in the duct, m/s
x/ra  —longitudinal pitch ratio
X/Dnh - streamwise pitch ratio

ylra  —transverse pitch ratio

Y/Dn - spanwise pitch ratio

w — rib width, m

w/e  —relative rib width

W — duct width, m

Wac  — width of discrete multi-arc shaped rib, m
W/H  — duct aspect ratio

Wiw  —width of duct to width of collector

Greek symbols

o —angle of arc, °

B — ratio of orifice meter to pipe diameter
Po — open area ratio

p — density, kg/m?

@ — wedge/chamfer angle, °

Subscripts and Superscripts

a —air

an — average

B — baffle

f — fluid

fi —air inlet

fo —air outlet

m —mean

np — non-perforated
p — plate, perforated
S — smooth

Abbreviations and Acronyms

ANN - artificial neural network

CCD — central composite design

CFD - computational fluid dynamics
LCT - liquid crystal thermography
PCM - phase change material

SAH - solar air heater

SPR - sinusoidal protrusion rib

STC — solar thermal collector

THP  —thermo-hydraulic performance

power, solar air conditioning, solar crop drying, solar cooking
and solar ponds. These are solutions that utilise sunlight to con-
vert it into thermal energy. There are several major types of solar
thermal technologies in use. These are unglazed solar collectors,
transpired solar air collectors, flat-plate solar collectors, evacu-
ated tube solar collectors and concentrating solar systems. But
due to high cost and sustainable use, the focus has always been
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on solar air heaters. Many types of air heaters are available, such
as duct heaters, enclosure heaters, forced air heaters, heat
torches, flame heaters, radiators, space heaters and room heaters,
and tubular heaters. The utilisation of solar air heaters is encour-
aged due to their easy installation, relatively low cost and port-
ability. However, these systems have certain drawbacks. One
significant limitation is the low heat transport capacity of the
absorber sheet, which hinders efficient heat transfer. Another
factor is the low thermal conductivity of the absorber sheet,
which results in a reduced heat transfer rate between the ab-
sorber sheet and the flowing air. Consequently, the overall ef-
fectiveness and utilisation of solar air heaters are diminished. To
overcome these limitations, researchers have focused on creat-
ing turbulence inside solar air heaters. The objective is to disrupt
the laminar sublayer formed near the absorber plate and enhance
the heat transfer rate. However, passive methods used to gener-
ate turbulence have disadvantages, such as increased fluid fric-
tion and the need for higher pumping power.

Researchers continue to explore alternative approaches to
address these challenges and improve the performance of solar
air heaters. By developing innovative methods and designs, the
goal is to enhance heat transfer efficiency without significantly
increasing fluid friction or energy consumption. There are many
techniques used by various researchers, such as evaluations of
solar air heaters (SAH) in terms of thermo-hydraulic perfor-
mance [1], thermal performance [2], single pass [3], double pass
[4], parallel pass [5] and longitudinal fins [6]. Limited research-
ers investigated experimentally and numerically various types of
artificial roughness, such as arc shaped [7], apex up-down arc
shaped [8], concave dimple [9], wingets [10], multi-V shaped
[11], S-shaped [12], V-corrugated [13], aluminium cans as fins
[14], porous fins [15], packed bed [16], porous bed [17], wire
mesh [18], corrugated fins [19], wavy fins [20], turbulators [21]
and SAH made from plastic-metal waste [22], etc. for increasing
the performance of SAHSs. The utilisation of irregular surfaces is
a widely employed and effective technique for enhancing heat
transfer in solar air heaters. This passive approach involves ap-

plying artificial roughness on the underside of the absorber plate
using various methods, such as ribs, grooves, dimples, winglets,
baffles, twisted tapes, mesh wires, and more. These modifica-
tions create disturbances in the flow, promoting turbulence and
improving heat transfer. In Fig. 1, a schematic diagram show-
cases different types of heat transfer augmentation techniques
implemented in solar air heaters.

The artificial roughness is strategically placed on the under-
side of the blackened absorber plate to enhance heat transfer,
while keeping an increase in pumping power to a minimum. This
approach ensures that the disturbance or turbulence is created in
close proximity to the heated surface, specifically targeting the
laminar sublayer. By implementing these modifications, solar
air heaters can achieve improved heat transfer performance
without requiring significant additional pumping power. This
technique allows for efficient utilisation of the available thermal
energy and enhances the overall effectiveness of the solar air
heating system.

The primary objective of this study is to review experimental
and analytical work on the performance of solar air heaters using
the concept of artificially roughened solar air heaters. This analy-
sis provides researchers with an energy efficiency concept and
a strategy for designing and operating industrial operations. In ad-
dition, this research work also involves an extensive examination
of various roughness geometries employed in solar air heaters and
their impact on the mechanisms of heat transfer and fluid flow.
The study focused on understanding how different surface tex-
tures affect the exchange of heat and movement of fluids within
SAH. Further, this paper identifies research gaps for future work
and is beneficial for those working with artificially roughened so-
lar air heaters.

From the literature review (Table 1), it has been observed
that many review papers have been published on solar air heat-
ers, particularly on roughened SAHSs. But very few reviews have
been conducted on the heat transfer and fluid flow of solar air
heaters. In this area, there is a large opportunity in the near future
for increasing the performance of SAHs with novel geometry
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Fig. 1. Modifications implemented in solar air heaters.
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Table 1. Review papers published from 2000 to 2022 on artificial roughness of solar air heaters.

Reference

Varun et al. [23]

Gupta and Kaushik [24]
Hans et al. [25]

Chamoli et al. [26]
Chamoli et al. [4]
El-Sebaii and Shalaby [27]
Yadav and Bhagoria [28]
Yadav and Thapak [29]
Gawande et al. [30]
Kumar et al. [1]

Alam et al. [31]

Alam et al. [32]

Mund et al. [33]

Anil Kumar Patil [34]
Sharma and Kalamkar [35]
Kumar and Kim [36]
Lanjewar et al. [37]
Sheikholeslami et al. [38]
Singh et al. [39]

Saxena et al. [40]

Kumar et al. [41]
Aravindh and Sreekumar [42]
Sharma and Kalamkar [43]
Kumar and Kim [44]

Ravi and Saini [45]
Gawande et al. [46]
Yadav and Thapak [47]
Kabeel et al. [48]

Alam and Kim [49]

Singh and Singh [50]
Singh et al. [51]

Kumar et al. [52]

Chauhan et al. [53]

Year

2007

2009

2009

2012

2012

2012

2013

2014

2014

2014

2014

2014

2014

2015

2015

2015

2015

2015

2015

2015

2016

2016

2016

2016

2016

2016

2016

2017

2017

2018

2018

2018

2018

Studied issues
Heat transfer (Nu) and friction (f) characteristics, correlations developed for Nu and f.
Heat transfer, friction characteristics, energy and exergetic efficiency, effective efficiency.
Heat transfer and friction characteristics, and correlations developed for Nu and f
Heat transfer, friction characteristics and flow pattern.
Fins, packed bed energy analysis, thermal efficiency, heat transfer enhancement.

Detailed description, fundamentals and previous work performed on solar dryers and solar air heaters.

CFD analysis, design parameters for improved performance include heat transfer, mass and momentum
transfer, optimal design parameters and turbulence model.

Numerical analysis, developed codes in MATLAB-7, heat transfer, friction characteristics, and correlations
developed for Nu and f.

Numerical and experimental study, thermal performance evaluation, heat transfer, friction characteristics,
and correlations developed between Nu and f.

Exergetic efficiency, thermo-hydraulic performance (THP), thermal performance

Numerical analysis, different turbulators used, heat transfer, friction characteristics and correlations devel-
oped for Nu and f.

Experimental study, different turbulence generators, heat transfer, friction characteristics and correlations
developed for Nu and f.

Heat transfer, friction characteristics and correlations developed for Nu and f.

Fluid turbulence and heat transfer mechanism, rib geometries, Reynolds number and temperature rise
parameter, effective efficiency.

Different roughness geometrical elements, thermo-hydraulic performance, heat transfer and friction
characteristics.

Used different ribs, fins and baffles; heat transfer, friction characteristics, and correlations developed
for Nu and f

Used different rib geometries; heat transfer, friction characteristics, and correlations developed
for Nu and f

Different turbulators used on rib geometries; heat transfer, friction characteristics and heat transfer
performance.

Thermo-hydraulic performance comparison, heat transfer, friction factor, relative roughness pitch.

Optimising the dimensions, improving thermal performance.

Experimental and numerical analysis, triangular duct; heat transfer, friction characteristics and heat transfer
performance.

Used different modifications on rib geometries; heat transfer, friction characteristics and heat transfer per-
formance.

CFD analysis, modelling, different meshing type, suitable turbulence model, thermo-hydraulic performance.

Energy efficiency, heat transfer enhancement, turbulence models, thermo-hydraulic performance, RNG k-&
model.

Experimental and theoretical investigations, performance enhancement techniques, a double pass system,
thermal performance, and correlations developed.

CFD analysis, modelling, different meshing type, operating and system parameters, suitable turbulence
model, thermo-hydraulic performance.

Experimental and CFD approaches on different roughness elements for heat transfer, friction characteristics
and thermo-hydraulic performance.

Experimental and theoretical study, different modifications on the absorber plate, recycling process for heat
transfer, friction characteristics and thermo-hydraulic performance.

Experimental study on different roughness elements; heat transfer, friction characteristics and thermo-
hydraulic performance.

Experimental and theoretical study, different modifications on the absorber plate, flow visualisation to asses
heat transfer, friction characteristics and thermo-hydraulic performance.

Experimental study on different roughness elements for heat transfer, friction characteristics thermo-hy-
draulic performance, thermal efficiency, effective efficiency and energy — exergy performance.

Energy efficiency, blockage height, blockage arrangement, thermal hydraulic performance, air passage.

Jet impingement, heat transfer, friction factor, multi criteria decision making, thermodynamic behaviour,
control factors on heat transfer and friction characteristics.

8
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Table 1. Review papers published from 2000 to 2022 on artificial roughness of solar air heaters (continued).

Studied issues

Artificial neural network (ANN) method for optimising and predicting the performance of different solar en-

Correlation development on performance improvement method, reorganisation of flow of air stream.

Experimental study, different modifications on absorber plate, flow visualisation for heat transfer, friction
Experimental, different modifications on absorber plate, physics involved in flow visualisation for heat trans-
Experimental study on different roughness elements for heat transfer, friction characteristics, thermo-hydrau-

lic performance, thermal performance, effective efficiency and energy — exergy performance.
Experimental study on different modification on SAH for heat transfer, friction characteristics, thermo-hydrau-

Mathematical model, codes in MATLAB, thermal efficiency, thermo-hydraulic efficiency.

Thermal performance, design considerations, geometries used, flow conditions and their influence on turbu-

Thermo-hydraulic performance, correlations for heat transfer and friction factor, effective efficiency and en-

Energy and exergy efficiencies, performance enhancement, solar air heater, testing standards.

Solar air heaters, porous bed, artificial roughness, artificial neural network, learning algorithm (LA), multi-layer

Reference Year
Elsheikh et al. [54] 2019 .
ergy devices.
Hu and Zhang [55] 2019
AELESNEL LS b 2019 characteristics and thermo-hydraulic performance.
Chhaparwal et al. [56] 2019 fer, friction characteristics and thermo-hydraulic performance.
Ghritlahre and Sahu [57] 2020
Vengadesan and Senthil [58] 2020 .
lic performance, thermal performance.
Yadav and Prasad [59] 2020
Arunkumar et al. [60] 2020 lence; heat transfer, friction characteristics and thermo-hydraulic performance.
Nidhul et al. [61] 2021
ergy — exergy performance.
Chamarthi and Singh [62] 2021
Ghritlahre et al. [63] 2021 i |
Ghritlahre et al. [64] 2022  Solar air heater, energy analysis, exergy analysis, thermal performance.

and various parameters. Thus, the present systematic review
work on the heat transfer, fluid flow characteristics and thermo-
hydraulic performance of roughened solar air heaters is neces-
sary to identify existing research gaps, while also incorporating
the latest published studies.

In the present paper, a comprehensive review on heat trans-
fer, fluid flow characteristics and thermo-hydraulic performance
of roughened solar air heaters has been reported. Various geom-
etries of roughness, which were used by many researchers, have
been discussed. The main objectives of the present review are as
follows:

1. To study the heat transfer and fluid flow characteristics
of various roughness geometries.

2. To find out the optimal thermo-hydraulic performances
in various roughness geometries.

3. To report the developed Nusselt number and friction fac-
tor correlations of various roughened solar air heaters.

4. To find out the research gaps for future work.

2. History of development of a solar air heater

Since ancient times, the sun’s energy has been used for many
purposes, such as crop drying, vegetable drying, cloth drying
and making salts, etc. In 1877, Daniels and Duffie [65] were the
first to report that solar energy can be stored in iron. The air
passed through the iron and got heated, and then it was used for
heating the room.

In 1881, an American researcher E. Morse, structured and de-
veloped an accredited SAH. This SAH was designed with
a wooden-framed cabinet with a metallic absorber sheet, which
was covered with a transparent glass cover. This SAH works on
the concept of convection; the solar radiation is absorbed by

the steel sheet absorber plate, and air flows through the cab-
inet, where it absorbs heat from the absorber sheet and trans-
fers it to the blowing air.

This system came into light, but still progress is needed
on various modification options in SAH [66]. During this
time, several solar-heated homes have been developed and
operated in various places around the world. Between 1946
and 1949 in Massachusetts, SAH was modified using a chem-
ical compound, which inherently has the ability to absorb
heat and emit heat energy to the air. This technology is known
as phase change material (PCM), which has wide applications
in various industries and households. At that time, up until
1978, new and novel designs of houses were developed at the
Massachusetts Institute of Technology (MIT). It is also ob-
served that many stakeholders, i.e. industries, manufacturing,
etc., are designing new solar air heaters for applications such
as air heating, crop heating and vegetable heating. In the past
few years, after detailed studies, many researchers have de-
veloped this solar system for many applications. These stud-
ies are summarised in Table 2.

3. Basic construction of a solar air heater
3.1. Basic design of a solar air heater

The basic design of a solar air heater is described in Table 3.
SAH is mainly designed with a frame, absorber or collector
plate, glass cover, insulation, black interior surfaces, and the in-
let and outlet sections. Solar radiation falls upon the absorber
plate, as shown in Fig. 2. The thermal energy of the solar radia-
tion is absorbed by the plate, which is then conveyed to the fol-
lowing air through the duct.
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Table 2. The developments in the past few years.

Novelty of the invention

Groundwork for research on fully functional solar air heating took place at the Massachusetts Institute of
Technology (MIT). The developed solar thermal system was designed to meet almost one-third of the total

Firstly, solar homes were defined at Dover (MIT). The solar homes worked on the principle of solar thermal
energy storage by using fusion of NaSHs. The primary objective was to meet the heating load for consecu-

A fully functional solar-heated house has been designed and developed in the desert of Arizona. The sys-
tem comprises air stream flow through combined heater and thermal energy storage (TES) system.

Solar air heaters have been developed by using overlapped transparent glass as an absorber plate in a solar
collector. They have also utilised pebble bed as solar thermal energy storage, while developing a dwelling
in Denver. During 1963, 1964, 1976 and 1978, the researchers have examined the SAHs with all variations

The system utilised two novel features to increase the mean temperature of the system. They have given a
solution to prior problems with mixing of cold fluid stream with hot air. They reported an increase in the

They achieved higher thermal efficiency by using the principle of heating and heat recovery in a solar heat
collector. This system comprises glazing in contact with air. The spacing used in glazing over the back sur-
face was the reason for higher performance of the system.

Air heating was effective using a modular method. The modular system contained different sizes and an-
gles to get maximum absorption of incoming thermal energy. The applications vary from industries, house-

The boundary of the heating system was defined at the verge between the absorber plate and the plenum.
This system was employed to support the surface, a mechanism for flowing air stream and other parts of

This novel SAH comprises a frame, a sheet of glass, supports and two ducts with a roof at the top, and

Researchers/ City/Place/
Year
Inventors) Country
Cabot [67] 1938 Boston
heating requirement in Boston.
Telkes and
Raymond 1949 Dover
[68] tive 5 days.
. Arizona
Bliss [69] 1955 -
Lof [70] 1959 Denver
and reported the evidence.
Doherty [71] 2007 USA
system efficiency.
Vachon [72] 2010 USA
?;':]c'(ay etal. 5011 USA
holds and agriculture, etc.
Ryan [74] 2011 USA
SAHs.
Hao [75] 2013 China

there is a greenhouse at the bottom. The advantage of the design was that it achieved high thermal effi-
ciency.

Table 3. The basic design of a solar air heater.

General specification/

Purpose

This collects solar energy and transmits it to moving air.

It is provided to prevent heat losses from the bottom and sides of the ducts.

The interior surfaces of test sections are painted with black matte paint to
maximise solar absorption.

The use of a glass cover over the top of the absorber plate reduces convection
and re-radiation losses from the absorber surfaces to the environment.
Glazing is provided on the top surface of the glass cover to give adequate so-
lar radiation absorption.

The inlet and outlet sections are designed to make air intake and discharge

Component . . .
P dimensions/materials
Collector or An absorber plate is made of Gl or alu-
absorber minum and painted black to maximise
plate radiation absorption.
. Generally, material used as glass wool or min-
Insulation R
eral wool up to 50 to 80 mm thickness.
Matte black
. R It is matte black paint/ sticky powder.
interior kel P
Glass covers with a thickness of 3 to 4 mm
Glass cover s
are commonly utilised.
. Glaze sheet is made of carbonate, acrylic
Glazing X
and tempered glass materials.
Inlet/outlet Bell mounted wooden inlet section and trap-
section ezoidal wooden outlet section. easier.
Generally, the frame is made of woods or
Frame

metal.

3.2. Classification of SAHs

Solar air heaters are classified into various categories, such as
flow patterns, applications, hybriding, collector (absorber) ma-
terials, glass covers, flow types and collector (absorber) surface
type. The classification of SAHSs is described in Table 4.

10

To provide support for the SAH body components.

3.3. Applications of SAHs

Solar air heaters are mainly used for heating air for various pur-
poses. Some important applications of SAHs are shown in
Fig. 3.
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Table 4. Classifications of SAHSs.

Main classification

Subclassification

A B C D
The collector cover (glass) Bare plate Single Double -
The absorber material Metallic Non-metallic Matrix -
The shape of absorbing surface With slate With porous media With fins -
Type of absorber flow pattern Over Under On both side -
Type of flow Single pass Double pass Double flow Triple pass
Hybrid collectors Air Water Water-air -
Applications Drying Space heating Preheating Cooling

f Air out

Solar radiation

Glass cover

Insulation

Smooth absorber plate

Air in

Fig. 2. Convectional solar air heater (drawn after [58]).

Space
heating

Drying of farm
produce

Timber
seasoning

Natural

g Paper and food
ventilation

industries drying

Fig. 3. Different applications of SAHs.

4. Performance evaluation of solar air heaters

Solar air heaters can be evaluated by both experimental and ana-
lytical approaches. The parameters under evaluation include the
plate temperature of an absorber sheet, the air stream temperature,
the rate of mass flow, and the thermal and thermo-hydraulic per-
formance. These parameters are explained below in brief.

4.1. Mass flow rate

Mass flow rate is the function of the associated pressure drop
through the SAH. The formula utilised for the mass flow rate of
fluid is:

iy = Cad,y [ZPa(APo)a]O'S,

o &)

11

where: C,; — coefficient of discharge, A, — area of an orifice me-
ter, AP, — pressure drop across an orifice meter, § — ratio of the
orifice diameter to the pipe diameter.

4.2. Hydraulic diameter

4Ap _ 4(WH)

P 2W+H)

Dh = (2)

where: W — width of the duct, H — height of the duct, A, — cross-
sectional area of the duct, P — perimeter of the duct.

4.3. Velocity of air

_ M
B paép’ (3)
where p = p, denotes the density of air.
4.4. Reynolds number
_ pVDp
Re= — 4

where u is the kinematic viscosity.
4.5. Heat transfer coefficient

The heat transfer coefficient (h) is a key factor in evaluating the
performance of SAH. This coefficient is influenced by the na-
ture and condition of the absorber surface and the flowing fluid.
The heat transfer coefficient can be calculated using the follow-
ing formula:

_ Qu

- 1‘1C(Tpm_7‘fm)l

h (5)
where Ac represents the surface of a collector, and T,,,, and Ty,
are the mean temperatures of the plate and air, respectively.

The evaluation of useful heat gained (Q,,) by the air is cal-
culated using the formula:

Qu =y CppAT = 11t Cpr(Tro — Tri), (6)

where: €, — specific heat at constant pressure of fluid used, Ty,
— outlet temperature of the fluid, Ty; — inlet temperature of the
fluid.
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4.6. Heat transfer

The ratio of convective heat transfer to conductive heat transfer
is evaluated using the Nusselt number for a roughened duct. This
dimensionless parameter can be calculated from:

(")

where k represents the thermal conductivity of the fluid.
Furthermore, the Dittus-Boelter equation can be used to cal-
culate the Nusselt number for a smooth duct of SAH:

Nug = 0.023Re%8Pr4, (8)

where Pr stands for the Prandtl number.
4.7. Fluid flow characteristics

The frictional characteristics in SAH is calculated using the
pressure drop (AP). The Darcy equation formula can be used to
evaluate friction factor for the roughened duct:

24PDp,
4paLv?’

f= (9)

where L. is the length of a test section. For a smooth duct, the
friction factor can be calculated using the modified Blasius
equation:

f; = 0.085Re™ 2%, (10)
4.8. Thermo-hydraulic performance

The thermo-hydraulic performance in SAH can be calculated us-
ing the given formula:

Z|z
HE

THP =

(11)
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5. Roughness concept

Acrtificial roughness is a technique used to enhance fluid flow
and heat transfer by introducing specially designed roughness
elements on surfaces. The artificial roughness influences fluid
flow patterns and improves heat transfer rates as compared to
natural surface roughness, which has a minimal impact on con-
vective heat transfer. The artificial roughness over the absorber
plate or sheet has different shapes and sizes, such as ribs, dim-
ples, grit, baffles, wings, protrusions, spherical balls, V-shapes,
W-shapes and many others. These various roughness elements
have different impacts on the flow behaviour and heat transfer
characteristics in the SAH. Different researchers used different
methodologies, such as experimental, analytical, and codes in
advanced platforms like MATLAB, OpenFOAM, etc., to evalu-
ate the performance of the SAH.

