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In this paper, energy and exergy analyses of eleven roughness elements in solar air 
heater ducts were reviewed. Various roughness geometries, such as ribs, twisted tap, 
baffles, and metal waste, were surveyed for their effects on heat transfer and friction 
when the air flow passed over the absorber plate. The evaluation criteria for roughness 
elements on the absorber plate, including the thermohydraulic performance 
parameters, thermal efficiency, effective efficiency, and exergy efficiency, were 
presented and compared. The results showed that protruding ribs in an arc shape 
resulted in the largest Nusselt number. The ribs exhibited the highest thermohydraulic 
performance parameters at a Reynolds number greater than 5000. Jet impingement 
with arc-shaped ribs and roughness elements in metal waste were found to result in 
the smallest exergy efficiencies. The largest effective and exergy efficiencies were 70% 
and 1.9%, respectively. The thermohydraulic performance parameter varied from 0.5 
to 2.0. This review paper aims to provide information about roughness geometries by 
investigating both the first and second laws of thermodynamics and the figure of merits 
to describe artificial roughness in a solar air heater.  
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1. Introduction 
 

Energy shortages and environmental pollution are pressing problems in modern society. One of 
the reasons for these problems is the burning of fossil fuels to operate thermal power plants, which 
emit large amounts of carbon dioxide [1,2]. In addition, CFC and HCFC refrigerants in air conditioners 
cause greenhouse effects and global warming [3,4]. Using renewable energy as an alternative to fossil 
fuels has received much attention in recent decades. Solar energy is attracting increasing attention 
because of its large amount and its presence throughout the planet. 
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The solar air heater (SAH) is perhaps the simplest and most reliable solar thermal energy 
converter. The device converts solar thermal energy into a hot air stream that can be used for heating 
or drying [5]. However, due to the nondominant thermophysical properties of the air, the efficiency 
of the air collector is not high. Therefore, obstacles are often placed into SAH ducts to remove the 
laminar sub-layer of air closest to the absorber surface and to mix the primary and secondary flows 
along the heater length. The shape of the obstacles in a SAH is very diverse. They can be ribs, fins or 
baffles, which are commonly known as roughened SAH. The literature has revealed several 
evaluation criteria for roughened SAH. Among these criteria, the thermohydraulic performance 
parameter is used to estimate the heat transfer enhancement due to the pressure loss penalty, and 
the exergy efficiency is used to qualify the loss components due to irreversibility. There have been 
many review articles on energy or exergy analysis of roughness in SAH. To the best of our knowledge, 
a survey of the roughness geometries of solar air heaters according to both the first and second laws 
of thermodynamics has not been conducted. Such a survey is essential because it demonstrates that 
the roughness geometry has not yet been examined sufficiently. In this review, eleven state-of-the-
art roughness geometries that have been studied in terms of both energy and exergy were analysed 
and evaluated. The article summarizes and provides information on each type of roughness and 
efforts by researchers to clarify both the energy and exergy points of view. Therefore, the main 
objective of the present work is to analyse and observe the different roughness shapes of SAH to 
qualify high performance and facilitate practical application. The procedure used for roughness 
studies in previous works involved the calculation of the Nusselt number and the friction factor 
correlations. The equations were then used to evaluate the thermohydraulic performance, thermal 
efficiency, effective efficiency, entropy generation, and exergy efficiency. 
 
2. Roughness Geometries in Terms of Both Energy and Exergy 
 

Figure 1 contains a schematic diagram of an SAH. Solar energy passes through the glass cover into 
the absorber plate. Air blows through the clearance between the glass cover and the absorber plate 
to acquire thermal energy from the plate. Roughness elements are attached to the absorber surface 
to enhance heat exchange. Table 1 summarizes the roughness elements that have been studied to 
assess both the thermohydraulic and exergy performance. The Nusselt number (Nu) represents the 
heat exchange, and the friction factor (f) denotes the pressure loss of the air flowing across the 
roughened channel. The formulation of the Nu and f equations uses either experimental or numerical 
(CFD) approaches. Both approaches were performed as per ASHRAE standard 93-97. Normally, the 
Nu and f equations are functions of the Reynolds number (Re), relative roughness pitch (P/e), relative 

roughness height (e/Dh), angle of attack () and other geometric parameters. It is evident that the 
Nu and f values of the roughened duct are larger than those of the smooth duct. The exergy analysis 
was used to identify the exergy loss components with the greatest irreversibility and exergy 
efficiency, which are shown in Table 1. The exergy performance of SAH is very low due to the large 
exergy loss resulting from the large difference between the sun temperature and the absorber plate 
temperature. To compare the heat transfer enhancement and the pressure loss penalty due to the 
roughness, investigators often use the following well-known formulas for smooth ducts. 
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Fig. 1. Solar air heater 

 
Dittus-Boelter correlation for the Nusselt number 
 

0 4 0 80 023 . .

smoothNu . Pr Re             (1) 

 
Blasius correlation for the friction factor 
 

0 250 079 .

smoothf . Re              (2) 

 
To evaluate the difference between the gain due to heat transfer and the loss in pressure, a 

thermohydraulic performance parameter is used. This parameter is defined as follows 
 

 
1 3

smooth

/

smooth

Nu / Nu

f / f
               (3) 

 
Table 1 
Roughness shapes in SAH duct studied both thermohydraulic and exergy analyses 
No. Roughness shape Researchers and remarks in thermohydraulic 

research  
Researchers and 
remarks in 
exergy research 