Much research has concluded that the reattachment of a fluid
flow after the fluid passes the roughness element has a huge im-
pact on the heat transfer coefficient. Sparrow et al. [76] demon-
strated this relationship through experimental and numerical in-
vestigations. Additionally, Okamoto et al. [77] found that the
maximum heat transfer rate occurred at the reattachment point.
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Fig. 4. Concept of roughness over a typical flat plate.

Researchers have also conducted analyses to develop corre-
lations between different dimensionless geometrical governing
parameters and operating parameters and heat transfer coeffi-
cients (Stanton number), friction factor and Nusselt number,
based on their experimental studies. These correlations have
been used as performance forecasting tools to evaluate rough-
ened SAH performance, such as thermal and hydraulic perfor-
mance.

The impact of artificial roughness elements on frictional
characteristics, velocity profile and turbulence generation has
been studied by various researchers. Nikuradse [78] examined
the effect of roughness on friction by using grains of sand for
fluid flow through a pipe, while Nunner [79] proposed a fluid
flow model that highlights the influence of roughness elements
on reducing the thermal resistance in the turbulent near-wall re-
gion. Dipprey and Sabersky [80] developed a correlation for
heat transfer in a tube roughened by sand grains, and Lewis [81]
used smooth, as well as roughened surfaces, to calculate thermal
and hydraulic performance by firstly introducing the thermal ef-
ficiency. Also, experiment was conducted by Han et al. [82] on
a roughened surface to evaluate heat transfer (Nu) and fluid flow
characteristics (f), taking into account geometrical variables
such as different attack angle, type of ribs and pitch to height
ratio. Artificial roughness is a highly effective technique for in-
ducing turbulence and enhancing forced convection heat trans-
fer rates. By strategically placing roughness elements inside
ducts and using fans or blowers to create turbulence, it is possi-
ble to increase heat transfer without excessive friction losses.
The size and configuration of the roughness elements play a cru-
cial role in achieving this balance.

In general, the relative roughness height (e/D), as well as the
relative roughness pitch (P/e), are two highly influencial param-
eters, which increase the rate of heat transfer for a roughened
SAH. Various shapes, such as ribs, grooves, fins, and chamfers,
can be utilised as roughness elements to enhance the heat trans-
fer performance of conventional SAH.

In solar air heaters, improving the roughness of the absorber
plate is essential for enhancing thermal efficiency. Artificial
roughness techniques are particularly effective in generating tur-
bulence on the absorber plate, resulting in improved heat trans-
fer. While simple roughness methods like grinding tools are less
effective, artificial roughness offers superior performance.

In summary, artificial roughness has a significant impact on
fluid flow and heat transfer. By using specially designed rough-
ness elements, it is possible to manipulate flow patterns, pro-
mote turbulence and enhance heat transfer rates. This technique
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finds application in various fields, including solar air heaters,
where improving roughness can lead to improved thermal effi-
ciency, as shown in Fig. 4.

6. Impact of various roughness parameters

The solar air heaters can be modified using different roughness
parameters. These roughness parameters include operating and
control parameters such as height, pitch, angle of inclination,
cross-sectional area, Reynold number, mass flow rate and other
metrological parameters. These parameters have a significant in-
fluence on the thermal performance and thermo-hydraulic per-
formance of SAH. Understanding how these factors affect the
system can help optimise its efficiency.

Many researchers evaluated the performance of SAH and de-
veloped correlations for heat transfer (Nu) and friction factor (f)
using various operating and geometrical parameters, such as
Reynolds number, mass flow rate, etc. In a nutshell, heat transfer
can be broadly expressed as a function of Reynolds number, rel-
ative roughness pitch, relative roughness height, angle of attack
(o), different rib shapes and various duct shapes, the number of

Flow patterns
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Fig. 5. Effect of relative roughness height on the flow patterns
downstream (drawn after [84]).

roughened walls, etc. Furthermore, the same parameters also af-
fect the friction factor.

Understanding and optimising these geometrical factors is
essential for achieving enhanced thermal and thermo-hydraulic
performance in SAH ducts. By carefully adjusting rib height, rib
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Fig. 6. Effect of relative roughness pitch (P/e) on the flow patterns
downstream (drawn after [84]).

pitch, inclination, rib cross-section, and considering the appro-
priate Reynolds number, it is possible to achieve improved heat
transfer efficiency while minimising pressure drop and pumping
power requirements.

The geometrical parameters of artificial roughness elements
play a crucial role in the performance of solar air heaters. These
parameters include the relative roughness height, relative rough-
ness pitch, angle of attack, shape, and arrangement of the rough-
ness elements, etc.

6.1. Impact of relative roughness pitch and relative
roughness height

Prasad and Saini [83] modified conventional SAH with circular
wire ribs as artificial roughness elements. They used relative
roughness height and relative roughness pitch firstly in the field
of SAH as geometrical variable. They observed that increasing
the relative roughness height leads to an increment in heat trans-
fer and friction factor. For the relative roughness pitch values
below 8, the flow reattachment did not occur, which led to a de-
crease in the rate of heat transfer. However, as the roughness
pitch reduced, the friction factor kept increasing. Figure 5 illus-
trates the flow patterns in the downstream region of circular wire
ribs, associated with the changes in relative roughness height
and relative roughness pitch. The effect of relative roughness
pitch, flow regimes and the development of flow vortices down-
stream are shown in Fig. 6.

6.2 Impact of angle of attack

Many researchers found the angle of inclination («) to be the
crucial parameter in the SAH performance. In general, when rib
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Fig. 7. Flow regime developed by introducing different roughness elements (drawn after [51]).

is inclined, it geometrically divides the main fluid flow into two
parts, namely, the primary and the secondary stream flow. This
segregation of the flow regime enhances the heat transfer and
fluid flow characteristics. Taslim et al. [17] utilised inclined ribs
as roughness elements to modify SAH. They observed that when
fluid enters the leading edge of the rib and passes through the
trailing edge, the whole flow regime acts as a high heat transfer
zone. Secondary flow accelerates heat transfer and increases
fluid friction.

6.3. Impact of V-shaped rib

Modifying conventional SAH by V-shaped rib roughness leads
to creating spanwise counter-rotating flows. The general obser-
vation was that V-shaped ribs enhance heat transfer by inducing
spanwise counter-rotating flows, which promote vigorous fluid
mixing, suppress laminar flow and decrease the thermal re-
sistance (flow obstruction) in the boundary layer, as shown in
Fig. 7b.

6.4. Impact of multiple V-shaped rib roughness

Various researchers observed that numerous secondary flow cells
are introduced by using multiple V-shaped ribs that interconnect
with the main flow. Multiple V-shaped ribs enhance heat transfer
by introducing chaotic fluid mixing, which leads to higher heat
transfer rates, but also to increased frictional losses, as seen in
Fig. 7.

6.5. Impact of gap in inclined, V- and multiple V-
shaped rib roughness

V-shaped ribs with gaps enhance heat transfer rate by releasing
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secondary flow. The secondary flow accelerates flow inside the
boundary layer, which promotes better fluid mixing. The main
reason behind the improvement in the heat transfer rate is a twin
secondary flow that passes along the ribs. The release of jets
through small gaps arranged along the longitudinal axis are
shown in Fig. 7.

6.6. Impact of dimples and protrusions

Arc-shaped dimples and protrusions on the absorber plate en-
hance heat transfer by inducing flow impingement, flow separa-
tion and vortex formation. Sethi et al. [85] observed that flow
vortices generated on both sides of the protrusion element over
the absorber plate and the main flow impingement on the up-
stream side of the protrusion result in an enhancement of heat
transfer in the modified SAH.

7. Various geometries used for solar air heaters
performance improvements

The solar air heater (SAH) has been studied in order to improve
its performance. The primary goal of these studies was to collect
data on improvements in Nusselt number, friction factor,
thermo-hydraulic performance and correlation developments.
Researchers conducted research using a variety of methods, in-
cluding not only experimental but also numerical and machine
learning approaches. They used various roughness geometries
and geometrical configurations of SAH to achieve the aforemen-
tioned goal, as summarised in Table 5.
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7.1. Transverse ribs

Prasad and Saini [86] conducted an experimental study of SAHs
to determine the effect of a protrusion wire (small diameter) over
the flat plate (absorber sheet). The objective was to evaluate heat
transfer enhancement between the flowing air stream and the
heated absorber sheet, as shown in Fig. 8. They considered the
design parameters, such as a P/e ratio ranging from 10 to 20, an
e/D ratio ranging from 0.020 to 0.033, and Re ranging from 5000
to 50 000. Following the completion of the experimental inves-
tigation, they obtained an increase of 2.38 in Nu and an increase
of 4.25 in f for a P/e ratio of 10. The researchers reported an in-
creasing effect of the P/e ratio in increasing Nu and f. Addition-
ally, when increasing f, a decrease in Nu was observed while in-
creasing the relative roughness pitch.
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Fig. 8. Transverse wire rib (drawn after [86]).

Gupta [87] conducted an experimental study on a conven-
tional-cum-modified solar air heater with a rectangular duct to
investigate the heat transfer mechanism and flow behaviour over
the absorber plate. He employed transverse wire ribs as artificial
roughness to find the effect of rib roughness on the thermal per-
formance of the modified SAH in the transitional rough region,
as depicted in Fig. 9. He used design and flow parameters, such
as the aspect ratios of 6.7 to 11.5, P/e ratio of 10, /D ratio rang-
ing from 0.018 to 0.052, and Re within 3000—18 000. As a re-
sult, he reported that a correlation between heat and momentum
transfer roughness functions R(e*) and G(e*) for a varying range
of roughness Reynolds numbers of 5 to 70. He concluded that
the correlation between R(e*) and G(e*) can be used to design
a SAH. He also found a strong correlation between Nu and f,
based on theoretical and experimental values.

WIRES
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Fig. 9. Transverse wire rib (drawn after [87]).

Karwa [88] performed an experimental study on the rectan-
gular duct in view of the performance improvement of SAH us-
ing different types of repeated ribs, as seen in Fig. 10. These ribs
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Fig. 10. Transverse wire rib (drawn after [88]).

are transverse, V-discrete, V-continuous, and inclined types of
patterns were tested. The parameters involved in the study were
a P/e ratio of 10 (fixed), an e/D ratio ranging from 0.0467 to
0.050, an angle of inclination fixed at 60°, and the working pa-
rameters such as Re varying between 2800 and 15 000. The au-
thor reported that the VV-down discrete pattern of augmented ab-
sorber plate-based SAH provided the maximum increment in
heat transfer under unique conditions. In addition, the author re-
ported significant correlations for Nu and f in the performance
evaluation of SAH.

Layek et al. [89] experimentally investigated the repeated
transverse chamfered rib-grooved roughened SAH (Fig. 11) to
understand heat flow and entropy generation inside the duct. The
physical parameters taken included the chamfer angle from
5° to 30°, a relative roughness height of 0.03 (fixed), the relative
groove position (g/P), a relative roughness pitch of 10 (fixed)
and Reynolds number varying between 3000 and 21 000. The
authors found that the Nusselt number and friction factor for the
roughened SAH increased 2.6 and 3.35 times, respectively,
compared to the smooth SAH at an optimised chamfer angle of
18°. Also, they reported that the maximum thermo-hydraulic
performance achieved was 1.76.

A

?

Fig. 11. Transverse wire rib (drawn after [89]).

Saini and Saini [90] conducted an experimental study to see
the effect of expanded metal mesh wire based artificially rough-
ened SAH on the heat transfer phenomena, as seen in Fig. 12.
They utilised the system parameters such as the relative long-
way length of a mesh (L/e) of 25 to 71.87, the relative short-way
length of a mesh (S/e) of 15.62 to 46.87 and the relative height
of a mesh (e/D) of 0.012 to 0.039, and the Reynolds number
ranging from 1900 to 13 000. In the case of the modified SAH
with the mesh wire based rib roughness, they obtained a maxi-
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Fig. 12. Expanded metal mesh wire (drawn after [90]).

mum increase in Nu and f of 4 and 5, respectively, compared to
a smooth SAH. They also reported a strong correlation between
Nu and f for the accurate prediction of fluid flow behaviour.

Verma and Prasad [91] performed an experiment to evaluate
the impact of transverse wire artificial roughness on the fluid
flow characteristics and the rate of heat transfer along with the
flow behaviour — the flow mechanism inside the SAH is shown
in Fig. 13. They employed the design parameters and working
parameters, such as a P/e ratio of 10-40, an e/D ratio ranging
from 0.01 to 0.03, and Re ranging from 5000 to 20 000. They
also considered the roughness Reynolds number (e+) for the
study. For a roughened duct, they obtained an enhancement in
Nu ranging from 1.25 to 2.08 compared to a smooth duct-based
SAH, and also reported an optimum thermo-hydraulic perfor-
mance (THP) of 1.71.

C

=

Fig. 13. Transverse wire roughness (drawn after [91]).

Singh et al. [92] performed experimental and numerical stud-
ies of multiple transverse broken and square wave-shaped ribs
as roughness elements, depicted in Fig. 14, for evaluation of the
performance characteristics of SAH. They utilised design pa-
rameters such as e/D = 0.043 (fixed), W/w = 7 (fixed), P/e = 10
(fixed), and the Reynolds number as the working parameter, var-
ied from 3000-18 000 (six levels). They concluded that SAH
with multiple broken ribs performed better, achieving 2.38 times
higher THP under identical conditions compared to the solar air
heater with broken transverse ribs. Furthermore, they found that
at Re of 15 000, THP for multiple broken transverse ribs was
2.10 times higher, and for square wave-shaped ribs, 1.62 times
higher, compared to smooth duct SAH. Also, they obtained in-
creased values of Nu and f — 2.50 times and 3.92 times, respec-
tively, for multiple transverse broken ribs, and 3.24 times and
3.85 times, respectively, for square wave-shaped ribs.

Singh et al. [93] studied the impact of artificially roughened
SAH using square-wave shaped and non-uniform ribs (shown in
Fig. 15) to evaluate an enhancement in the thermal performance.
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Fig. 14. Roughness elements: (a) square wave-shaped ribs,
(b) multiple transverse broken ribs (drawn after [92]).

They employed a CFD (computational fluid dynamics) tech-
nigue to save resources and periodic gaps to minimise eddies
just after the ribs. They also used the following design and work-
ing parameters: a relative roughness width of 10-310; a relative
roughness pitch of 10 (fixed); a relative roughness height of
0.043 (fixed); the Reynolds number ranging from 3000 to
15 000. The authors quoted a maximum augmentation of the
Nusselt number of 2.22 and a maximum augmentation of the
friction factor of 3.44. They also reported a maximum thermo-
hydraulic performance value of 1.49. Finally, they concluded
that non-uniform rib-based SAH gives better performance com-
pared to uniform rib-based SAH.

Sharma et al. [94] analysed SAH by employing six distinct
roughness geometries, such as transverse ribs with and without
an inclination angle, dimples with and without an inclination an-
gle, arc-based rib and sine-wave type rib, using a CFD approach
to improve heat transfer and fluid flow characteristics. The de-
sign parameters used were P/e = 10 (fixed) and e/Dn = 0.271
(fixed), and the working parameter was the Reynolds number
varying from 3000 to 18 000 to capture the behaviour of SAH
exactly. The authors reported maximum enhancement in Nu of
3.60 at the optimum Re of 15 000 and maximum augmentation
in f of 15.5 at Re = 3000 for sine wave-shaped baffles compared

Uniform square cross-section transverse rib

Non-Uniform square cross-section transverse rib

(b)
(a)

Fig. 15. Roughness elements: (a) non-uniform ribs,
(b) uniform ribs (drawn after [93]).
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to the smooth case. They also found the maximum THP value
for the sine wave-shaped baffles based SAH amounting to 2.05
at the optimal Re of 15 000.

Mahanand and Senapati [95] performed a CFD analysis of
a SAH for the prediction of heat transfer and fluid flow charac-
teristics using transverse inverted-T shaped ribs shown in
Fig. 16 as roughness elements. As control parameters, they used
an e/D ratio of 0.042 (fixed), a P/e ratio varying from 7.14 to
17.86, and Re varied from 3800 to 18 000 over a two-dimen-
sional (2D) fluid flow SAH domain. Additionally, boundary
conditions were implemented utilising an aluminium absorber
plate along with the RNG (renormalization group theory) k—
model with an enhanced wall treatment for capturing a real-time
view inside SAH. The authors obtained a maximum augmenta-
tion of Nu for SAH with an absorber plate roughened with the
inverted-T ribs by a factor of 2.747 compared to a smooth plate
SAH. The optimum design parameters for improved Nu were
Ple = 7.14 and Re = 15 000. Also, for P/e of 7.14 and Re of
3800, the maximum f achieved was 3.404 times that of a smooth
duct. They also reported a THP of 1.87 for an inverted T-shaped
ribbed SAH, under the following operating conditions: P/e ratio
of 7.14 and e/D ratio of 0.042 at Re = 15 000. They also found
sound correlations between Nu and f.
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Fig. 16. Roughness elements in the form of transverse
inverted-T shaped ribs (drawn after [95]).

Gawande et al. [96] studied two novel roughness geometries,
such as combined square and equilateral triangular ribs over
a flat absorber plate (Fig. 17) for thermal and thermo-hydraulic
performance enhancement, using both experimental and CFD
techniques. The design and flow parameters utilised were: a P/e
ratio varying from 7.14 to 17.86, an e/D ratio of 0.042 (fixed)
and Re varying from 3800 to 18 000. In this study, a constant
heat flux of 1000 W/m? and the RNG k-« turbulence model were
employed to minimise the deviation between the experimental
and CFD results. The highest increments in Nu and f reported
were 2.877 and 3.849 for a P/e ratio of 7.14, an e/D ratio of 0.042

[V U V U V U V]

Fig. 17. Roughness geometry of combined square
and equilateral triangular ribs (drawn after [96]).

and Re of 18 000. Also, a THP of 1.86 was obtained at the opti-
mum operating parameters, such as P/e = 7.14, /D = 0.042 and
Re =18 000. It was observed that combined ribs give better SAH
performance compared to individual ribs.

Kumar et al. [97] studied experimentally the double-pass
SAH consisting of a flat plate kind absorber to enhance thermal
performance compared to conventional SAH, as depicted in
Fig. 18. They employed asymmetric semi-circular and symmet-
ric circular shapes as roughness over the absorber plate. They
found that asymmetric semi-circular based roughness performed
better in SAH compared to a symmetrical shape based SAH.
Moreover, novel correlations were developed for Nu and f as
a function of Reynolds number and relative roughness height.
This correlation showed strong prediction capability.

e
(a) @ (d) @
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Fig. 18. Symmetric circular (a — c) and asymmetric semi-
circular (d — f) shapes as roughness (drawn after [97]).

Kumar and Layek [98] combined two techniques to empha-
sise the rate of heat transfer and fluid flow characteristics of
a modified SAH with roughness geometry of circular ribs over
an absorber plate, using liquid crystal thermography (LCT) and
CFD technique. The roughness geometry is represented in
Fig. 19. The design parameters involved were: a P/e ratio taken
as 10 and 20, a constant /Dy ratio and Re varying from 8551 to
11149. Liquid crystal thermography produced graphical results
of Nu and f. The maximum enhancement in the Nusselt number
obtained through the combined approach was 1.97 compared to
the smooth duct.

Air Flow

Fig. 19. Roughness geometry of circular ribs
(drawn after [98]).

Kumar et al. [99] modified SAH with square ribs and also
modified the cross section of the duct to capture an impact on
thermal and thermo-hydraulic performance of the SAH com-
pared to a conventional SAH, as illustrated in Fig. 20. Two sets
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Fig. 20. Roughness geometry of square ribs(drawn after [99]).

of design parameters were tested by the CFD technique, i.e. the
P/e ratio ranging from 5 to 13 and the e/D ratio ranging from
0.013to 0.05. The authors also mentioned Re varying from 3900
to 17 900. They found that the k—¢ based turbulent model per-
formed significantly better than other methods tested. The en-
hancement in performance evaluated after modification showed
that Nu increased by 1.97 times and f increased by 2.53 times
compared to the smooth duct. The highest THP calculated was
1.44 at the optimum parameters of P/e = 10 and e/D = 0.05 at
Re of 17 900. Their study revealed a strong correlation for Nu
and f, with a maximum deviation of about 15%.

Kumar et al. [100] studied the mechanism of heat transfer
and fluid flow phenomena of SAH using rectangular ribs over
the absorber plate, as depicted in Fig. 21. The duct was triangu-
lar in cross-section, created for CFD evaluations. The physical
design parameters employed for the study were the aspect ratio
(e/w) in the range of 0.25 to 4.0, /D ratio in the range of 0.02 to
0.04, P/e ratio in the range of 5 to 15; Re varied between 4000
and 18 000. The authors reported a maximum THP of 1.89 at
optimum parameters: a P/e ratio of 10, an e/w ratio of 4.0,
an e/D ratio of 0.04 and Re of 15 000.

Fig. 21. Roughness geometry of rectangular ribs
(drawn after [100]).

Kumar et al. [101] evaluated the performance of SAH with
three novel models of SAH and roughness over the absorber
plate. The roughness geometry is shown in Fig. 22. The design
parameters used were the apex angle of 60, number of rounded
corners 0 to 1, a curvature radius of 0 to 0.393 H (where H is the
duct height) and operating parameter Re varied from 4000 to
18 000. The minimum enhancement in the performance of SAH
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Fig. 22. Roughness geometry of semi-circular ribs
(drawn after [101]).
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reported was 1.87 times that of the conventional model with no
roughness element over the absorber plate.

7.2. Arc-shaped rib roughness

Saini and Saini [102] performed an experimental investigation
on modified SAH for performance enhancement. The modifica-
tion of SAH was carried out using an arc-shape parallel wire as
the roughness element (Fig. 23). The design and operating pa-
rameters considered in the study were P/e ratio of 10 (fixed),
a relative roughness height (e/D) ranging from 0.0213 to 0.0422,
a relative angle of attack (a/90°) varying between 0.3333 and
0.6666, and Re ranging from 2000 to 17 000. It was found that,
compared to the smooth duct of SAH, Nu increased by 3.80
times and f increased by 1.75 times. Based on the experimental
datasheet of Nu and f, strong correlations were developed with
good accuracy.

L)

Arc shaped GI wires

Fig. 23. Roughness geometry of arc-shaped parallel wires
(drawn after [102]).

Singh et al. [103] used multiple arc-shaped ribs as roughness
elements for the modification of SAH (Fig. 24) to improve its
thermal performance. The parameters of practical and operating
conditions, such as Re ranging from 2200 to 22 000, e/D ratio
ranging from 0.018 to 0.045, W/w ratio ranging from 1 to 7, P/e
ratio varied between 4 and 16, and arc angle («) within the range
of 30° to 75°. They reported the maximum increase in Nu and f
of 5.07 and 3.71, respectively, compared to the smooth duct. The
optimum parameters they obtained were: Re of 22 300, W/w ra-
tio of 5, e/D ratio of 0.045, P/e ratio of 8 and a of 60°. The max-
imum THP reported at optimum parameters was 3.4.

/

Multiple Arc Shaped ribs

Test section

Fig. 24. Roughness geometry of multiple arc-shaped ribs
(drawn after [103]).

Sahu and Prasad [104] investigated a modified SAH for ex-
ergetic performance enhancement using roughness geometry in
the form of arc-shaped wire ribs (Fig. 25), using an analytical
approach. The mathematical model was developed to validate
the results. The maximum exergetic performance improvement
compared to a smooth duct was found to be 56%.

Kumar et al. [105] modified the SAH with a novel roughness
geometry consisting of discrete multi arc-shaped ribs combined
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Fig. 25. Roughness geometry as arc-shaped wire ribs
(drawn after [104]).

with jet impingement for an enhancement in heat transfer and
fluid flow characteristics, as seen in Fig. 26. The design and op-
erating parameters utilised were: the relative discrete distance of
0.27-0.86, the relative discrete width of 0.32-1.72 (varying),
the relative rib height of 0.025—-0.047 (varying), the relative rib
pitch of 0.58—3.1 (varying), the arc angle of 35°-65° (varying),
the stream wise pitch ratio of 0.47-1.72 (varying), the spanwise
pitch ratio of 0.46—0.82 (varying) and the Reynolds number var-
ying from 3000 to 19 000. They reported an increment in Nu and
f for amodified SAH of 7.61 and 6.48, respectively, as compared
to the smooth SAH. In addition, the THP for optimised design
parameters was 4.1. Correlations were developed for Nu and f
to predict thermal and fluid characteristics inside the SAH.

Fig. 26. Discrete multi arc-shaped ribs combined
with jet impingement (drawn after [105]).

Yadav et al. [106] studied experimentally the effect of heat
transfer and fluid flow mechanism of a modified SAH, incorpo-
rating circular protrusions in angular arc-shaped arrangement as
roughness elements, as seen in Fig. 27. The physical and oper-
ating variables used included: a P/e ratio varying from 12 to 24,
an e/D ratio varying from 0.015 to 0.03, the arc angle of protru-
sions arrangement varying from 45° to 75° and Re ranged from
3600 to 18 100. The maximum augmentation of Nu and f was
2.89 and 2.93 times, respectively, in comparison to a smooth
SAH. The authors also developed correlations for Nu and f.

Ghritlahre [107] performed an experimental study for aug-
mentation of heat transfer and fluid flow characteristics by mod-
ifying conventional SAH with a novel arc-shaped artificial
roughness in two major configurations, such as apex up and apex
down, as shown in Fig. 28. They employed the design parame-
ters as a P/e ratio of 10 (fixed), an e/D ratio of 0.0395 (fixed),
a rib roughness of 2.5, and an arc angle of 60°. The operating
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Fig. 27. Circular protrusions in angular arc-shaped arrangement
(drawn after [106]).

(b)

Fig. 28. Arc-shaped ribs in two major models, such as apex up
and apex down (drawn after [107]).

parameter they used was the mass flow rate, ranging from 0.007
to0 0.022 kg/s. They observed the maximum enhancement of 1.42
in heat transfer compared to smooth SAH in the apex upstream
flow.

Srivastava et al. [108] performed CFD analysis of modified
SAH, using artificial roughness in the form of dissimilar re-
peated ribs. These ribs were arc-shaped with a gap and V-shaped
with a gap (Fig. 29) for the enhancement of thermal and thermo-
hydraulic performance of the SAH. The boundary conditions
were set as: a g/e ratio of 1, an /D ratio of 0.04, a P/e ratio of
10, a p/P ratio of 0.65, a relative gap distance (d/W) of 0.69,
a number of gaps — 1, an arc angle of 60°, a constant heat flux
of 1000 W/m?, and Re ranging from 3000 to 15 000. The Nu and
f for arc-shaped ribs with gaps were increased by 2.4 and
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Fig. 29. Arc-shaped ribs with gaps as roughness elements
(drawn after [108]).
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3.94 times, respectively, at Re = 3000. The maximum THP val-
ues reported were 2.21 and 1.5 for V-shaped ribs and arc-shaped
ribs, respectively.

Gill et al. [109] conducted experimental studies on modified
SAH using broken arc ribs combined with staggered rib for en-
hancement of thermal and thermo-hydraulic performance of the
SAH, as seen in Fig. 30. They utilised the following design pa-
rameters: a fixed relative staggered rib position of 0.4, an e/D
ratio of 0.043, a relative gap size of 0.65, an arc angle of 60°,
and a P/e ratio of 10 (fixed). They used Re ranging from 2000
to 16 000 as the operating variable. The maximum augmentation
of Nu and f was 3.06 and 2.50, respectively, compared to the
smooth duct. They also reported the highest THP of 2.27 in the
whole study.
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Fig. 30. Roughness in the form of the broken arc ribs combined
with staggered rib (drawn after [109]).

Bhuvad et al. [110] performed an experimental study on the
enhancement of heat transfer and fluid flow characteristics of
modified SAH using roughness elements as novel apex-up dis-
crete arc rib, as depicted in Fig. 31. They modified SAH by aug-
menting parameters, such as the angle of attack () in three-step
(30°, 40°, 60°), the g/e ratio of 4 (fixed), the e/D ratio of 0.045
(fixed), P/e set to 10, and the number of gaps set to 3. They used
Re ranging from 3000 to 14 000 as the operating parameter. The
authors obtained the maximum increase in Nu and f of 2.92 and
3.04 times, respectively, compared to smooth SAH. The maxi-
mum THP found was 2.01 across all cases of studied SAH. The
correlations for Nu and f were developed for the prediction of
similar cases in SAH.
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Fig. 31. Apex-up discrete arc rib as a roughness element
(drawn after [1101).

Korpale et al. [111] developed a modified SAH using rectan-
gular section ribs, shown in Fig. 32, to enhance the heat transfer
capability of SAH. They employed the following design param-
eters: a P/e ratio range of 5-60, an e/D ratio in the range of
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Fig. 32. Roughness element as the rectangular section ribs
(drawn after [111]).

0.065-0.252, a w/W ratio in the range of 0.5—10 and Re varying
from 4000-20 000. The maximum THP found for modified
SAH was 2.77. They also validated the experimental results with
CFD results for optimisation.

Kumar et al. [112] developed SAH with a novel geometry
consisting of multiple-arc shaped ribs with gaps (Fig. 33), de-
signed for better heat transfer and fluid flow under the absorber
plate of a new modified SAH. The parameters they used for the
study were: a number of gaps of 3, a relative gap width of
0.5-1.5, a relative gap position of 0.3—0.9, and varying Reyn-
olds number of 4000—20 000. They reported an enhancement of
the Nusselt number and an increase in friction factor, with devi-
ation of £ 6.15% and + 5.74%, respectively, compared to the
smooth- duct-based SAH. Additionally, the maximum THP ob-
tained for the modified SAH was 2.77 at optimum parameters.
These were: a relative pitch of 17.22, a relative rib height of
0.044, a relative gap width 0.5 and the Reynolds number of
20 000.
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Fig. 33. Multiple-arc shaped ribs with gaps as roughness
elements (drawn after [112]).

7.3. V-shaped ribs

Singh et al. [113] experimentally investigated SAH with discrete
V-shaped ribs as artificial roughness, with the view to heat trans-
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Fig. 34. Roughness elements in the form of discrete \V-shaped
ribs (drawn after [113]).
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fer and fluid flow enhancement (Fig. 34). They used various de-
sign parameters, such as a P/e ratio ranging from 4 to 12, an e/D
ratio ranging from 0.015 to 0.043, a of 30° to 75°, a g/e ratio
varying between 0.5 and 2.0, and a relative gap position (d/w)
ranging from 0.20 to 0.80. They also used Re varying from 3000
to 15 000 as an operating parameter. The authors found the max-
imum augmentation in Nu and f of 3.04 and 3.11, respectively,
as compared to the smooth duct. They also reported the optimal
parameters to achieve the highest Nu and f using the discrete
V-shaped rib roughness, which were: a d/w ratio of 0.65,
a g/e ratio of 1.0, a P/e of 8.0, a of 60° and an e/D ratio of 0.043.
They also developed the correlations for Nu and f in terms of Re
and other rib variables.

Momin et al. [114] reported an experimental analysis of
a SAH modified with V-shaped rib roughness (Fig. 35) for eval-
uating an enhancement of heat transfer and fluid flow behaviour.
The design and operating parameters used by the authors were:
an e/D ratio of 0.02 to 0.034, a of 30° to 90° (fixed), a P/e ratio
of 10, and varying Re ranging from 2500 to 18 000. The reported
maximum increments across all configurations of modified
SAH were: an enhancement in Nu by 2.30 times and an increase
in f by 2.83 times compared to the smooth SAH. They also de-
veloped correlations for Nu and f, with the conclusion that Re
has more impact on the performance than a.
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Fig. 35. Roughness element formed by the V-shaped rib
(drawn after [114]).

Hans et al. [25] performed an experimental investigation on
a SAH, modifying it with an artificial roughness in the form of
different types of multiple V-shaped ribs for amelioration in heat
transfer and fluid flow behaviour in the SAH. They utilised the
design parameters, such as an e/D ratio varying from 0.019 to
0.043, a P/e ratio varying from 6 to 12, a varying from 30° to
75°, a W/w ratio varying from 1 to 10 and Re ranging from 2000
to 20 000 as operating parameter. By modification, they ob-
tained the highest increase in Nu and f — of 6 and 5 times, re-
spectively — compared to a smooth duct. They also developed
a statistically based correlation for Nu and f for predicting the
SAH performance.

Deo et al. [115] conducted an experimental study on modifi-
cation of SAH by using artificial roughness in the form of multi-
gap V-down ribs combined with staggered ribs for performance
enhancement of conventional SAH, as portrayed in Fig. 36. The
variables they used for design and operation were: a P/e ratio of
4-14, an e/D ratio of 0.026—0.057, a of 40°-80°, a g/e ratio of
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Fig. 36. Roughness elements in the form of multi-gap V-down
ribs combined with staggered ribs (drawn after [115]).

1 (gap width to rib height as fixed), a w/e ratio of 4.5 (staggered
rib length to rib height ratio as fixed), a p/P ratio of 0.65 (relative
staggered rib pitch as fixed), a Np of 2 (number of gaps), and Re
in the range of 4000 to 12 000. The obtained maximum augmen-
tation in Nu was 3.34 and the maximum THP found was 2.45.

Singh et al. [116] developed an experimental setup of modi-
fied SAH with V-down ribs with a gap as roughness elements to
examine an enhancement of thermal and thermo-hydraulic per-
formance of conventional SAH, as shown in Fig. 37. They uti-
lised design parameters and operating parameters, including an
angle of attack of 60° (fixed), a relative roughness height of
0.043 (fixed), a duct aspect ratio of 12, a relative roughness pitch
of 4-12 (five step) and the Reynold number varying from
3000 to 12 000. For the modified SAH, they reported the maxi-
mum augmentation in the Nusselt number and friction factor of
2.70 and 2.86, respectively. They also found that the highest
THP for the modified SAH was 1.93.

» »

Fig. 37. VV-down ribs with a gap as roughness elements
(drawn after [116]).

Kumar et al. [117] accomplished an experimental study on
the modified SAH, using artificial roughness in the form of mul-
tiple V-shaped ribs with gaps to improve heat transfer and fluid
flow behaviour of a SAH. They used the design and run param-
eters, such as a P/e ratio of 10 (fixed), an e/D ratio of 0.043
(fixed), a W/w ratio of 6 (fixed), a relative gap distance (Gd/Ly)
within a range of 0.24 to 0.80, a g/e ratio ranging from 0.5 to
1.5, an a of 60°(fixed), and Re varying between 2000 to 20 000.
They observed the maximum increase in Nu and f of 6.32 and
6.12, respectively, for modified SAH as compared to a smooth
duct. They also observed an improvement in THP of 3.6 for the
modified duct compared to conventional smooth SAH.

Patel and Lanjewar [118] developed the modified SAH using
artificial roughness as a V-geometry with symmetrical gap and
staggered elements, as depicted in Fig. 38. To achieve the objec-
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Fig. 38. Roughness formed by a \VV-geometry with symmetrical
gap and staggered elements (drawn after [118]).

tive they employed the governing design parameters, such as
a duct aspect ratio (W/H) of 12 (fixed), a P/e ratio of 10, an e/Dy,
ratio of 0.043, an « of 60°, a ratio of staggered rib position to
pitch (P’/P) of 0.4 (fixed), a ratio of gap width to rib height (g/e)
of 4, a number of main gaps (Ng) equal to 4, a ratio of staggered
size to rib height (r/e) of 4, a relative gap size of additional gap
in the symmetrical rib elements (g’/e) in the range of 0.5 to 2,
the relative gap position of additional gap in the symmetrical rib
elements (d/w) in the range of 0.25 to 0.85, and Re varying be-
tween 4000 to 15 000. The maximum obtained enhancement in
Nu and f for modified SAH was 2.51 and 2.70, respectively,
compared to the smooth SAH. The maximum THP found was
1.82 for the optimum variables, such as Re of 12 524, a g /e ratio
of 1 and a d/w ratio of 0.65.

Srivastava et al. [108] performed a CFD analysis of the SAH
modified using dissimilar repeated ribs as artificial roughness to
enhance the SAH’s thermal and thermo-hydraulic performance.
The ribs were of V-shape with a gap, as illustrated in Fig. 39.
The boundary conditions used were: a g/e ratio of 1, an e/D ratio
of 0.04, a P/e ratio of 10, a p/P ratio of 0.65, a d/W ratio of 0.69,
a number of gaps of 1, arc angle of 60°, constant heat flux of
1000 W/m?, and Re ranging from 3000 to 15 000. The maximum
enhancement in Nu and f they obtained for V-shaped ribs was
2.4 and 3.4, respectively, at Re = 15 000. The maximum THP
values reported were 2.21 and 1.5 for V-shaped ribs and arc-
shaped ribs, respectively.
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Fig. 39. Roughness element in the form of a VV-shaped rib
with a gap (drawn after [108]).
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7.4. Dimple or protrusion ribs

Kumar and Prasad [119] extensively conducted an experimental
study on a modified SAH roughened with concave dimples for
better performance of conventional SAH. They compared
a 3-sided roughened SAH with a 1-sided conventional SAH.
They utilised various design and operating parameters, such as
a P/e ratio in the range of 8 to 15, an e/D ratio in the range of
0.018 to 0.045, an e/d ratio in the range of 1 to 2, and Re varied
from 2500 to 13 500. They reported that Nu and f were affected
by roughness parameters. The maximum increase in Nu and f
across all cases investigated was 3.94 and 2.79.

Saini and Verma [120], aimed at improving the performance
of SAH, performed an experimental investigation artificially
roughened SAH with dimple shape roughness elements, as
shown in Fig. 40. The employed design and operating parame-
ters were: a relative roughness height (e/D) in the range of
0.018-0.037, a relative pitch (p/e) in the range of 8-12, and the
Reynolds number ranging within 2000—12 000. They observed
that, under all studied cases, the maximum Nu and f were 7.58
and 4.68, respectively, compared to a smooth duct. They also
developed correlations for Nu and f for the performance predic-
tion of SAH.

P=12 mm, 15 mm, 18 mm

Fig. 40. Dimple-shaped roughness elements (drawn after [120]).

Kumar and Verma [121] performed extensive experimental,
as well as numerical investigation, on sinusoidal-based SAH for
performance enhancement. They employed the design and oper-
ating parameters, such as a hydraulic diameter (Dp) of
33.33 mm, a roughness pitch (P) of 10—18 mm (in three steps),
a roughness height (e) of 1 mm, an aspect ratio (W/H) of 5, and
the Reynolds number varied from 4000 to 15 000. Compared to
a smooth duct, they obtained maximum augmentation in Nu and
fof 2.48 and 1.76, respectively. The highest calculated THP was
2.05 at the optimum parameters of P = 10 mm and Re = 4000.
The authors also concluded that THP obtained from experi-
mental analysis deviated by 6.77% compared to the CFD results.

Bhusan and Singh [122] developed a modified SAH with
protrusion roughness for an enhancement of SAH performance,
as illustrated in Fig. 41. The employed various design and oper-
ating parameters included: a relative short way length (S/e) in
the range of 18.75 to 37.50, a relative long way length (L/e) in
the range of 25.00 to 37.50, a relative print diameter (d/D) rang-
ing from 0.147 to 0.367, a relative roughness height (e/D) of
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Fig. 41. Protrusions as roughness elements (drawn after [122]).

0.03 (fixed), and the Reynolds number ranging between 4000
and 20 000 during experimentation. The maximum Nu and f ob-
tained were 3.8 and 2.2, respectively, compared to a smooth
duct. The maximum performance was evaluated at the optimum
parameters, as the S/e ratio of 31.25, L/e ratio of 31.25 and d/D
ratio of 0.294. They also developed correlations for Nu and f.

Hassan et al. [123] performed an experimental investigation
on modified SAH by using artificial roughness as dimple rough-
ened in multiple arc pattern in the view of performance enhance-
ment as seen in Fig. 42. The employed design and operating pa-
rameters included a relative roughness pitch (p/e) in the range of
4 to 16, a relative roughness height (e/Dy) in the range of
0.018 to 0.045, a relative roughness width (W/w) in range of
1 to 5, an angle of attack in the range of 30° to 75°, and the
Reynolds number of 2000 — 18 000 as governing parameters for
the modified SAH. The maximum increase in the Nusselt num-
ber and friction factor was found to be 5.61 and 2.27 times, re-
spectively, compared to a smooth duct. The optimum parameters
in that case were: Re of 17 984, a W/w ratio of 4, an e/Dy, ratio
of 0.036, a P/e ratio of 12 and « of 60°.
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Fig. 42. Roughness elements in the form of dimples in multiple
arc pattern (drawn after [123]).

Kumar [9] performed an experimental study on 1- and
3-sided concave dimple-roughened modified SAH (Fig. 43)
aimed at improvement of thermal and thermo-hydraulic perfor-
mance. The author employed the roughness design and run pa-
rameters, such as a relative dimple pitch in the range of 8 to 15,
a relative dimple height of 0.018 — 0.045, a relative dimple depth
in the range of 1 to 2, and a Reynolds number in the range of
2000 to 13 500. The maximum Nu and f were found to be
3.94 times and 2.79 times that of a smooth duct. Additionally,
statistical correlations were developed for Nusselt number and
friction factor. The percentage deviation between experimental
and data collected through correlations was within the range of
5-6%.
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Fig. 43. Concave dimples as roughness elements (drawn after [9]).

Alam and Kim [124] fabricated a modified SAH using con-
ical protrusion ribs as roughness elements for gaining higher
thermal and thermo-hydraulic performance, as seen in Fig. 44.
The design parameters employed were: a relative rib pitch (P/e)
ranging between 6 and 12, a relative rib height (e/D) ranging
from 0.200 to 0.044, and a Reynolds number of 4000 to 16 000.
The authors developed correlations for Nu and f. They found
maximum augmentation in Nu and f of 2.49 and 7.29, respec-
tively, compared to a smooth SAH.
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Fig. 44. Conical protrusion rib as a roughness element
(drawn after [124]).

7.5. W-shaped ribs

Lanjewar et al. [125] developed modified SAH using W-shaped
ribs with inclination as artificial roughness to optimise the per-
formance of a conventional SAH. There were two major models
tested with respect to flow as downstream W-down and up-
stream W-up, as shown in Fig. 45. They utilised various design
parameters to evaluate proposed performance enhancement,
such as a duct aspect ratio (W/H) of 8, a P/e ratio of 10 (fixed),
an e/D of 0.03375 (fixed), a of 30° to 75°, and used Reynolds
number varying from 2300 to 14 000 as a run parameter. The

(a)

S o»

(b)

Fig. 45. Downstream W-down (a) and upstream W-up (b)
roughness elements (drawn after [125]).
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maximum increase in Nu and f obtained in the study was
2.36 and 2.01, respectively, for W-down ribs at the optimum pa-
rameters. These parameters were a = 60°, /D = 0.03375 and
Re = 14 000. They also developed correlations for Nu and f,
which were acceptable within the range of 5 to 10% in any case.

Kumar et al. [126] conducted an experimental analysis on
modified SAH using discrete W-shaped elements as artificial
roughness for performance enhancement of conventional SAH,
as illustrated in Fig. 46. They employed various design parame-
ters, such as the duct aspect ratio of 8, Reynolds number varied
from 3000 to 15 000, relative roughness height of 0.0168 to
0.0338, relative roughness pitch of 10 and the angle of attack («)
varied from 30° to 75°. They found that the modified SAH has
the maximum increase of the Nusselt number and friction factor
of 2.16 and 2.75 times, respectively, for o = 60°. They also de-
veloped correlations for Nu and f for SAH performance predic-
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Fig. 46. Discrete W-shaped ribs as roughness elements
(drawn after [1261).

Thakur and Thakur [127,128] developed modified SAH us-
ing multi-staggered rib parameters of the W-rib roughness as
novel roughness geometry for the performance enhancement of
conventional SAH, as illustrated in Fig. 47. The employed de-
sign and operating parameters included: a duct aspect ratio
(W/H) of 10 (fixed value), an approach angle («) 60° (as fixed
value), a Reynolds number (Re) in range of 4000—14 000, a rel-
ative roughness height (e/Dy) 0.0423 (as fixed value), relative
roughness pitch (P/e) in the range of 10 to 14, number of gaps
(Ng) of 1 to 2, relative gap width (g/e) in the range of 0.5 to 2.0,
relative staggered rib length (w/e) in the range of 1.5 to 6.0 and
the relative staggered pitch (p/P) in the range of 0.45 to 0.75.
They obtained the maximum Nu and f of 4.10 and 2.4, respec-
tively, at the optimum parameters, which were: g/e = 1, Ng = 2,
Re =12 000, p/P = 0.65, P/e = 12 and w/e = 4.5. The calculated
THP for the studied case was 3.24.
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Fig. 47. Roughness in the form of W-shaped ribs with symmet-
rical gaps with staggered ribs patterns (drawn after [127,128]).
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7.6. Spherical ball roughness

Murmu et al. [129] experimentally investigated the effects of ar-
tificial roughness on heat transfer and fluid flow characteristics
of modified SAH using the spherical ball as roughness elements.
The operating and design parameters they employed were: a rel-
ative roughness pitch (P/e) varied from 9 to 18, a relative rough-
ness height (e/Dy) ranging from 0.024 to 0.040, a ball’s height-
diameter ratio (e/dp) varied from 0.5 to 2, an angle of attack («)
ranging from 35° to 75° and a Reynolds number varied from
2500 to 18 500. In their study, the maximum increase in Nu and
f were 3.56 and 2.67, respectively, compared with the smooth
duct-based SAH. They also developed a correlation to predict
the performance of SAH in terms of Nu and f.

7.7. Non-uniform ribs

Kumar et al. [100] performed a numerical study on a ribbed solar
air heater to enhance heat transfer and thermo-hydraulic perfor-
mance. Forward chamfered rib was in centre of their investiga-
tion, as shown in Fig. 48. They performed the analysis using
Ansys CFD for the geometrical configuration and variables,
such as a relative roughness height (e/D) of 0.018-0.043, a rib
chamfered height ratio (e'/e) of 0 to 1, a rib aspect ratio (e/w) of
0.24 to 1.5 and Reynolds number ranging from 4000 to 17 000.
The maximum increment in Nu and f reported in this research
was 2.88 and 3.52 times, respectively. They also developed cor-
relations for predicting the SAH performance.
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Fig. 48. Forward chamfered ribs as roughness elements
(drawn after [1001).

Bhagoria et al. [130] conducted an experimental investiga-
tion to improve heat transfer in an SAH modified using wedge-
shaped integral transverse ribs (Fig. 49), and developed correla-
tions for heat transfer and friction factor. The utilised variables
and physical parameters were: a Reynolds number varying from
3000 to 18 000, a relative roughness height varied between
0.015 and 0.033 and a rib wedge angle of 8°, 10°, 12° and 15°.

h b b b
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Fig. 49. Wedge-shaped ribs as roughness elements
(drawn after [1301).
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The authors reported a modified SAH to yield a Nusselt number
up to 2.4 times higher and friction factor 5.3 times higher com-
pared to a smooth duct. They also developed correlations for the
Nusselt number and friction factor within an error band of
+15%, using functional parameters such as rib spacing, rib
height, rib wedge angle and Reynolds number.

Barik et al. [131] modified SAH using six different types of
ribs: T-shaped rib, left arm inclined T-shaped rib, right arm in-
clined T-shaped rib, Y-shaped rib, and concave and convex
T-shaped ribs, to enhance the performance of SAH, as shown in
Fig. 50. They analysed a modified SAH through experimenta-
tion and numerically. They developed a physical model using
various parameters, such as the pitch from 20 mm to 90 mm,
stem height from 3 mm to 11 mm, an inclination angle of the rib
from 0° to 60° and a Reynolds number varying from 5000 to
18 000. They obtained the highest increment of Nu and f for
a T-shaped rib. They also reported the highest THP of 1.7 for
a T-shaped rib.
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Fig. 50. Roughness element in the form of: T-shaped rib (a),
right arm inclined T-shaped rib (b), left arm inclined T-shaped
rib (c), Y-shaped rib (d), concave (e) and convex (f) T-shaped

ribs (drawn after [131]).

Kumar and Goel [132] numerically investigated SAH con-
sidering various shapes of roughness elements, such as semi-cir-
cular, circular, triangular, square and rectangular, as depicted in
Fig. 51, to enhance heat transfer through the absorber plate. The
triangular passage was used with different parameters, such as
Reynolds number varying from 3700 to 18 700, a relative rib-
height of 0.0433, a relative rib pitch of 11, arib aspect ratio (e/w)
of 0.67 and 2.0, and a relative chamfered height of 0.75. They
reported the highest THP value of 2.75 for a forward-chamfered
rectangular rib at the optimum parameters of Re = 18 700 and
elw =2.0.
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Fig. 51. Semi-circular, circular, triangular, square and rectan-
gular shapes as roughness elements (drawn after [132]).

Zina et al. [133] analysed conventional SAH, modifying an
absorber plate with triangular and semi-circular nooks with var-
iable height of a three-rib set (Fig. 52) for performance enhance-
ment. They performed a numerical analysis under changing
pitch from 10 to 20, rib height from 0.7 to 2.2 and Reynolds
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Fig. 52. Roughness element in the form of triangular
and semi-circular nooks with variable height
of three ribs (drawn after [133]).

number varying between 3800 and 18 000. The maximum en-
hancement in Nu and f found under that study were 2.55 and
0.22, respectively. They also reported an optimum THP of 1.93
for Re = 5000.

Gawande et al. [134] investigated SAH numerically, as well
as experimentally, using various ribs such as 20° chamfered rib,
right-angle triangular and reverse L-shaped ribs, shown in
Fig. 53, in terms of increasing Nu and f. They employed operat-
ing and control parameters, such as a rib height (e) of 0.7 to 1.4,
a relative roughness pitch (P/e) of 7.14 to 35.71, a relative
roughness height (e/D) of 0.021 to 0.042 and a Reynolds number
ranging from 3800 to 18 000. They reported a maximum aug-
mentation in heat transfer and fluid flow characteristics of
3.218 and 4.047, respectively, for 20° chamfered ribs based
modified SAH. The calculated THP values were 2.047, 2.035
and 1.903, for 20° chamfered rib, right-angle triangular and re-
verse L-shaped ribs, respectively.
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Fig. 53. Roughness elements in the form of 20° chamfered rib,
right-angle triangular and reverse L-shaped ribs
(drawn after [134]).

7.8. Inclined baffles

Aharwal et al. [135] performed an experimental investigation of
a solar air heater modified with roughness of repeated square
cross-section split-rib with gap for evaluation of heat transfer
and friction behaviour of the fluid, as depicted in Fig. 54. They
employed various process control parameters, including a rela-
tive roughness pitch of 10 (fixed), a relative roughness height of
0.0377, an angle of attack of 90° (fixed), a relative gap width
ranging from 0.5 to 2.0, a relative gap position varying from
0.1667 to 0.667 and a Reynolds number varying from 3000 to
18 000. They obtained a maximum increment in Nu and f of 2.59
and 2.87, respectively.
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(i) (ii) (iii)

(iv) )

Fig. 54. Repeated square cross-section split-rib with gap
as roughness elements (drawn after [135]).

Aharwal et al. [136] performed experimental investigation
on modified SAH using integral repeated discrete square ribs as
roughness element, as shown in Fig. 55. The used operating and
physical parameters were: a relative roughness pitch of 4 to 10
(varying), a relative roughness height of 0.018 to 0.0377, an an-
gle of attack of 30° to 90° (varying), a relative gap width ranging
from 0.5 to 2.0, a relative gap position varying from 0.16 to 0.5
and a Reynolds number varying from 3000 to 18 000. In the
study, the maximum obtained increase in Nu and f was 2.83 and
3.63 times, respectively, compared to a smooth SAH. The opti-
mum parameters were: a relative gap position of 0.25 for a rela-
tive gap width of 1.0, a relative roughness pitch of 8.0, an angle
of attack of 60° and a relative roughness height of 0.037.

\\ \\ \\

Tﬁ

AN\

(e)

A\

(d)

Fig. 55. Roughness element as integral repeated
discrete square ribs (drawn after [136]).

Kumar et al. [137] modified SAH by using angled perforated
baffles (Fig. 56) for improvement in heat transfer and fluid flow
characteristics. They employed various parameters for evalua-
tions, such as a relative baffle height of 0.5, a relative baffle
pitch of 10, a relative hole position of 0.266, an open area ratio
(Bo) of 12% and a Reynolds number varying from 5000 to
17 000. In the case under study, they obtained an enhancement
in Nu and f of 3.82 and 7.14 times, respectively. The maximum
determined value of THP for modified SAH was 1.94.

KE

\\

Fig. 56. Angled perforated baffles as roughness elements
(drawn after [137]).
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Kumar and Layek [138] experimentally analysed modified
SAH using winglet type rib for enhancement in heat transfer and
frictional flow behaviour (Fig. 57). They used operating param-
eters, such as a relative roughness pitch varying from 5to 12, an
attack angle changing from 30° to 75°, a relative roughness
width varying from 3 to 7, a Reynolds number varying between
3000 to 22 000. They obtained an improvement in Nu and an
increase in f of 2.83 and 3.63 times, respectively.

'S

Fig. 57. Winglet type rib as a roughness element
(drawn after [138]).

Kottayat et al. [139] performed experimental and numerical
analysis of a modified SAH using discrete multiple inclined baf-
fles, as shown in Fig. 58. They employed various parameters, in-
cluding a relative baffle height of 0.1 (fixed), a relative baffle
pitch varying from 0.6 to 1 and a Reynolds number varying from
6000 to 14 000. The obtained increments in Nu and f were
2.47 and 3.07 times, respectively, compared to a smooth SAH.

Air Tnlet > > ‘) ‘) \) \) Air Outlet
» < < < <|»
> ) I) I) I) I)

(@) (b) (c)

Fig. 58. Roughness elements in the form of multiple
discrete inclined baffles (drawn after [139]).

Parsa et al. [140] conducted a numerical study of a modified
SAH configuration using novel staggered cuboid baffles (shown
in Fig. 59) to enhance heat transfer and fluid flow characteris-
tics. The operating parameters employed were: relative length
ranging from 1 to 3, relative width from 0.2 to 1.0, relative
height from 0.1 to 0.9, relative pitch from 1.5 to 3.5, attack angle
ranging from 0° to 90°, and Reynolds number varying from
5080 to 10 160. The highest obtained THP value was 3.43.

@ @

Fig. 59. Roughness element in the form of novel staggered
cuboid baffles (drawn after [140]).
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7.9. S-shaped ribs

Kumar et al. [12] carried out an experimental analysis of heat
transfer and friction factor in a solar air heater duct with the
S-shaped wire rib roughness, as shown in Fig. 60. They used
parameters such as the relative roughness pitch (P/e) between
4 and 16, the relative roughness height (e/Dy) from 0.022 to
0.054, arc angles (@) ranging from 30° to 75°, and relative
roughness width (W/w) between 1 and 4. Tests were conducted
across a Reynolds number range of 2400 to 20 000. The findings
reveal that the roughened duct exhibits superior performance
compared to the smooth duct under the examined conditions.
The optimal values of Nu and f were recorded at W/iw = 3,
Ple =8, a = 60°, and e/Dy, = 0.043. Additionally, predictive cor-
relations for Nu and f were developed using the experimental
results, accounting for the effects of both roughness and operat-
ing parameters.

Fig. 60. S-shaped wire ribs as roughness elements
(drawn after [121).

7.10. Other roughness geometries

Jaurker et al. [141] experimentally investigated a modified SAH
using rib-grooved artificial roughness, as displayed in Fig. 61.
They employed operating parameters, such as Reynolds number
ranging from 3000 to 21 000, relative roughness height varying
from 0.0181 to 0.0363, relative roughness pitch range of 4.5 to 10,
and groove position to pitch ratio of 0.3 to 0.7. They obtained
a maximum performance of a modified SAH, such as a Nusselt
number up to 2.7 times higher, while the friction factor rising up
to 3.6 times compared to a smooth SAH. They also developed
predictive correlations for estimating the Nusselt number and fric-
tion factor.

Karmare and Tikekar [142,143] experimentally studied SAH
using metal grit ribs for enhancement of heat transfer and fric-
tion factor, as shown in Fig. 62 and Fig. 63. The parameters they

(a)
i [ |

Fig. 61. Roughness element as rib-grooved [141].
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Fig. 62. Schematic of inclined roughness elements
showing the spacing details of the ribs used.

B

Fig. 63. Roughness element in the form of metal grit ribs
(drawn after [143]).

employed for the study were: a relative roughness height of grit
between 0.035 and 0.044, a relative roughness pitch of grit be-
tween 12.5 and 36, a relative length of grit of 12.5 to 36, and
Reynolds number varied from 4000 to 17 000. They found that
the Nusselt number and friction factor increased by a maximum
of 1.87 and 2.13 times, respectively, compared to a smooth
SAH. They also made an effort to determine the predictive cor-
relations for Nu and f.

Bopche and Tandale [144] experimentally investigated SAH
using artificial roughness as an inverted U-shaped rib for better
heat transfer and friction factor, as illustrated in Fig. 64. They
employed various parameters for this investigation, such as e/D
varied from 0.0186 to 0.03986, P/e changing from 6.667 to
57.14, o fixed at 90°, and Re varied from 3800 to 18 000. They
obtained a maximum increase in Nu and f of 2.82 and 3.72, re-
spectively.

Air flow (In)

7~ 7

Fig. 64. Inverted U-shaped rib as a roughness element
(drawn after [144]).

Kumar and Verma [145] numerically investigated modified
SAH using artificial roughness as a sinusoidal protrusion rib
with the view of higher Nusselt number and friction factor. They
used various operating and control parameters, such as e of
1 mm, P varied from 10 to 18 mm and Re in the range of
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4000 to 15 000. They obtained a maximum THP of 2.02 under
optimum operating condition of P = 10 mm and Re = 4000.

Saravanan et al. [146] conducted an experimental investiga-
tion to study the thermo-hydraulic performance of a solar air
heater with staggered multiple C-shaped perforated and non-
perforated finned absorber plate, as depicted in Fig. 65. The ex-
periments were carried out for a relevant range of flow parame-
ters, i.e. Reynolds number ranging from 3000 to 27 000, and ge-
ometric parameters, such as the relative pitch to gap ratio from
3.4 10 3.8, the relative height ratio from 0.3 to 0.7 and the relative
perforated ratio from 1.5 to 3, with a focus on their effects on
the maximum heat transfer enhancement. They reported a max-
imum THP of 1.64. They also developed correlations to predict
and match the experimentally obtained Nu and f for non-perfo-
rated and perforated fins.

(b)

Fig. 65. Roughness element in the form of (a) staggered multi-
ple C-shaped perforated, and (b) non-perforated finned
absorber plate (drawn after [146]).

Bezbaruah et al. [147] analysed SAH numerically using al-
tered conical vortex generators in a staggered arrangement
(Fig. 66). The operating parameters used included a relative
pitch ratio ranging from 2.67 to 15, a relative height ratio chang-
ing from 0.17 to 0.34 and a Reynolds number varied from
3500 to 16 000. The highest THP they obtained under these in-
vestigations was 2.04.

Fig. 66. Roughness elements in the form of altered conical vor-
tex generators in a staggered arrangement (drawn after [147]).

Goel et al. [148] conducted a comprehensive parametric in-
vestigation on SAH using hemispherical cavities as artificial
roughness elements, displayed in Fig. 67, for an enhancement in
heat transfer and fluid flow characteristics. They obtained max-
imum enhancement in the Nusselt number by a factor of 5.33
compared to a smooth SAH under the optimum operating con-
dition of a transverse-pitch ratio, a longitudinal-pitch ratio and
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Fig. 67. Hemispherical cavities as roughness elements
(drawn after [148]).

a relative dimple depth of 11, 11 and 0.039, respectively, and
a Reynolds number of 2160.

Yadav and Saini [149] performed a numerical study on
a modified SAH using jet impingement technique for increasing
the heat transfer, as shown in Fig. 68. They used a jet diameter
ratio ranging from 0.065 to 0.195, a jet height ratio ranging from
0 to 0.433 and the Reynold number from 3500 to 17 500. They
reported maximum increases in Nu and f of 7.58 and 9.01 times,
respectively, compared to a smooth SAH under optimum condi-
tions, such as a jet diameter ratio of 0.0650 and a jet height ratio
of 0.216 at a Reynolds number of 17 500. They also quoted
a maximum THP of 3.66 at a jet height ratio of 0.216 (fixed), jet
diameter ratio of 0.065 (fixed) and a Reynolds number of 15 500
(fixed).

B i ettt eres®

Fig. 68. Absorber plate with jet impingement (drawn after [149]).

Wang et al. [150] investigated SAH modified with
S-shaped ribs with gap to improve heat transfer (Fig. 69). They
employed various parameters for investigations, such as
a gap width (g = 2 to 6 mm), a rib width (w = 30 to 50 mm),
a rib spacing (p = 40 to 60 mm), a rib height (e = 4 mm),
a rib thickness (s = 2 mm), P/e = 20 to 30, W/w = 3 to 5,
e/D =0.023 to 0.036, g/e = 1 to 2, and Re varied from 2000 to
20 000. The reported maximum augmentation achieved for Nu
and f was 5.42 and 5.87, respectively, at Re = 19 258, W/w = 4,
Ple =20 and g/e = 1.5.
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Fig. 69. S-shaped ribs with gap as roughness elements
(drawn after [150]).



Table 5. Summary report.

Author(s)
Ref.

Prasad and
Saini [84]
Gupta et
al. [151]

Karwa [88]

Verma and
Prasad [91]

Layek et al.
[89]

Saini and
Saini [142]

Singh et al.
[92]

Singh et al.
[93]

Sharma et
al. [94]

Mahanand
and Sena-
pati [95]

Gawande
et al. [96]

Kumar et
al. [152]

Kumar and
Layek [98]

Kumar et
al. [99]

Kumar et
al. [153]

Kumar et
al. [97]

Saini and
Saini [102]

Singh et al.
[103]

Year

1988

1993

2003

2000

2009

1996

2019

2021

2021

2020

2018

2017

2019

2019

2017

2017

2008

2014

Effects of roughness geometry on heat transfer, fluid flow and thermo-hydraulic performance...

Roughness
geometry

Transverse rib

Transverse rib with
small diameter
Transverse rib

Inclined rib
V continuous rib
V discrete rib

Rectangular duct with
thin wires

Repeated transverse
chamfered rib-groove
roughness

Expanded metal mesh

Multiple broken trans-
verse ribs and square-
wave shaped rib

Uniform/non-uniform
square-wave profile
transverse roughness

rib

Transverse, inclined

transverse, dimple, in-
clined dimple, arc and

sine wave

Transverse inverted
T-shaped rib

Combined square and
equilateral triangular
ribs

Circular and
semicircular rib

Circular rib

Square rib

Rectangular rib
roughened

Transverse semicircu-
lar rib

Arc-shaped wire ribs

Multiple arc-shaped
ribs

Reynolds
number

5000-50 000

3000-18 000

2800-15 000

5000-20 000

3000-21 000

2000-13 500

3000-15 000

3000-15 000

3000-18 000

3800-18 000

3800-18 000

4000-24 000

8551-11 149

3900-17 900

4000-18 000

5000-10 000

Arc-shaped roughness

2000-17 000

2200-22 000

Type of study
Tranverse ribs

Experimental

Experimental

Experimental

Experimental

Experimental
and analytical

Experimental

Experimental
and CFD analy-
sis

CFD analysis

Experimental
and numerical

Numerical

Numerical and
experimental

Numerical and
experimental

LCT technique
and CFD tech-
nique

Numerical

Numerical

Numerical

Experimental

Experimental

29

Main findings

Nu/Nus=2.38 and f/f.=4.25

Studied the effects of e/D on heat transfer and friction fac-
tor at fixed P/e=10

Stanton number enhancement for:
Continuous rib: V-up = 102-137%, V-down = 110-147%
Discrete rib: V-up = 93-134%, V-down = 102-142%

Thermo-hydraulic optimisation of the roughness and other
parameters for the maximum heat transfer and minimum
pressure drop was made.

Maximum Nu and f found were 2.6 and 3.5 times the
smooth SAH. Also, the maximum THP reported was 1.76.

Correlations for the Nusselt number and friction factor in
terms of these parameters were developed that can corre-
late the experimental data reasonably well.

The maximum increment in Nu was 2.22, and the conse-
quent value for f increment of 3.44 was obtained. The high-
est THP value of 1.49 was obtained, while the maximum
thermal efficiency of 68.6% was achieved.

The non-uniform ribs were found to yield better heat trans-
fer enhancement as compared to uniform ribs.

The results revealed that the positioning and shape of baf-
fle unswervingly affect THP of the solar air heater.

A thermal enhancement factor of 1.87 was obtained as
a result of enhancement in heat transfer for the SAH with
an inverted T-shaped rib roughened absorber plate.

A value of 1.86 was recorded as an optimum value of THP
for the range of parameters investigated.

Two new correlations were developed for the Nusselt num-
ber and friction factor as a function of Reynolds number
and relative roughness height. The values obtained from
the developed correlations agree well with data from the
model.

The maximum values of heat transfer rate were obtained at
a roughness pitch ratio of 10, with a minimum penalty of
frictional losses.

Correlations were developed for both friction factor and
Nusselt number based on observed results.

The maximum value of thermo-hydraulic performance pa-
rameter (THP), 1.89, was found in the case of relative
roughness pitch (P/e), rib aspect ratio (e/w) and relative
roughness height (e/D) of 10, 4.0 and 0.04, respectively, at
the Reynolds number of 15 000.

The maximum thermo-hydraulic performance was ob-
served for a higher relative roughness height value
(e/D=0.067) and a lower relative roughness pitch (P/e=7.5)
in a semi-circular rib roughened equilateral triangular duct
is of the order of 1.7.

An enhancement of 3.80 times in heat transfer and 1.80
times in friction factor was observed at the optimum pa-
rameters compared to a smooth duct.

Developed Nu and f correlations; observed effects of
roughness on Nu and f
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Table 5. Summary report (continued).

Author(s)
Ref.

Sahu and
Prasad
[104]

Gill et al.
[109]

Sahu and
Prasad
[154]

Sara-
vanakumar
et al. [155]

Bhuvad et
al. [110]

Kumar et
al. [105]

Ghritlahre
[107]

Korpale et
al. [111]

Kumar et
al. [112]

Momin et
al. [114]

Patel and
Lanjewar
[118]

Srivastava
et al. [108]

Kumar and
Prasad
[119]

Sethi et al.
[85]
Kumar and
Verma
[145]

Lanjewar
et al. [125]

Murmu et
al. [156]

Kumar and
Murmu
[157]

Year

2016

2017

2017

2019

2022

2022

2021

2020

2019

2002

2021

2020

2019

2012

2022

2011

2019

2021

Roughness
geometry

Arc-shaped ribs

Staggered piece and
broken arc rib

Arc-shaped ribs
Arc shaped ribs Inte-

grated with fins
and baffles

Apex-up discrete
arc ribs

Discrete multiple-arc
ribs
Arc-shaped wire rib

Rectangular section
ribs

Discrete multiple
arc-shaped ribs

V-shaped ribs

V-geometry
roughened

Arc-shaped with gap
and V-shaped with
gap

Concave dimple

Dimple roughness in
arc-shaped arranged

Sinusoidal protrusion
rib (SPR)

W-shaped ribs

Inclined spherical ball

Inclined spherical ball

Reynolds

number Type of study Main findings
2000-40 000 Analytical Investigated the exergetic and effective efficiency
Experimental
2000-16 000 and CFD anal- Examined the heat transfer and friction factor
yses
2900-35 000 Analytical Examined the thermo-hydraulic performance.
The maximum exergy was obtained for 8 fins, a baffle length

2900-17 000 Analytical of 0.2 m, a baffle width of 0.015 m and a mass flow rate of

0.012 kg/s.
The results showed that the new apex-up discrete arc rib ab-
sorber plates had superior thermal performance to the exist-
3000-14 000 Experimental ing best apex-down rib geometries. Maximum augmentation
in Nu, achieved for an attack angle of 30°, was 2.92 times that
of a smooth plate.
The Nusselt number and friction factor for a roughened solar
3000-19 000 Experimental thermal collector were found to be 7.61 and 6.48 times
higher than those of a smooth channel.
The above result reveals that apex upstream flow is more effi-
cient than the apex downstream flow.
The maximum THP obtained was 2.77 at Reynolds number

No data” Experimental

Experimental

4000-20 000 ) 20 000, relative rib pitch of 17.22, relative rib height of 0.044
and numerical R ;
and relative rib height of 0.5.
A remarkable improvement in the thermal performance of
11000- Experimental the solar air heater was observed by varying roughness pa-
19 000 and numerical rameters, but it led to an increase in the pumping power of

the solar air heater.
V-shaped ribs
Found an optimal thermo-hydraulic performance at an angle
of attack = 60°.
The maximum augmentation in Nu and f was found to be 2.51
and 2.70 times that of a smooth plate, respectively, for g'/e=1
and d/w=0.65. Maximum value of nre was found to be 1.82
for g’/e=1 and d/w= 0.65.

2500-18 000 Experimental

4000-15 000 Experimental

The maximum THP values for the V-shaped ribs and arc-

3000-15 000 N ical
umerica shaped ribs were 2.21 and 1.5, respectively, at Re = 3000.

Dimple or protrusion ribs

The maximum enhancement in Nusselt number for varying
relative dimple pitch, relative dimple height and relative dim-
ple depth was, respectively, of the order of 2.6-3.55, 1.91 to
3.42, 3.09 to 3.94 times, and that of the friction factor was of
the order of 1.62-2.79, 1.52 to 2.34 and 2.21 to 2.56 times
over those of the 1-side roughened ones.

2000-13 500 Experimental

3600-18 000 Experimental Studied the roughness effect on Nu and f.

The thermal efficiency of the SPR model was found to be 69%

>000-10 000 AR at Re = 15000 in the range of Re investigated.

W-shaped ribs
. Found optimal thermo-hydraulic performance at an attack
2300-14 000 E tal
xperimenta angle of 60° for the W-down rib.
Spherical ball roughness
2500-18 500 Experimental Developed Nu and f correlations.

Maximum thermal efficiency for roughened ducts was found
to be 81% compared to 38% for a smooth duct under the pa-

2500-18 500 Experimental rameters: relative roughness pitch = 12, relative roughness
height = 0.036, height-diameter ratio = 1 and angle of attack =
55° at a mass flow rate of 0.0319 kg/s.

30
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Table 5. Summary report (continued).

Author(s)
Ref.

Karwa et
al. [158]
Bhagoria et
al. [130]
Karmare
and
Tikekar
[143]

Barik et al.
[131]

Kumar and
Goel [132]

Kumar et
al. [137]

Kottayat et
al. [139]

Parsa et al.
[140]

Kumar and
Layek [138]

Jaurker et
al. [141]
Patel et al.
[159]

Saravanan
at al. [146]

Bezbaruah

et al. [147]

Goel et al.
[148]

Arunkumar
et al. [160]

Yadav and
Saini [149]

Year

1999

2002

2007

2021

2021

2022

2022

2021

2020

2006

2021

2021

2021

2021

2021

2020

Roughness
geometry

Chamfer rib

Wedge-shaped ribs

Wire ribs-grid shape

T-rib, left arm inclined
T-rib, right arm in-
clined T-rib, Y-rib, con-
cave and convex T-ribs
Semi-circular, circular,
triangular, square, rec-
tangular

Angled perforated
baffles

Discrete multiple in-
clined baffle

Staggered cuboid baf-
fles

Winglet shaped ribs

Rib-grooved rough-
ness
Discrete reverse NACA
profile ribs

Staggered C-shape fin-
ned

Staggered conical vor-
tex generators

Hemispherical
dimple cavities

Rectangular perfora-
ted duct inserts

Impinging jet

Reynolds
number

3000-20 000

3000-18 000

4000-17 000

5000-18 000

3700-18 700

5000-17 000

6000-14 000

5080,
7620,
10 160

No data™

Type of study
Non-uniform ribs

Experimental

Experimental

Experimental

Numerical

Numerical
Inclined baffles
Experimental,

CCD, ANN tech-
nique

CFD and experi-
mental

Numerical

Experimental

Main findings

Developed correlations for heat transfer and friction factor;
additionally observed the effects of chamfer angle

Obtained Nus=1.38, and developed correlations for Nu and f

Developed correlations for Nu and f

Among all the considered ribs, the T-rib was found to be the
best heat transfer enhancer, keeping the friction factor at a
low value.

The performance of SAH was strongly influenced by both
shapes of the roughness element and the cross-sectional area
of flow-passage through which air flows.

The STC with roughened angled perforated baffles enhanced
Nu and f by 3.82 and 7.14 times, respectively, as compared to
the STC without baffles. The angled perforated baffles at o of
55¢ provided the highest THP at Re of 9000. A THP value of
1.94 was obtained for the array of designed parameters.

A maximum thermo-hydraulic performance of 2.69 was ob-
tained for the gap at the trailing apex. The proposed design
yielded a higher collector efficiency, 55-70%, compared to
the ribbed rectangular SAH design exhibiting 30-55%. With
lower exergy losses, the proposed SAH design had higher ex-
ergetic efficiency (1.5-2.2%) than the ribbed rectangular SAH
(0.9-1.7%) for the range of Re studied.

It is indicated that the relative baffle height (c/H) and relative
baffle pitch (s/H) are the most influential parameters on the
efficiency and thermo-hydraulic performance factor.

By comparing with the smooth surface, the studied rough-
ened surface could significantly improve the thermal effi-
ciency of a solar air heater system. The highest value of ther-
mal efficiency of the collector surface was 69% at the maxi-
mum mass flow rate.

Other roughness geometries

3000-21 000

6000-18 000

3000-27 000

3500-16 000

2100-18 500

3000-18 000

3500-17 500

Experimental

Experimental

Experimental

Experimental
and numerical

Experimental
and numerical
analysis

Experimental

Numerical

31

Developed the correlations for Nu and f.

Maximum Nu and THP were found to be 102.08 and 2.578,
respectively.

The thermal performance and friction factor the for C-shape
finned absorber plate without a perforated hole for a relative
pitch-to-gap ratio of 3.8 and a relative height ratio of 0.6 were
2.61 and 5.93 times more than for the smooth plate absorber
plate, respectively. The perforated fin with the same relative
ratios gave thermal performance and friction factor 2.67 and
5.34 times higher than the smooth absorber plate solar air
heater, respectively.

The highest thermo-hydraulic performance parameter

of 2.04 was achieved.

The best augmentation in Nusselt number obtained was of
the order of 5.33 which was observed for a transverse pitch
ratio, a longitudinal-pitch ratio and a relative dimple depth
values of 11, 11 and 0.039, respectively, at a Reynolds num-
ber of 2160.

It was found based on the experiments that thermal effi-
ciency was maximum for the height ratio (h/H) of 0.66 when
compared to height ratios of 0.50 and 0.83.

The maximum obtained thermo-hydraulic performance pa-
rameter value of 3.66 corresponded to a jet height ratio of
0.216 and a jet diameter ratio of 0.065

for the Reynolds number of 15 500.
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Table 5. Summary report (continued).

Rough R Id
Authors Year oughness eynolds Type of study Main findings
geometry number
Other roughness geometries
Compared with a smooth plate, the thermal efficiency of a so-
wen . . lar air heater with artificial roughness was improved by 13%
Wang et al. 2020 5"-shaped ribs with 2000-20 000 Experimental to 48% under different conditions. However, the work section
[150] gap . . -
pressure drop of this new solar air heater was within the
range of 15.8-30 Pa.
Kumar and The results are also compared with the triangular and square
Verma [121] 2020 Sinusoidal rib 4000-15 000 Numerical rib and found that the optimal THP of the proposed rib was
20.06% and 33.31% higher.
Gawande et Experimental The chamfered square rib with a 20° chamfer angle was
2020 Chamfered rib 3800-18 000 p . found to provide the best thermo-hydraulic performance and,
al. [134] and numerical .
hence, was selected for further thermal analysis.
Zina et al. Triangular ribs with . The optimum THP value of 1.93 could be obtained fo case C1
2020 3800-18 000 N |
[133] semi-circular nooks umerica and Re of 5000.
Forward facing .
Kumar et al. 2018 chamfered rectan- 4000-17 000 Numerical A remarkable change in fand Nu values was observed
[100] ) by varying both Re and roughness parameters.
gular ribs
Forward and back- Thermo-hydraulic performance |mpr9ved by 3.61 times com-
Kumar et al. 2020 ward facin 2300-23 000 Experimental pared to the smooth flat plate solar air heater, for a curved-
[161] o ribsg P ribbed SAH for W/w=3, P/e=8, g/e=1, e/D=0.045, and

*Mass flow rate m =0.007-0.022 kg/s.
**Mass flow rate 7 =0.00531-0.04041 kg/s.

8. Correlations for Nusselt number and friction
factor

In the field of solar air heaters, the development of correlations
is pioneering in performance prediction and optimisation, design
improvement, scaling and adaptation, generalisation of results,
energy efficiency and sustainability, cost reduction and cus-
tomisable solutions. The first correlation, reported in 1991, in-
volved transverse ribs to develop correlations for the Nusselt
number and friction factor in a modified solar air heater. Various
geometries have been explored since then, including arc-shaped
ribs, V-shaped wire ribs, wire rib grid shapes, wedge-shaped
ribs, chamfered rectangular ribs, angled perforated baffles, dim-
pled and protruded surface geometries and spherical ball-shaped
ribs. The parameters used in these studies include e/Dy, P/e, Re,
e/D, a, BIS, W/H, g/P, ¢, e+, y, d/H, p/H, y/H, P, elw, d/w, gle,
al90°, Ng, D/L, g/H, P/H, X/D, Y/D, d/x, Wiw, wle, GIL, I/s, Lle,
Sle, e’le, O/H, B, and V. The error range associated with the cor-
relations developed in these studies typically falls between 5%
and 30%, depending on the complexity of the geometry and the
experimental conditions. Table 6 presents the numerous corre-
lations obtained by various investigators with the ranges of pa-
rameters selected for their studies.
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d/x=0.65 at Re = 23 000.

9. Nusselt number and friction factor
enhancement

In the field of renewable energy conservation systems, the per-
formance of the system plays a vital role. In the flat plate solar
air heater, the performance evaluation has been reported by
many researchers. The conventional SAH has been modified us-
ing artificial roughness. The size, orientation, shape, material
used, flow rate of fluid, gaps, and many other factors affect the
values of Nu and f.

The comparison of various geometrical configurations used
has been discussed in Table 7. As the enhancement of heat trans-
fer and fluid friction in comparison with a smooth duct are sub-
jected to various operating and control parameters, the maxi-
mum values can be obtained at the optimum parameters in the
examined range of Reynolds number (mass flow rate), as listed
in Table 7 as Nu/Nus and f/fs, respectively. In this review study,
the effort has been put on major geometries, such as transverse
ribs, arc-shaped ribs, dimple or protrusion ribs, W-shaped ribs,
V-shaped ribs, spherical ball roughness, non-uniform ribs, in-
clined baffles, and other roughness geometries.
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Table 6. Details of correlations developed.

Author(s)

Hong and
Hsieh
[162]
Prasad
and

Saini [84]

Gupta et
al. [163]

Karwa
[88]

Layek et
al. [164]

Verma
and Pra-
sad [91]

Maha-
nand and
Senapati
[95]

Gawande
etal.
[134]

Kumar et
al. [152]

Kumar et
al. [99]

Kumar et
al. [153]

Novel
geometry

Transverse ribs

Small diameter
protrusion wire

Small diameter
transverse ribs

Inclined, discrete
and continuous
wire rib

Transverse
chamfered rib
groove combina-
tion

Small diameter
transverse pro-
trusion wire

Transverse in-
verted-T shaped
rib

Chamfered rib,
right angle trian-
gular and reverse
L-shaped ribs, in-
vented from
square ribs

Circular and sem-
icircular rib

Square rib

Rectangular rib
roughened

Parameters

P/e =531
e/D, = 0.19
P/e=10—20
e/D, = 0.020 — 0.033
Re = 500 — 50000

e/D =0.018 — 0.52
Re = 3000 — 18 000

e/D,, = 0.467 — 0.05

P/e =10
a = 60°,90°
B/S=3

W/H =719 —7.75
Re =2500 — 18 000

P/e =45-10
® =5-300
e/D = 0.022 — 0.04
Re =3000 — 18 000
g/p=03-0.6

e/D = 0.01 - 0.03
P/e =10 — 40
et =8-42
Re = 5000 — 20 000
e/D, = 0.042
Ple =7.14—17.86
Re = 3800 — 18 000

qg= 1000 W/m?
Re= 3800 —18000
P/e= 7.14-35.71
e/D = 0.021 —0.042
a= 0°—40°
L=1600 mm
H=40mm
D=77 mm
d=4,6,810 mm
P=30 mm

y=10,20,30 mm
d/H=0.1,0.15,0.20,0.25

P/H=0.75

y/H=0.25,0.5,0.75
q = 800 W/m?
Pr=10.72
Re = 5000 — 10 000

(6 values)

a=25°

P/e =10

e/D =0.013 — 0.05
Re = 4000 — 18000
P/e=5-15
e/D =0.02— 0.4
e/w = 0.25— 4.0
Re =4000 — 18 000

Correlation developed

Transverse ribs

Nu = 0.056Re)’* for Tu = 0.04
Nu = 0.03Re)”® for Tu = 0.07
Nu = 0.019Re®® for Tu = 0.07

St=f/2[1+f/2(4.5(e*)°2Pr®57 — 0.95(P/e)*53)]
f = 2/[0.95(P/€)®5* + 2.5In (D,/2€) — 3.75]?
Nu = 0.000824(e/D)~Y78(W /H) 284Ret 2, for e* < 35
Nu = 0.000307(e/D)~%4%(W /H)?2*5Re'%%2, for e* > 35
f — 0.0641Z(E/D)O.Ol9(W/H)O.237Re—O.lBS
G = 32.2e %000 /H)*5(P/e)%5 exp[0.7343In (P/e)?](e )8
f = 1.66670‘0078(W/H)70‘4(P/€)0'2695 exp[—0.719ln (P/e)2(6+)70.075]
for7 < e* < 20R
f =1.325e7%0078 (W /H)~°*(P/e)°2°%5 exp[—0.719In (P/e)?(e™)~*075]
for 20 < e* < 60R
Nu = 0.00206Re*%3*¢(e/D)*3*°(P/e)3°318
x exp [-0.868(In (P/e))?1(g/p)"**®
x exp [2.486 {In (g/p)}* + 1.406{In (9/p)}*]
f = 0.001227Re ™19 (e/D)" 585 (P /e) 719
x exp [—1.854{In (P/e)}*1(g/p)****
x exp [1.513{In (g/p)}* + 0.8662{In (g/p)}’]
Nu = 0.08596(P/e)~%5*(e/D)°°72Re%723, for et < 24
Nu = 0.0245(P/e)~%°1¢(e/D)*021Re%8%2 for et > 24
f = 0.0245(P/e)‘°'°2°5(e/D)°'°21Re‘1'25

Nu = 0.052927Re®%7°(P/e)~01357
f = 0.329536Re™02325(P /¢)=01305

For 20° chamfered rib
Nu = 0.0943Re#248 (P /¢)~03022
For right-angle triangular rib
Nu = 133.36Re%®#183(¢/D)3¢3%5exp[0.44801n (e/D)?](P/e)~048%7
% exp[0.055In (P/e)?]
For reverse L-shaped rib
Nu = 0.032Re?®332(P/e)%347%exp[—0.1004In(P/e)?]
For 20° chamfered rib
f = 0.653Re‘°'2883 (P/e)‘°‘2°87
For right-angle triangular rib
f= 42979Re %2778(e/D) 15 7exp[0.1105In (e/D)?](P/e) 17453
i1 x[0.3133In (P/e)?]
For reverse L-shaped rib
f = 0.2805Re™*2617(P /€)%%815exp[—0.03191n (P/e)?]

Nu = 0.44D2%° (d/H)"* exp{—0.0165[In (d/H)]?}
f =16.4D;%4%¢(d/H)*Sexp{0.44[In (d/H)]*}

Nu = 0.00415Re%*5(P/e) 17 (e/D)*?*3exp{—0.265[In (P/e)]?}
f = 6.436Re™%*(P/e)"1033(e/D)%?"8exp{—0.224[In (P/e)]?}
Nuavg — 0.365{Re°‘83 (P/e)—14322(e/w)04122(e/D)0.216
x exp[0.265(In(P/e))?]}
f;ng = 3.394 x 102{R670.56(P/e)72.294 (e/w)0'130(e/D)°'378
x exp[0.408(In(P/e))?]}
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Table 6. Details of correlations developed (continued).

Author(s)

Aharwal
etel.
[136]

Varun et
al. [165]

Saini and
Saini
[102]

Bhuvad,
Azad and
Lanjewar
[110]

Kumar et
al. [105]

Kumar et
al. [112]

Kumar et
al. [161]

Novel
geometry

Inclined and
transverse ribs

Inclined and
transverse wire
ribs

Arc-shaped wire
ribs

Apex-up discrete
arc ribs

Discrete
multi-arc ribs

Discrete multiple
arc-shaped ribs

Innovatively ar-
ranged arc (com-
bination of alter-
natively arranged

forward and back-
ward facing
arced ribs)

Parameters

e/D, = 0.0377
P/e =10

a = 60°
d/W =0.167 - 0.5
W/H = 5.87

Re =3000 — 18 000
P/e =10
e/D, = 0.030

Re =2000 — 20 000

g/e=05-2

P/e =10
/90 = 0.333 — 0.666
d/w =0.167 - 0.5

W/H = 5.87
Re = 2000 —17 000
W =200 mm
W/H= 8.0
a = 30°,45°,60°
e/ D, = 0.045
Ple =10
Ny =3
g/e=3

Dy/L, = 0.27 — 0.86
gw/H, =032 =172
H,/H = 0.025 — 0.047
P/H =058 —3.1
a =35 —65°
X/D, = 047 —1.72
Y/D, = 0.46 — 0.82
D;/Dy, = 0.065

W/W,e = 5.0

Re = 3000 — 19 000

g/e=05-1.5
Ny=1-3
d/x=03-0.9

Re = 11000 — 19000

Re = 2300 — 23000

W/H =11
e/D =0.018 — 0.045
a =30°—75°
g/e=05-20
Wiw=1-4
d/x = 0.25—0.85
Ple=4-16

Nu = 0.0102Re e*8(e/D)°51{1 — [0.25 — (d/W)]?(0.01[1 — (g/e)]%

Correlation developed

f = 0.5(e/D)°'72Re‘°'°836

Nu = 0.0006(P/e)?0104Rel 213
f= 1.0858(P/e_)0.0114Re—0.3685

Arc-shaped ribs

Nu = 0.001047(e/D)*3772(a/90) 1198 Re!123
f = 0.14408(e/D)‘°'1765(a/90)°'1135Re‘°'171°3

R =

(2)) + 2.5In(2e/D,) + 3.75

e* =/(f/2) Re(e/Dy)
G = (/259 -1y@2/f)+R

Nu = 4.03 x 10—18Re0.4674(Dd/Lv)—0.3183

f=

x exp{—0.1854[In (D, /L,)1*}(g,,/H,) %056
x exp{—0.0172[In (g,,/H,)1*}(H,/H) 27231
X exp{—0.4179[In(H,./H)]*}(B./H) 00137
X exp{—0.1373(In (P,/H)]2}a20055
x exp{—1.1569(In (a,)]?}(X/D,) 00254
x exp{—0.0888[In (X/D,)]?}(Y /D)) %4181
x exp{—0.4506(In (Y/D;)]*}
4.03 x 107"®Re 033 exp{0.0239{In(Re)}*}(Da/L,) 057
x exp{—0.6782[In (D, /L,)1*}(g,,/H,) %17
x exp{—0.01021[In (g,,/H,)1*}(H,/H)~ 6569
x exp{—1.0137[In (H,./H)]?}(P./H)~0:00067
x exp{—0.1612[In (P./H)]*}a5°%°
x exp{—2.0566[In (a,)]*}(X/D,)~%040°
x exp{—0.2004[In (X/D,)]?}(Y /D))~ 048
x exp{—0.6556[In (Y/D;,)]*}

Nu = —619.14 + 161.14(g/e) + 632.75(d/x) +

=

+0.054Re + 5.45N, + 8.37 X 107°(g/e)Re +
—2.79 x 107*(d/x)Re + 0.72(d/x)N, +
+5.39 X 10~*ReN, — 77.01(g/e)* +
—495.62(d/x)* — 1.28 X 10™°Re? — 1.66N/

—5.06 x 1073 + 0.014(g/e) + 0.0775(d/x) +
+1.51 x 107°Re + 4.69 x 10_4Ng +

+7.83 x 107*(g/e)(d/x) + 3.65 x 10~*(g/e)N, +
~2.25x 1077 (d/x)Re — 1.79 x 10~"ReN, +
—7.05 % 1073(g/e)? — 0.059(d/x)* +

—1.023 x 107'°Re? 4+ 9.53 x 10_4Ng2

Nug,g = 2 X 1077 Re'*7%(g/e)~*12%*(d /x) 0159

f

34

X @35008 (17 /)05932 (P /¢)0.2322 (o / 02958
x exp{—0.2429[In(g/e)]*}exp {—0.2484[In(d/x)]*}
x exp{—0.4123(In a)?}exp {—0.2534[In(W /w)]*}
x exp{—0.0479[In(P/e)]?}
= 0.004Re~0217 (g/e)~01152( /)~02848
X QBO2B(JY7 /1) 03868 (P /)06392 (o /))0-1914
x exp{—0.1877[In(g/e)]*} exp{—0.2182[In(d/x)]?*}
x exp{—0.2304[In a]?} exp{—0.1814[In(W /w)]*}
x exp{—0.1668[In(P/e)]?*}
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Table 6. Details of correlations developed (continued).

Author(s)

Korpale
etal.
[111]

Gupta et
al. [151]

Mulu-
work et
al. [166]

Momin
etal.
[114]

Hans et
el. [167]

Singh et
al. [113]

Kumar et
al. [117]

Murmu et
al. [156]

Karmare
and Tike-
kar [143]

Saini and
Saini [142]

Novel
geometry

Rectangular
section ribs

V-shaped wire
ribs and V-shaped
inclined wire ribs

V-shaped stag-
gered discrete
wire ribs

V-shaped contin-

uous wire rib

Multiple V-sha-
ped ribs

Discrete V-shaped

Multiple V-
shaped ribs with
gap

Inclined spherical
ball

Wire ribs-grid
shape

Expanded metal
mesh

Parameters Correlation developed

Nu = 0.024R80'8032 (P/e)1.4013(e/D)0.6762(W/e)—0.5388€A
A = —0.1728log(P/e)log(e/D) + 0.1986log(P/e)log(w/e)

Re =4000 — 20 000
e +0.0658log (e/D)log (w/e) — 0.3235[log (P/e)]?

P/e=1-60 - ¥
e/D — 0.017 — 0.252 f =24.167Re 0.1953 (P/e)OA1906(e/D)ZA53OS (w/e) 0.3140eB
w/e = 0.5 — 10 B = —0.2073log(P/e)log (e/D) + 0.1293log(P/e)log (w/e)

+0.0497log(e/D)log (w/e) — 0.1880[log (P/e)]?
+0.2287[log(e/D)]?
V-shaped ribs

e/D =0.02 - 0.053 Nu = 0.00824(6/D)70A178(W/H)0.288RelA062, for et < 35

P/ oz ;.30119000 Nu = 0.00307(e/D)~0469(W/H)*2%5Re%*12 for e* > 35
Re = 5000 — 20 000 f =0.06412(e/D)°** (W /H)**?*"Re0185
e/D = 0.02
B/S=3-9 Nu = 0.00534(B/S) 3496 Re1 2991
a = 600 f = 0.7117(B/S)°'°636Re‘2'991

Re =2000 — 15500
e/D, = 0.02 — 0.034
Nu = 0.067Re%%88(e/D,)%*2*(a/60°) %77 exp [—0.782(In a/60°)?]

P/e =10
/a =30°—90° f = 6.266Re™%4?5(e/D;)*5%%(a/60°) %% exp [—0.719(In a/60°)?]
Re = 2500 — 18 000
Ple=6—12 Nu = 3.35 x 10-5Re®%2 (e/D)*77 (W /w)**3 (a/90°) ~049
¢/D = 0.0213 — 0.0422 x exp[—0.1177(In(W /W))?]
a = 30°— 75° x exp{—0.61[In(a/90°)]2}(P/e)®*exp{—2.040[In(P/e)]?}
W/w=1-10 f = 447 x 10*Re 03199 (¢/D)073 (W /w)*2? (@/90°)~03

Re =2000 — 20 000 x exp{—0.52[In(a/90°)]2}(P/e)®exp{—2.133[In(P/e)]*}

Nu = 2.36 X 10—5Reo.90 (P/e)3.5(a/60n)—0.023(g/e)—0.014(e/Dh)0.47

Ple=4-12 % exp{—0.84[In(p/e)]*}exp{—0.72[In(a/60°)]*}
g/e=05-2 x exp{—0.05[In(d/w)]?}exp {—0.15[In(g/e)]?}
a=30°—75° f = 44.13 x 10"2Re~0126 (P/¢)27*(a/60°) 0034

dj/w=02-08

X (d/w)—O.OSB(g/e)—O.O?A(e/Dh)OJO

X exp{—0.685[In(P/e)]*}exp{—0.93[In(a/60°)]*}

x exp{—0.058[In(d/w)]*}exp {—0.21[In(g/e)]*}
Nu = 8.534 x 10~*Re ™92 (/D) 175 (W /w)®506

X exp{=0.753[In(W /W) 2} (G4/L,) 0%

e/D, = 0.015 — 0.043
Re =3000 — 15 000

Ple=6—12 x exp{—0.0653[In(G,/L,)]1*}(g/e)°°7%

g9/e=05-15 x exp{—0.223[In(g/e)]*}(a/60°) 700239

e/D =0.022 - 0.043 x exp{0.1153[In(ar/60°)]?}(P/e)1% x exp{—0.2805[In(P/e)]*}
W/w=1-10 £ = 3.1934Re %351 (e/D)268 (W /w)01132
Ga/ L; = g'gf__%'fo x exp{—0.974[In(W /w)|2}(Gy/L,)*%1

x exp{—1.065[In(Gq/L,)*]*}(g/e)~*"**

x exp{—0.6349[In(g/e)]*}(a/60°)01553

% exp{—0.1527[In(a/60°)]?}(P/e)~°79*! x exp{0.1486[In(P/e)]*}
Spherical ball roughness

Nu = 5.8 x 10—7Re1.0459(e/Dh)2.8326(p/e)l.ss(e/db)—0.231(a/55)—1.089

Re =2000 — 20 000

I;l/)e i (1)5036 x exp(—0.87)[In(e/D,)]?exp(—4.86)[In(P/e)]?
Z/d" _ x exp(—0.1817)[In(e/d,, )]?exp(—2.6542)[In(a/55)]?
Z; 550 f =238 X% Re—0.05629(e/Dh )0.017(P/e)1.89(e/db )_1'101(11/55)_0'1127

x exp(0.0664)[In(e/D;, )]*exp(—0.0429)[In(P/e)]?
x exp(—0.526)[In(e/d,, )]?exp(—2.352)[In(a/55)]?
Non uniform rib roughness
e/D, = 0.035 — 0.044
P/e =12.5-36
I/s=172—-1
Re = 4000 — 17000
l/e =25—-71.87
s/e = 15.62 — 46.87
e/D, = 0.012 — 0.0390
Re =1900 — 13 000

Nu = 2.4(e/Dy)**?(1/s) " *Re'/3 (P /e) ™07
f =15.55(e/D,)*?* (I/5) ™" Re ™26 (P /e)~51

Nu = 4.0 x 10~*Re'?? (e/D)*%5(s/10e)%%?

x exp{1.25[In (s/10e)]?}(1/10e)?*°exp{0.824[In (I/10e)]*}
f = 0.815Re°'316 (l/e)0'266(5/106)0‘19Re_026 (1Oe/d)0.591
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Table 6. Details of correlations developed (continued).

Author(s)

Karwa et
al. [158]

Bhagoria et
al. [130]

Kumar et
al. [100]

Kumar et
al. [137]

Kumar et
al. [12]

Saini and
Verma
[120]

Bhusan
and Singh
[122]

Yadav et
al. [106]

Saravanan
at al. [146]

Bezbaruah
et al. [147]

Novel
geometry

Machined ribs

Wedge shaped
ribs

Forward facing
chamfered rec-
tangular ribs

Angled perfo-
rated baffles

S-shaped wire
ribs

Dimple protru-
sions

Dimple shaped
roughness

Circular protru-
sions

Staggered C-
shape finned

Staggered coni-
cal vortex gene-
rators

Parameters

P/e=45-85
e/D,, = 0.014 — 0.0320
d/w=0.167 — 0.5
W/H = 5.87

Re = 3000 — 20 000

60.17 @~1026% < p/e < 12.12
@ =8°—15°
e/D;, = 0.015 — 0.033
Re =3000 — 18000
e/D =0.018 — 0.043
Ple =12
e/w=15
e'/e=0.75
Re =4000 — 17 000

W/H =10
Hy/H = 0.50
Py/Hp = 10
0p/Hy = 0.266
@ =35°—65°
Bo = 12%
Re = 5000 — 17 000

Ple=4-16
e/D, = 0.022 — 0.054
a = 30°—75°
Wiw=1-4

Re = 2400 — 20 000
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Correlation developed

For7 <e* <20

G = 103.77e~%0°(W /H)*5 (P /€)% exp[0.7343 In( P/e)?] (e ™) 03!
For20 <e* <60

G = 32.26e7%%°°(W /H)%>(+/e)?°¢ exp[0.7343 In( P/e)?] (e*)°8

For7 <e' <20R

f = 1-66670‘0078(W/H)70‘4(P/€)0'2695 exp[—0762 ll’l( P/e)2(3+)70.075]
For20 < e® < 60R

f =] 1_325€70.0078(W/H)70.4(P/e)02695 exp[—0762 ln(P/e)Z(e+)70.O75]

Nu = 1.89 x 10~*Re'2!(e/D,)**26(P/e)*** (¢/10)~0018

x exp{—0.71[In (P/e)]*}exp{—1.50[In (¢/10)]?}
f =12.44Re™*"8(e/D,)**°(P/e)~*%(¢/10)"*°

Nu = 0.066Re’8%8 (e'/e)?%22(e/w)°2(e/D)%?**1exp{0.039[In(e'/e)]?}
f =11.79Re™%8 (e'/e)%1%°(e/w)*131(e/D)*318exp{0.203[In (e'/e)]?}

Inclined baffles

Nu = 1.0826 x 10~ *8Re'58%515.694a,exp[—1.9599(Ina, )?]
f =248 % 10°Re %1%75.6517a,exp[—0.7113(Ina,)?]

S-shaped ribs
Nu = 1.4332 x 10~*Re!#76* (W /w)*-2748
x exp{—0.1084[In(W /w)]2}(P/e)**®76exp{—0.1107[In(P/e)]>*} (a/90°)~00%c8
x exp{—0.0642[In(P/e)]*}(e/D;) *753exp{—0.1257[In(e/D,)]*}
f = 1.430 x 10"1Re"°‘224(W/W)°'“24(P/e)°‘7657
X exp{_0.187[ln(P/e)]Z}(a/goo)O.ZUQ(e/Dh)0.2159

Other roughness geometries

e/D, = 0.018 — 0.037
Re = 2000 — 12000
P/e=8-12

Lje =25—137.5
S/e = 18.75 — 37.5
e/D = 0.03

d/D = 0.147 — 0.367

Re = 4000 — 20000

P/e =12 - 24
e/D = 0.015 — 0.03
W/H =11
@ = 45° — 75°

Re =3600 — 18100
V=057—-44m/s

P/g=32-38
h/H=03—-0.7
h/d,=15-3

Re = 3000 — 24000
Re =3500 — 16 000

e =0.0075m
d=0.015m
P =0.020 m
W =0.08m
H=0.03m

L; = 0.15 m (inlet lenght)

L, = 1.1 m (test section lenght

L; = 0.2 m (outlet lenght)
D =0.044 m

Nu = 5.2 x 10~*Re*?” (e/D)°33(P/e)315
x exp{—2.2[log (P/e)]*}exp{—1.30[log (e/D)]*}
f = 0.0642Re‘°'423(e/D)'°'°214(P/e)‘°'465
x exp{0.054[log (P/e)]*}exp{—0.840[log (e/D)]?*}

Nu = 2.1 X 10—88Re1.452 (5/8)12.94(L/e)992 (d/D)—3.9
x exp{—10.4[log(S/e)]*}exp{—77.2[log(L/e)]? }exp{—7.83[log (d/D)]*}
f — 2.32Re"0‘2°1(S/e)"°‘383(L/e)‘°'484(d/D)°'133

Nu = O.154Re1'°17(P/e)"°‘38(e/D)°'521(a'/60°)"°'213
x exp{—2.0233[In(a/60°)]%}
f = 7.207Re‘°'55 (P/e)‘o'lg(e/D)°‘176(a'/60°)°'°38
x exp{—1.412[In(a/60°)]%}
Nup — 0_527Re0485(P/g)14009(h/H)14076(h/dp )_
f» = 0.21Re™*2Y(P/g) 782 (h/H)~*5%2(h/d,, )
Nunp — 0.009R60'861(P/g)1'009(h/H)0'482
f;lp — 1.126Re_°'194(P/g)_°'757(h/H)°'593

2.484

1.084

Nu = C0R60'7209(€/D)0'1718(P/e)_0‘127 exp{—OOZZS[In(P/e)]Z}
f = C1Re_0'4091(e/D)O'4665(P/e)_0'6123

Co=0.22805, C1=24.5497
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Table 7. Details of enhancement of heat transfer and fluid friction with optimum parameters used in the literature.

Author(s) coiiiogr::;\gn Reynolds number Optimum value Nu/E'::sanceme;/tfs
Transverse ribs
:;?::'?81"]" Small diameter protrusion wire 1500-24 000 5 5;;01;)6 /D = 0,027 238 4.25
Transverse ribs Ple=5.5 2.30 3.42
Karwa et al. Inclined ribs . e/D, or e/D = 0.0143 2.12 3.92
[158] V continuous ribs 2800-15 000 W/H =7.75 2.37 3.65
V discrete ribs & =15° 2.47 2.47
. Uniform/non-uniform square-
Singh et al. '
wave profile transverse rough- 3000-15 000 W, /w =85 2.22 2.44
[93] .
ness rib
Sharma et T.ransve.rse,. inclim.ed transverse, For sine wave
al. [94] dimple, |nc||!'1ed dimple, arc and 3000-18 000 Re = 15000 3.60 -
sine wave
Mahanand ) e/D, = 0.042
and Senapati | |'ansverse 'n‘fzrte‘j T-shaped 3800-18 000 1/3/2l =7.14 2.747 3.263
[95] ribs Re =15 000
e=14
) ) e/D = 0.042
gf_"f;‘:}de et Combg‘r:?ti‘i‘a“nagfl:::ssq”"at 3800-18 000 P=10 2.877 3.661
Ple =714
Re =18 000
f:;'e‘zr[;;]d Circular ribs gs51-11149 | e/ ezzléo 1.97 -
Kumar et al. B =10
[99] Square ribs 4000-18 000 e/D = 0.05 1.97 2.53
Re =17 900
P/e =10
;(:;r;]ar etal. Rectangular ribs roughened 4000-18 000 z;g] ; 9}84 2.70 4,93
Re =15 000
e =0.067
;(1”5"2‘;‘" etal. Semicircular ribs a000-24000 7 o 1230 2.20 2.50
Re =24 000
Arc-shaped roughness
Saini and P/e =10
Saini [102] Arc-shaped wire ribs 2000-17 000 e/D, ore/D = 0.0422 3.80 1.75
a/90° = 0.3333
W /Wy =5.0
Dy/L, = 0.67
gw/H, =087
F:O';']ar etal. Discrete multiple-arc ribs 3000-19 000 f;{ﬁ b 7.61 6.48
a = 60°
X/Dy, =1.72
Y/D, = 0.82
. . Ple =12
Yadav et al. Clrcglar protrusions 3600-18 100 e//Dh ore/D = 0.03 589 593
[106] in arc shape RPN
a =60
Arc-shaped wire ribs P/e =10 256 B
Ghritlahre with apex upstream No data* e/D = 0.0395 ’
[107] Arc-shaped wire ribs e=25
. 1.81 =
with apex downstream a = 60°
P/e =10
e/D =0.043
- . gle=1
Arc-shaped ribs with gap d/W=067 2.40 3.94
a = 60°
Srivastava et Re =3000
al. [108] 3000715000 p e =10
e/D = 0.043
; ) gle=1
V-shaped ribs with gap 4/ W=0.67 3.40 4.05
a = 60°
Re =15 000
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Table 7. Details of enhancement of heat transfer and fluid friction with optimum parameters used in the literature (continued).

Author(s)

Singh et al.
[113]

Momin et al.
[114]

Hans et al.
[167]

Singh et al.
[168]

Kumar et al.
[117]

Kumar et al.
[169]

Saini and
Verma
[120]

Kumar and
Verma [145]

Bhushan and
Singh [170]

Hassan et al.
[123]

Vikash Kumar
[119]

Tabish and
Kim [124]

Kumar et al.
[126]

Lanjewar et
al. [171]

Thakur and
Thakur [128]

Murmu et al.
[156]

Geometry
configuration

Discrete V down ribs

V-shaped continuous wire ribs

Multiple V-shaped ribs

Discrete V-shaped ribs
with gap

Multiple V-shaped ribs
with gap

Multiple V-shaped ribs
with gap

Dimple shape

Sinusoidal ribs

Protrusion

Dimple

Concave dimple

Conical protrusion rib over
spherical ribs

Discritised W-shaped ribs

W-shaped ribs

Multi-staggered rib parameters
of the W-rib roughness

Inclined spherical ball

Reynolds number Optimum value

V-shaped ribs
P/e =10
3000-15 000 e/Dy ore/D = 0.033
a = 60°
P/e =10
17 034 e/Dy, ore/D = 0.034
a = 60°
P/e=8
2000-20000  €/Pn Ore/D =003
a= 60°
w/w =10
P/e=38
e/D = 0.043
3000-15 000 @ = 60°
wW/w =12
P/e =10
e/D = 0.043
2000-20 000 a = 60°
Gyq/L, = 0.69
gle=1
P/e =10
e/D = 0.043
a = 60°
2000-20 000 Ga/L, = 0.69
gle=1
W/iw==6
Dimple or protrusion ribs
P/e =10
2000-12000  ,/p ore/D =0.0379
Dy, = 33.33 mm
P =10,14,18 mm
e=1mm
4000-15 000 W/H=5
q = 1000 W/m?
Re = 4000 — 15 000
S/e =31.25
1900-13 000 L/e =31.25
d/D = 0.294
2000-18 000
P/e =8—15
2000-13 500 e/D, = 0.018 — 0.045
e/d=1-2
P/e =10
4000-16 000 e/D = 0.044
W-shaped ribs
P/e =10
3000-15 000 e/D, ore/D = 0.038
a = 60°
P/e =10
e/D =0.0375
2300-14 000 a= 60°
W/H =8
Ple =12
e/D, = 0.0423
a = 60°
4000-14 000 gle=1
n=2
p/P = 0.65
w/e =45
Spherical ball roughness
p/e =15
e/D, = 0.036
2500-18 500 e/d, =1
a =55°
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Enhancement
Nu/Nu; f/fs
3.04 3.11
2.30 2.83
6.00 5.00
6.32 6.12
6.74 6.37
7.58 4.68
2.48 1.76
3.80 2.20
5.56 1.62
3.94 2.56
2.49 7.29
2.16 2.75
2.36 2.01
4.10 2.50
3.56 2.34
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Table 7. Details of enhancement of heat transfer and fluid friction with optimum parameters used in the literature (continued).

Author(s) coiiiogr::;\gn Reynolds number Optimum value Nu/ESll:sanceme}\/tfs
Non-uniform ribs
Layek et al P/e=10
' Chamfered compound rib 3000-21 000 e/D, or e/D = 0.03 2.60 3.35
1] @ =18°
e/D =0.043
) P/e =12
I[<1uor3;r etal. Forwar:it?:'gr;glacrhrmfere‘j 4000-17000  e/w=15 2.88 3.52
e'/e=0.75
Re =17000
Bhagoria et . FiE= 0587
al. [130] Wedge shaped ribs 3000-18 000 e/Dy, or e/D = 0.033 2.40 5.30
@ =10°
Barik et al. T-rib, left arm inclined T-rib, P =80 mm
[131] right arm inclined T-rib, erlb, 5000-20 000 Re = 20000 1.91 -
concave and convex T-ribs
For a forward-chamfered rectangu-
lar rib:
Kumar and Semi-circular, circular, triangu- e/D =0.0433
Goel [132] lar, square, rectangular ¢ 3700-18 700 B = LET 2 3.82 -
’ ’ e'/e=0.75
Ple=11
Re =3700 — 18700
. . ) . L Re =5000
ﬁr;;]et al. Triangular T;t;snv(\)l:::eml—cwcu— 3800-18 000 P =10 mm 255 242
e=2.2,1814 mm
Inclined baffles
P/e =10
e/D, ore/D = 0.0377
Aharwal et Inclined continuous with gap a = 60°
al. [135] ribs 3000-18 000 W/H = 584 2.95 2.87
gle=1
d/W = 0.25
P/e =8
e/D, ore/D = 0.037
:Ihirl‘“;a;]et Integral inclined discrete rib 3000-18 000 a= 60° 2.83 3.60
: d/W =0.25
gle=1
I{(:sn;]ar etal. Angled perforated baffles 5000-17 000 ge_=595000 3.82 7.14
P/e =8
f:;g:r[:;g] Winglet shaped ribs No data** W/:/Zv z 5600 2.83 3.63
Re =22 000
Other roughness geometries
e/D, ore/D = 0.037
Saini and Sa- & E
o Expanded metal mesh 1900-13 000 L/e = 46.87 4.00 5.00
ini [142]
S/e =25
W/H =11
One ribbed wall Ple=8 2.43 3.14
Chandra et Two ribbed walls - 2.64 5.39
al. [172] Three ribbed walls 10000-80000  e/Dy ore/D =0.0625 2.81 3.14
- L/D, =20
Four ribbed walls 2.99 9.50
Jaurker et P/e=6
Rib grooved combination 3000-21 000 e/D,ore/D = 0.0363 2.75 3.61
al. [141]
g/p =04
Bopche and P/e = 6.67
Tandale U-shaped ribs 3800-18 000 e/D = 0.03986 2.82 3.72
[144] a =90°
V =0.57—-44m/s
Saravanan at P/g=32-38
Staggered C-shape finned 3000-24 000 h/H = 0.3 -0.7 2.67 5.34
al. [146] h _ _
/d, =15-3
Re = 3000 — 24 000
. P/e =2.67
:fz[ﬁ;‘iah et Stagge;ﬂ;‘::t'gfs' vortex 3500-16000  e/D = 0.34 2.57 -
Re =16 000

39



Mondloe D.S., Ghritlahre H.K., Agrawal G.K., Rathore K., Naik H., Parmar O.

Table 7. Details of enhancement of heat transfer and fluid friction with optimum parameters used in the literature (continued).

Author(s) Ge‘ometr‘y Reynolds number
configuration

Goel et al. . . -
[148] Hemispherical cavities 2100-18 500
Yadav and Lo
Saini [149] Impinging jet 3500-17 500
Wang et al. S-shaped ribs with gap 2300-23 000
[150]

20° chamfered ribs
Gawande et Right-angle triangular ribs 3800-18 000
al. [134]

Reverse L-shaped ribs

*Mass flow rate m =0.007—0.022 kg/s.
**Mass flow rate m = 0.00531-0.04041 kg/s.

10. Thermo-hydraulic performance

The performance of a solar air heater can be evaluated using ar-
tificial roughness on the underside of the absorber plate surface.
The use of artificial roughness increases heat transfer, as well as
causes a pressure drop due to friction. The performance of SAH
can be enhanced when heat transfer increases simultaneously,
allowing a minimum possible friction factor.

The overall performance of SAH is judged by thermo-hy-
draulic performance as THP = (Nu/Nus)/(f/f)*3. The term
‘thermo-hydraulic performance’ was first used by Webb and
Eckert [173], who considered parameters, such as heat transfer
and the friction factor caused by fluid pressure drop.

In this paper, various research works are referred to in order
to get an overview of the THP value determined based on exper-
imental studies conducted by researchers. It is found that the
value of THP ranges from 1.38 to 4.73 under various arrange-
ments utilised over the absorber plate and environmental condi-
tions, as enlisted in Table 8.

11. Discussion

11.1. Correlations

In the field of correlation development, Prasad and Saini [86]
used P/e, e/D and Re as influencing parameters to modify con-
ventional SAH, and they developed correlations for Nu and f.
Similarly, Hong and Hsieh [162], Verma and Prasad [91], Ku-
mar et al. [99] and Varun et al. [165] developed correlations for
Nu and f for the performance prediction of SAH. There are many
other authors who have been associated in the same field of in-
terest and developed correlations for Nu and f. The parameters
considered were: e/D, w/H and Re used by Gupta et al. [151],
w/H, P/e, e* and e used by Karwa [88], P/e, e/D, g/P and Re

40

Optimum value Enhancement
Nu/Nus f/fs
x/ry =11
y/rg =11
74/ Dy = 0.039 5.33 3.60
Re =2160
D;/Dy = 0.065 — 0.195
Hy/Dy = 0— 0433 7.18 8.48
Re = 3500 — 17 500
Re = 19258
PJe=20
Wiw=4
e/D=0.023 — 0.036 >.42 >-87
g/e =15
q = 450 — 650 W/m?
18/ S L 3.218 4.04
e/D = 0.042
a = 0°—40° 3.100 3.80
W/H =5
Re = 15 000 2.827 3.42

adopted by Layek et al. [89], P/e and Re taken by Varun et al.
[165], Mahanand and Senapati [95] and Gawande et al. [134],
d/H and Dy, utilised by Kumar et al. [152], P/e, e/w, e/D and Re
used by Kumar et al.[153], e/D, d/w, g/e and Re adopted by
Aharwal et al. [136] for developing correlation and modification
of conventional SAH.

The correlations for Nu and f using arc-shaped rib roughness
were first developed by Saini and Saini [102] with e/D, a, Re as
variable parameters in a modified SAH. Bhuvad et al. [110] used
f, e/D and Re for apex-up discrete arc rib roughness; Kumar et
al. [105] used Re, Dg/Ly, gw/Hr, H/H, Ri/H, a, X/Dy and Y/Dy,
parameters for discrete multiple-arc rib roughness; Kumar et al.
[112] used g/e, d/x, Re and Ny parameters for correlation devel-
opment of Nu and f for discrete multiple arc-shaped ribs. Kumar
etal. [161] arranged arcs in forward and backwards facing, using
parameters such as Re, g/e, d/x, W/w, P/e, /D and g/e for corre-
lation development, whereas Korpale et al. [111] developed cor-
relations using Re, P/e, e/D and w/e as roughness factors for
a rectangular-section rib configuration.

Gupta et al. [163] firstly reported correlations for Nu and f
based on V-shaped wire ribs with and without inclination angle
through e/D, W/H, a and K/D parameters. Muluwork et al. [166]
additionally used the B/S ratio to develop the correlation. Momin
etal. [114] arranged wire ribs in a continuous manner to develop
correlations by using e/D, a and Re as governing parameters.
Hans et al [167] used multiple V-shaped ribs to modify the cor-
relation with parameters such as e/D, W/w, Re, P/e and «. Singh
et al. [116] used discrete V-shaped ribs with parameters such as
Re, Ple, a, gle, e/D, d/w to develop correlations for Nu and f.
Kumar et al. [169] developed correlations for Nu and f using Re,
e/D, Wiw, Gd/Ly, gle, a, Ple for multiple V-shaped ribs with

a gap.



Table 8. Details of thermo-hydraulic performance of solar air heaters reported to date.

Authors

Prasad and Saini [86]

Bhagoria et al. [130]

Karwa et al. [88]

Singh et al. [93]

Sharma et al. [94]

Mahanand and Sena-
pati [95]

Gawande et al. [96]

Korpale et al. [111]

Kumar et al. [99]

Kumar et al. [153]

Kumar et al. [152]

Bhuvad et al. [110]

Kumar et al. [105]

Ghritlahre [107]

Roughness type

Tranverse ribs

Transverse wire

Transverse wedge shaped ribs

Transverse ribs
Inclined ribs
V continuous ribs
V discrete ribs
Uniform/non-uniform square-wave profile
transverse roughness ribs

Transverse, inclined transverse, dimple,

inclined dimple, arc and sine wave

Transverse inverted T-shaped ribs

Combined square and equilateral
triangular ribs

Rectangular section ribs

Square ribs

Rectangular ribs roughened

Semicircular ribs

Arc-shaped roughness

Apex-up discrete arc ribs

Discrete multiple-arc ribs

Arc-shaped wire ribs
with
apex upstream
Arc-shaped wire ribs
with apex downstream
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Roughness parameters

e/D,, = 0.020 — 0.033
P/e=10-20
Re =500 — 50 000
60.17¢10264 < p /o < 1212
@ =8°—15°

e/D = 0.015 - 0.033
Re =3000 — 18000

P/e =5.5
e/D,ore/D = 0.0143
W/H =7.75

a=15°

Re =3000-15000

Sine wave
e/D, =0.271
P/e =10
Re =15 000
a = 45°
e/D, = 0.042
P/e =714
Re =15 000
e = 1.4 mm
e/D = 0.042
P =10 mm
P/e =714
Re =18 000
P/e =17.22
e/D = 0.044
w/e =0.5
Re =20 000
P/e =10
e/D = 0.05
Re =17 900
P/e =10
e/D = 0.04
e/w=4.0
Re =15 000
e =0.067 mm
P/e =25
P =100 mm
Re =24 000

W =200 mm
W/H =8
a =30° 45° 60°
e/D, = 0.045
P/e =10
Ny, =3
gle=3
Dy/L, =0.27 — 0.86
g/H,=032-1.72
H,./H = 0.025 — 0.047
P./H = 0.58 - 3.1
a = 35° — 65°
X/D, =047 —1.72
Y/D, = 0.46 — 0.82
D; /Dy, = 0.065
W /Wy =5
Re =3000 — 19 000

1 = 0.007 — 0.022 kg/s

THP

Effects of roughness geometry on heat transfer, fluid flow and thermo-hydraulic performance...

_ Nu/Nug

F/f's

1.78

1.38

1.53
1.34
1.54
1.83

1.49

2.05

2.77

1.44

1.7

2.01

4.1

2.09

1.59
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Table 8. Details of thermo-hydraulic performance of solar air heaters reported to date (continued).

Authors Roughness type Roughness parameters THP

e/D = 0.045

Innovatively arranged arc (combination of
Kumar et al. [161] alternatively arranged forward and back-
ward facing arced ribs)

Ki t al. [112 Di t Itipl -shaped rib. g 3.85
umar et al. [112] iscrete multiple arc-shaped ribs d/x =06

Re =19000
P/e=10
Arc-shaped rib with gap e/D=0.043 1.5
gle=1
d/W=0.67
V-shaped rib with gap a = 60° 2.21
Re =3000
V-shaped ribs
P/e=10
Singh et al. [113] V down ribs e/Dyore/D = 0.033 2.03
a=619°
P/e=10
Momin et al. [114] V-shaped continuous wire rib e/Dyore/D = 0.034 1.63
a = 60°
P/e=8
e/Dyore/D = 0.03
wW/w =10
a = 60°
P/e=8
e/D = 0.043
a = 60°
W/H =12
P/e=10
e/D =0.043
Kumar et al. [175] Multiple V-shaped ribs with gap Gy/L, = 0.69 3.46
g/e=1.0
a = 60°
P/e=10
e/Dy ore/D = 0.043
gle=1
Gy/L, = 0.69 3.64
W/iw=6
a = 60°
Dimple or protrusion ribs
P/e=10
e/D, ore/D = 0.0379
Dy, = 33.33 mm
P =10, 14, 18 mm
e=1mm
W/H =5
q = 1000 W/m?
Re = 4000 — 15 000
S/e =31.25
Protrusion L/e =31.25 2.92
d/D = 0.294
Ple=4—-16
e/D, = 0.018 — 0.045
W/w=1-5
a = 30°—75°
Ple=4—-15
Kumar and Prasad [119] Concave dimple e/D, = 0.018 — 0.045 2.88
e/d;=1-2
Ple=10
e/D = 0.044
W-shaped ribs
P/e=10 1.54
Kumar et al. [126] Discritised W-shaped ribs e/Dy ore/D = 0.0338
a = 60°

Srivastava et al. [174]

Hans et al. [167] Multiple V-shaped ribs 3.51

Singh et al. [115] Discrete V-shaped ribs with gap 2.06

Kumar et al. [117] Multiple V-shaped ribs with gap

Saini and Verma [120] Dimple shape 4.53

Kumar and Verma [145] Sinusoidal rib 2.05

Bhushan and Singh
[170]

Hassan et al. [123] Dimple 4.73

Alam and Kim [176] Conical protrusion rib over spherical ribs 1.28
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Table 8. Details of thermo-hydraulic performance of solar air heaters reported to date (continued).

Authors

Lanjewar et al. [171]

Thakur and Thakur
[127]

Thakur and Thakur
[128]

Murmu et al. [156]

Layek et al. [89]

Kumar et al. [100]

Bhagoria et al. [130]

Barik et al. [131]

Kumar and Goel [132]

Zina et al. [133]

Gawande et al. [134]

Kumar et al. [137]

Kottayat et al. [139]

Roughness type

W-down ribs

W-up ribs

W-shaped ribs with symmetrical gaps along
with staggered ribs

Multiple-staggered rib parameters of the
W’-shaped roughness

Roughness parameters

e/D,, = 0.03375

a = 30° 45° 60°75°
W/H =8
et =8—44
Re =2300 — 14 000
P/e=12
gle=1
w/e =45
p/P=0.65
Ny=2
Re =12 000
P/e=12
e/D, = 0.0423
a = 60°
gle=1
w/e=4.5
p/P=0.65
Ng =2

Spherical ball roughness

Inclined spherical ball

P/e =15
e/D, = 0.036
e/d, =1

a = 55°

Non-uniform ribs

Chamfered compound rib

Forward-facing chamfered rectangular ribs

Wedge shaped ribs
T-shaped rib, left arm inclined T-shaped rib,
right arm inclined T-shaped rib,

Y-shaped rib, concave
and convex T-shaped ribs

Semi-circular, circular, triangular, square,
rectangular

Triangular ribs with semi-circular nooks

20° chamfered rib
Right-angle triangular rib

Reverse L-shaped rib
Inclined baffles

Angled perforated baffles

Discrete multiple inclined baffle
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P/e=10

e/Dy ore/D = 0.03
@ =18°

e/D = 0.043

P/e =12

e/w =15

e'/e=0.75
Re =17 000

Ple=17.57

e/D,ore/D =0.033
@ =10°

For T-shaped rib

P =80 mm

Re =18 000

For forward-chamfered rectangu-
lar rib

e/D = 0.0433
e/w = 0.67, 2.0

P/e =11
e'/e=0.75

Re =3700 — 18 700
P =10
e=2.2,18,1.4 mm
Re =5000

P/e=7.14

e/D = 0.042
W/H=5

Re = 15000

W/H =10

Hy/H = 0.50

Py/Hy = 10

05/Hy = 0.266
a = 35° — 65°
Bo = 12%
Re = 5000 — 17 000

Re = 6000 — 14000

_ Nu/Nug
F/f's

1.98

1.81

3.24

3.02

2.68

1.7

2.66

2.05

2.04
1.90

1.94

2.69
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Table 8. Details of thermo-hydraulic performance of solar air heaters reported to date (continued).

Authors

Parsa et al. [140]

Aharwal et al. [135]

Aharwal et al. [136]

Kumar and Layek [138]

Jaurker et al. [141]

Saini and Saini [90]

Karmare and Tikekar
[143]

Bopche and Tandale
[144]

Kumar and Verma [145]

Saravanan et al. [146]

Bezbaruah et al. [147]

Goel et al. [148]

Yadav and Saini [149]

Roughness type

Staggered cuboid baffles

Inclined and continuous rib with gap

Integral inclined discrete ribs

Winglet shaped ribs

Roughness parameters

a/H=2.5 (relative length)
b/H= 0.8 (relative width)
c¢/H=0.7 (relative height)
s/H= 1.5 (relative pitch)
a =225°
Re = 5080
P/e =10
e/D,ore/D = 0.0377
a = 60°
W/H = 5.84
gle=1
d/W =0.25
P/e=38
e/Dy ore/D = 0.037
a = 60°
d/W =0.25
gle=1
P/e =28
W/w=75
a = 60°
Re =22 000

Other roughness geometries

Rib groove

Expanded metal mesh

Metal grit ribs

Inverted U-shaped ribs

Sinusoidal protrusion ribs

Staggered C-shape finned

absorber plate

Staggered conical vortex generators

Hemispherical cavities

Impinging jet
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P/e=4.5-10.0
g/p=03-0.7
e/D =0.0181 — 0.0363
Re =3000 — 21000
/e =25 —71.87
s/e = 15.62 — 46.87
e/Dy, = 0.012 — 0.0390
Re =1900 — 13 000
e/D, = 0.035 — 0.044
P/e =12.5-36
l/s=172-1
Re =4000 — 17000
e/D, = 0.0186 — 0.03986
p/e = 6.667 —57.14
a=90°
W/H =6
Re =3800 — 18 000
Pr =10, 14, 18 mm (transverse)
P, =10,14, 18 mm (longitudinal)
e =1mm
W/H =5
Dy = 33.33 mm
Re =4000 — 15000
P/g =38
h/H = 0.6
Re = 24 000
P/e =2.67
e/D =0.17
Re =16 000
x/ry =11
y/rg =11
rq4/D = 0.039
Re = 2160
D;/D, = 0.065—0.195
H;/D, = 0—0.433
Re = 3500 —17 500

_ Nu/Nuy
(f/f)'3

3.28

2.08

1.85

1.84

1.76

2.34

2.39

1.82

2.02

1.64

2.04
3.48

3.66
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Table 8. Details of thermo-hydraulic performance of solar air heaters reported to date (continued).

Authors Roughness type

Kumar and Verma

[121] Sinusoidal ribs

Wang et al. [150] S-shaped ribs with gap

Karmare and Tikekar [143] modified SAH using wire ribs
grid shape roughness, considering parameters such as e/D, L/S,
Re and P/e for determining Nu and f. Saini and Saini [142] used
expanded metal mesh with the following parameters: Re, e/D,
S/e and L/e. Karwa et al. [158] adopted w/H, P/e and e* param-
eters for machined ribs for modification of a SAH. Bhagoria et
al. [130] modified SAH using wedge shaped ribs for parameters
such as Re, e/D, P/e and ¢. Kumar et al. [100] developed corre-
lations of Nu and f for forward-facing chamfered rectangular
ribs through e'/e, e/w, e/D and Re as parameters.

Kumar et al. [137] used angled perforated baffles for modi-
fication of SAH through Re and o as parameters.

Saini and Verma [119] used dimple protrusions using param-
eters such as Re, e/D and P/e. Bhushan and Singh [170] used
dimple-shaped roughness with Re, S/e, L/e and d/D as governing
parameters. Yadav et al. [106] used circular protrusions and
adopted Re, P/e, e/D and « as influencing parameters for modi-
fication of SAH. Saravaran et al. [146] utilised staggered
C-shape finned absorber plate with factors affecting the perfor-
mance of a SAH, such as P/g, h/H and h/d, as parameters.

Murmu et al. [156] modified the conventional SAH using
spherical ball-shaped ribs over the absorber plate and success-
fully developed strong predictive correlations for Nu and f. They
used Re, e/D, Ple, e/d and « as control variables.

No reports on the development of correlations for W-shaped
ribs to date have been reported by any author.

11.2. Maximum enhancement of Nusselt number
and friction factor

This section is dedicated to disseminating the maximum values
of Nu and f for roughness geometries considered in the present
review work.

Gawande et al. [96] investigated transverse ribs in the form
of combined square and equilateral triangular ribs as roughness
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_ Nu/Nu,
(f/f's

Roughness parameters

D;, = 33.33 mm
P =10, 14, 18 mm
e=1mm
W/H =5
q = 1000 W/m?
Re = 4000 — 15 000
ple=20
Wiw=4
e/D=0.023 —0.036
g/e=15
g =450 — 650 W/m?
Re =19 258

2.05

3.00

elements to modify conventional SAH. They found the maxi-
mum enhancement in the Nusselt number as 2.877 and the fric-
tion factor as 3.661 compared to a smooth duct of SAH. They
achieved maximum Nu and f at the optimum control parameters
of Ple =7.14 (fixed), e/D = 0.042 (fixed) and Re = 18 000, re-
sulting from combining square and equilateral triangular shapes
that enhanced the heat transfer.

Kumar et al. [105] modified conventional SAH with novel
roughness elements in the form of discrete multiple arc-shaped
ribs in the view of enhancing heat transfer. They reported the
highest increment in Nu and f of 7.61 and 6.48, respectively, in
a modified SAH with the optimum parameters of W /W, = 5.0,
D;/L, =0.67, g,,/H, = 0.87, H,/H =0.047, P./H = 1.7,
a =60° X/D, =172 and Y/D;, = 0.82. The maximum en-
hancement was ensured due to gaps in the multi-arc shaped ribs,
which ensured the frontal discharge of flowing fluid through
both primary flow and secondary flow. This further contributes
to better mixing, i.e. limited surface side growth of the boundary
layer, which leads to an enhancement of heat transfer.

Kumar et al. [117] used multi VV-shaped ribs with a gap as
roughness elements to extend the absorber plate in the expecta-
tion of improved SAH with higher heat transfer rates. They
found maximum augmentation in Nu and f of 6.74 and 6.37, re-
spectively, at the optimum variables of P/e =10, e/Dy or
e/D =0.043, a = 60°, gle = 1, Gy/Ly =0.69, W/w = 6 and Re of
20 000. The gap distance used in the roughness geometry pro-
vided passage for secondary flow, which enhanced the heat
transfer between the fluid and the surface.

Saini and Verma [120] employed a novel artificial roughness
element in the form of dimple-shaped rib over the absorber plate
in a SAH. They achieved maximum enhancement in Nu and f of
7.58 and 4.68, respectively, at the optimum influencing param-
eters, such as P/e of 10, e/D of 0.0379 and Re of 12 000. The
dimple shape of roughness elements led to the reattachment of
the free shear layer after the flow separation in the fluid domain.
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This enhances the heat transfer rate between the fluid and the
surface by virtue of the vicinity of the reattachment region.

Thakur and Thakur [128] proposed a modified SAH featur-
ing a novel roughness geometry based on multi-staggered
W-shaped ribs. They conducted experiments by varying differ-
ent operating and geometric parameters, and reported the results
at the optimum conditions of P/e = 12, /Dy, = 0.0423, a = 60°,
gle =1, Ng = 2, p/P = 0.65, w/e = 4.5 and Re = 12 000. They
reported an enhancement in Nu and f of 4.1 and 2.5, respectively.
It was observed that W-shaped staggered ribs further energise
the flow within the gaps, promoting enhanced flow development
and vortex formation, which in turn significantly improves the
Nusselt number.

Murmu et al. [156] experimentally investigated SAH modi-
fied using inclined spherical balls as roughness elements. They
reported an enhancement in Nu and f by 3.56 and 2.34, respec-
tively, compared to a smooth duct SAH at the optimum param-
eters of P/e = 15, e/Dy = 0.036, e/dp = 1 and a = 55°. They con-
cluded that due to the spherical ball shape roughness, the sec-
ondary flow stream rejoins the primary flow, which accelerates
the rate of heat transfer.

Kumar and Goel [132] used a non-uniform type of rib rough-
ness specifically in the form of forward-chamfered rectangular
rib to the developed modified SAH. They achieved maximum
increases in Nu and f as 3.82 and 2.68, respectively, at the opti-
mum parameters such as the e/D ratio of 0.0433, e/w ratio of
0.67 and 2.0, P/e ratio of 11, e'/e ratio of 0.75 and Re of 3700 to
18 700. The authors observed that the main reason for heat trans-
fer increment is that the chamfered elements guide the fluid flow
in the centre of SAH, which leads to better mixing of a broken
laminar sublayer over the absorber plate to the mainstream flow.

Kumar et al. [137] investigated experimentally the modified
SAH using angled perforated baffles as novel baffle roughness
in the view of heat transfer enhancement and controlled fluid
flow. They optimised the system and operating parameters to
a = 55° and Re = 9000. The reported maximum enhancement
in Nu and f was 3.82 and 7.14, respectively.

Wang et al. [150] modified conventional SAH using
S-shaped ribs with a gap as artificial roughness over the absorber
plate, focusing on the heat transfer enhancement. The maximum
obtained enhancement in Nu and f was, respectively, 5.42 and
5.87 times the smooth duct SAH at the optimum variables, such
as Re of 19 258, P/e ratio of 20, W/w ratio of 4, e/D ratio of
0.023t0 0.036 and g/e ratio of 1.5. Due to S-shaped ribs over the
absorber plate, the incoming fluid stream underwent the flow
separation, causing vortices to form downstream of the flow.
These vortices improved air mixing, thereby enhancing the heat
transfer and increasing pressure drop.

11.3. Thermo-hydraulic performance

As regards the thermo-hydraulic performance of the solar air
heater geometries based on various transverse rectangular sec-
tioned ribs, the maximum value obtained was 2.77, as shown in
the comparison presented in Fig. 70. This SAH model was de-
veloped by Korpale et al. [111], who incorporated transverse
rectangular finned types of ribs to roughen the solar air heaters.
The rectangular sectioned fins installed on the absorber surface
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Fig. 70. Variation in THP of SAH based on various transverse ribs.

helped in creating wall-induced turbulence affecting the temper-
ature of the air, as well as the local temperature of walls in con-
tact with hot air. The THP value obtained from the CFD ap-
proach was 2.37, showing minor error for Nu and f calculations.
The validation experiment was also performed to confirm the
accuracy of optimisation and CFD results. The authors obtained
a THP value of 2.55 for the same case, which was a maximum
value among all other models achieved in the transverse rib SAH
type.

There have been various investigations carried out on SAHs
based on the arc-shaped roughness. The maximum value of THP
was found to be 4.1. It was obtained by Kumar et al. [105], who
developed an impingement jet SAH with discrete multiple arc-
shaped ribs as roughness elements. The gaps in the multiple arc-
shaped ribs permit the discharge of fluid from the secondary and
mainstream. The mainstream flowing through the gap is a stable
stream with a denser boundary layer containing the viscous sub-
layer. The occurrence of a gap results in the mixing of a second-
ary stream with the mainstream. This mixing facilitates and
strengthens the limited boundary layer stream beside the sur-
face, resulting in increased heat transfer. This leads to an im-
proved heat transfer rate. However, it is accompanied by a sim-
ultaneous enhancement in Reynolds number and a relatively
small increase in the friction factor for the augmented SAH.
Therefore, the thermal hydraulic performance (THP) was found
to be superior compared to other available models, as shown in
Fig. 71.

The maximum THP value of 4.73 was obtained in the group
of SAHs utilising dimple or protrusion ribs, as depicted in
Fig. 72. The SAH setup, which produced the maximum THP,
was built by Hassan et al. [123], who utilised multiple arc ar-
rangements using dimple or protrusion ribs to develop an effi-
cient SAH setup. Due to the presence of multiple arc arrange-
ments, the highest number of flow reattachment points was
formed. Two phenomena worked here to enhance the heat trans-
fer. Firstly, the destruction of the laminar sublayer due to the
flow stream and secondly, the generation, propagation and mix-
ing of accelerating secondary flow with the primary flow. The
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Fig. 72. Variation in THP of SAH based
on various dimple or protrusion roughness.

secondary flow generated due to the dimple shape of ribs com-
pels the less heated portion of air to get mixed with the primary
highly heated air under the absorber plate, and then propagates
to the trailing edge with much higher temperature. These two
streams enhanced the destruction of the laminar sublayer, ulti-
mately promoting higher heat transfer between air and the ab-
sorber.

Figure 73 shows the comparison among all reported
V-shaped ribs roughened SAHSs, in which Kumar et al. [117] ob-
tained the maximum THP value of 3.64. They developed an ex-
perimental setup of SAH using multiple V-shaped ribs with
gaps. The absorber plate was single-sided roughened with vary-
ing pitch that played a vital role in enhancing heat transfer, en-
suring availability of lesser or greater number of reattachment
points. The optimum pitch obtained was 10, at which the highest
number of available reattachment points was observed, and
fewer reattachment points were observed below and above this
value, yielding the highest heat transfer and the lowest heat
transfer, respectively.
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Fig. 73. Variation in THP of SAH based
on various V-shaped rib roughness.

Figure 74 illustrates the THP results from various investiga-
tions on SAHs with W-shaped roughness. Thakur and Thakur
[127] developed the SAH model using roughness elements in
the form of W-shaped ribs with symmetrical gaps along with the
staggered ribs, and found that the maximum value of THP was
3.24. The plot shows that as the Reynolds number increases,
larger gaps lead to a reduction in heat transfer, possibly because
more extensive gaps allow a larger part of the flow to pass with-
out going over the ribs. Moreover, the friction factor decreases
for the full arrangement values due to the weakening of the lam-
inar sublayer. The quality of secondary stream vortices close to
the shorter W-shaped rib sections of roughness design is influ-
enced by increasing the number of gaps on every appendage of
the rib geometry. As the number of gaps increases, the friction
factor values decrease, which might be due to the overwhelming
effect of debilitating secondary flow vortices. The Nusselt num-
ber values go on increasing due to the interaction of incoming
flow from gaps to cause interruption to the flow between the two
adjacent ribs. The greatest improvement in Nusselt number was

@
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Fig. 74. Variation in THP of SAH based
on various W-shaped rib roughness.
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at the relative staggered pitch (p/P) equal to 0.65, which corre-
sponds to the situation of a redevelopment of the boundary layer
following the reattachment of the stream. The plot also shows
a variety of friction variables with Reynolds number for relative
staggered pitch. The most extreme estimate of friction was
found at p/P = 0.75, and the least at p/P = 0.65. A staggered rib
enables the stream to mix with the incoming flow from gaps to
create more disturbances in the flow between two adjacent ribs,
which leads to an increase in friction. In the case of low friction
values, the cause was attributed to the flow separation and reat-
tachment. The most extreme heat exchange credited to w/e = 4.5
might be the result of reattachment of the primary stream and
breaking of the redeveloping boundary layer. The low value of
the friction factor at w/e = 4.5 might be credited to the dissipa-
tion of the approaching stream from gaps, while in the case of
w/e = 6, redirections of the primary stream happen towards the
trailing edge of the multigap staggered W-shaped rib roughness.
Among all reported inclined baffles roughened SAHs, Parsa
et al. [140] obtained the maximum THP factor of 3.28, as de-
picted in Fig. 75. They used novel staggered cuboid baffles as
roughness elements for the development of the SAH setup. The
cuboid baffles under the absorber plate increase the heat trans-
fer. They also increase the frictional resistance to the flow,
which increases the requirement of pumping power. The cuboid
baffles are more effective at lower Reynolds numbers compared
to higher Reynolds numbers due to the nature of heat transfer
that decreases with an increase in Reynolds number. Various cu-
boid baffle arrangements were employed under that study, but
the most effective were “I’, “T* and ‘L’ shaped configurations,
which yielded the highest THP. The rise in THP indicated higher
heat transfer and nominal increment in friction factor, due to the
additional secondary flow generation by baffles and thereby,
better mixing and turbulence created under the absorber plate.
The maximum THP obtained amongst the SAHs modified
with non-uniform ribs, as reported under this review work, was
2.66. The model, which exhibited the maximum THP, was built
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Fig. 75. Variation in THP of SAH based
on various inclined baffles.
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Fig. 76. Variation in THP of SAH based
on various non-uniform rib roughness.

by Kumar and Goel [132], as shown in Fig. 76. The experi-
mental setup developed by them had five types of rib roughness,
such as circular, semi-circular, square, triangular and rectangu-
lar, in a triangular fluid passage as the test section. These ribs
were employed to break the laminar sublayer to yield more mix-
ing of fluid near the absorber wall, thereby advancing heat trans-
fer. These ribs generated primary, as well as secondary flow due
to their geometrical shape. The microlevel view indicated that
ribs created various reattachment points between two successive
ribs. The multiple reattachments of the fluid stream cause flow
separation and attachment of the flow at the upstream and down-
stream sides. These phenomena introduce local turbulence under
the absorber plate, which ensures THP as high as 2.66, as was
demonstrated by the authors in this experimental study.

Within the group of other rib geometries reported here in this
review work, the maximum THP was 3.66, which was obtained
by Yadav and Saini [149]. They developed SAH based on im-
pinging jet to numerically investigate heat transfer behaviour of
a solar air heater. Nusselt number was increased initially with an
increase in the jet height, and it started to decline beyond jet
height ratio (H;/Dn) of 0.216. It was due to crossflow of air to the
upward direction through the jet height that causes back pressure
with the increasing height of jet and velocity inside the jets. The
maximum TPH found with these ribs was because of the inter-
ference between jet was minimised with an increment in the jet
height. The detailed comparison of THP values for other rough-
ness geometries reported is presented in Fig. 77.

According to the comprehensive comparison of optimum
SAH in every type of SAH considered in the present review
paper (Table 9), the maximum THP was reported by Hassan et
al. [123], who used dimples or protrusions as roughness ele-
ments for roughened SAH (Fig. 78). The authors introduced
modified SAH using dimple ribs of multiple arc arrangements.
They led to the highest heat transfer due to availability of maxi-
mum reattachments point, destruction of laminar sublayer be-
cause of the presence of arc array and two-way flow pattern,
such as primary — secondary flow stream.
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Fig. 78. Optimal THP of SAH based on various rib roughness.

12. Research gaps for future works

Based on the extensive literature review, the following ob-

servations were found for future work. These recommendations
would be very beneficial for those who are working in the field
of solar air heater performance improvements, especially on
roughened solar air heaters:

Very limited work involving gap and multiple gaps of
roughness geometry over the absorber plate of SAH has
been reported to date. There is a very significant scope to
study various thermal performance enhancements in trans-
verse wire ribs with a gap and with multiple gaps.

Numerous studies have been conducted on plate roughness
(absorber plate) to improve the thermal and thermo-hy-
draulic performance of solar air heaters and heat exchang-
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ers. However, there is room for and a need for research on
the effect of roughness geometry on flat plates with and
without reflectors (on the left and right sides of the duct
walls).

There have been numerical studies conducted separately,
such as CFD and ANN techniques, but no combined com-
parative studies containing various well-established nu-
merical approaches or open source-based tools, such as
CFD, ANN, Taguchi method, surface volume methods, or
OpenFOAM, on the specific new novel roughness geome-
try over the flat surface of the absorber in solar air heaters
have been reported yet.

So far, only a few studies been undertaken to investigate
the effect of spherical ball-based artificial roughness in
SAH. Various setup configurations, such as transverse
shape, W-shape, V-shape, with and without gaps, can be
used using this type of artificial roughness in SAH.

There is also the possibility of observing the effect of coat-
ing and nanocoating, since nanoparticle change the rough-
ness over the flat plate (absorber plate). Nanocoating may
be applied on many types of roughness to improve the ther-
mal performance of SAHs.

There have been relatively few works documented on
three-sided roughness for effective SAH. There is scope
and potential to expand the work done on one-side rough-
ness (bottom plate/absorber plate) geometry to three-side
roughness geometry in the SAH duct for improved thermal
and thermo-hydraulic performance.

Various studies on SAH have been conducted utilising var-
ious duct shapes, but no study has been reported on com-
parative studies on duct shapes of SAH for the optimum
configuration to improve overall performance of SAH.

A lot of studies have been done on the dimple shape, and
dimples with gap has also been examined for effective ef-
ficiency of SAH; however, there is no report by any author
on continuous dimple roughness geometry. There are other
patterns that may be used, including a transverse shape,
an S-shape, a C-shape, and so on.

The angle of attack has a substantial impact on the perfor-
mance evaluation of SAH. This may be adjusted by switch-
ing the absorber plate’s side (upstream/downstream). Var-
ious studies have been published in this respect for the per-
formance assessment of SAH, especially as an arc with
gap, i.e. apex-down roughness geometry, but there is po-
tential to employ apex-up with gap and multiple gaps for
an optimum thermal performance of SAH.

There have been very few works done employing a combi-
nation of different roughness geometries. Mixed roughness
geometries can be applied here, such as dimple continuous
and discontinuous, transverse wire ribs and arc-shaped
ribs, apex up and apex down arrangement in W-shaped,
C-shaped and S-shaped roughness geometries.
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Table 9. Optimal thermo-hydraulic performance of solar air heaters based on different artificial roughness.

Authors

Hassan et al. [123]
Kumar et al. [105]
Kumar et al. [112]
Yadav and Saini [149]

Kumar et al. [161]

Goel et al. [148]
Parsa et al. [140]
Korpale et al. [111]
Kottayat et al. [139]
Kumar and Goel [132]

Karmare and Tikekar [143]

Saini and Saini [90]
Srivastava et al. [174]
Ghritlahre [107]
Sharma et al. [94]
Kumar and Verma [145]
Gawande et al. [134]
Bezbaruah et al. [147]
Gawande et al. [134]

Kumar and Verma [145]

Bhuvad, Azad and Lanjewar

[110]
Lanjewar et al. [171]

Kumar et al. [137]
Zina et al. [133]
Gawande et al. [134]

Kumar et al. [153]

Mahanand and Senapati [95]

Gawande et al. [96]

Bopche and Tandale [144]

Prasad and Saini [86]
Jaurker et al. [141]
Barik et al. [131]
Kumar et al. [152]
Saravanan at al. [146]
Ghritlahre [107]
Srivastava et al. [108]
Singh et al. [93]
Kumar et al. [99]

Bhagoria et al. [130]

Type of artificial roughness utilised

Dimple or protrusion ribs
Discrete multi arc-shaped ribs
Discrete multiple arc-shaped ribs
Impinging jet

Innovatively arranged arcs (combination of alternatively arranged
forward and backward facing arced-ribs)

Hemispherical cavities
Staggered cuboid baffles
Rectangular section ribs
Discrete multiple inclined baffle
Semi-circular, circular, triangular, square, rectangular ribs
Metal grit ribs
Expanded metal mesh
V-shaped ribs with gap
Arc-shaped wire ribs with apex upstream
Transverse, inclined transverse, dimple, inclined dimple, arc and sine wave ribs
Sinusoidal rib
20° chamfered rib
Staggered conical vortex generators
Right-angle triangular rib
Sinusoidal protrusion rib

Apex-up discrete arc ribs

W-shaped ribs of different orientations
Angled perforated baffles
Triangular ribs with semi-circular nooks
Reverse I-shaped rib
Rectangular rib roughened
Transverse inverted-t shaped rib
Combined square and equilateral triangular ribs as
Inverted u shape rib
Transverse wire
Rib groove
T-rib, left arm inclined T-rib, right arm inclined T-rib, Y-rib, concave and convex T-ribs
Semicircular rib
Staggered C-shape finned absorber plate
Apex downstream
Arc-shaped ribs with gap
Uniform/non-uniform square-wave profile transverse roughness rib
Square rib

Transverse wedge-shaped ribs
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Thermo-hydraulic
performance

4.73
4.10
3.85
3.66

3.61

3.48
3.28
2.77
2.69
2.66
2.39
2.34
221
2.09
2.05
2.05
2.05
2.04
2.04
2.02

2.01

1.98
1.94
1.93
1.90
1.89
1.86
1.86
1.82
1.78
1.76
1.70
1.70
1.64
1.59
1.50
1.49
1.44
1.38
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13. Conclusions

This paper aims to analyse the diverse experimental studies con-
ducted on ducts and solar air heaters incorporating artificial
roughness rib elements, focusing on their impact on heat transfer
and friction factor characteristics. Various elements, materials,
and geometric parameters have been employed to assess the
thermo-hydraulic performance of the ducts and solar air heaters.
Drawing from a thorough literature review, the following con-
clusions can be derived:

1) An evident enhancement in heat transfer is observed in
solar air heaters when the flow is subjected to surface
roughening, leading to increased friction. Nevertheless,
it is important to note that various researchers have re-
ported varying increments in heat transfer and friction
factor values for each specific rib geometry employed.
A comparison of the investigations conducted by differ-
ent researchers, in terms of the Nusselt number and fric-
tion factor increments compared to a smooth duct,
showed that the highest values, of 7.61 for the Nusselt
number and 6.48 for the friction factor, were obtained
utilising artificial roughness elements in the form of dis-
crete multi-arc ribs. It also indicated that an increase in
heat transfer is accompanied by a simultaneous increase
in the friction factor.

Among the various rib geometries studied in experiments
thus far, it has been observed that protrusions or dimple-
shaped elements tend to exhibit the lowest friction factor
values compared to other rib elements. Simultaneously,
these protrusions or dimple-shaped elements also con-
tribute to an increase in the Nusselt number at the opti-
mum parameter settings. Therefore, in terms of achieving
a balance between heat transfer enhancement and mini-
mising friction, protrusions or dimple-shaped rib ele-
ments appear to be more favourable compared to other
alternatives.

The experiments conducted on solar air heaters with var-
ious rib geometries and the set of corresponding param-
eter values identified the specific parameter values for
each rib element that yield the best overall performance.
The developed correlations for the Nusselt number and
friction factor based on the range of parameters consid-
ered in the experiments provide valuable insights for de-
signers and researchers. These correlations, along with
the heat transfer values, can assist beginners in this field
by providing an understanding of the different geome-
tries used and the impact of each parameter on heat trans-
fer and flow characteristics. This knowledge enables de-
signers and investigators to work towards identifying the
optimum values for enhanced performance in their re-
spective applications.

Dimple protrusion ribs have proven to be the most suita-
ble rib elements in terms of thermo-hydraulic perfor-
mance parameters. Extensive research and experimenta-
tion have demonstrated their effectiveness in enhancing
heat transfer, while simultaneously minimising friction.
The unique characteristics of dimple protrusion ribs, such

2)

3)

4)

5)

6)
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as their roughness profile and surface texture, contribute
to improved heat transfer coefficients and efficient fluid
flow. Thus, in terms of overall thermo-hydraulic perfor-
mance, dimple protrusion ribs have emerged as a favour-
able choice among rib elements.

In the study conducted, it has been observed that the fric-
tion factor decreases as the Reynolds number increases
for all roughness geometries considered. Among the dif-
ferent roughness geometries, the one of four ribbed walls
resulted in the highest frictional losses. This can be at-
tributed to their large frontal area, which contributes to
increased form drag. On the other hand, circular protru-
sions arranged in an arc fashion exhibit the lowest values
of the friction factor. This may be due to the discrete ar-
rangement of the circular protrusions, which results in
relatively lower form drag, as well as skin drag. In fact,
the skin drag for circular protrusions can be even lower
than that of rib roughness, leading to their favourable per-
formance in terms of frictional losses.

7)
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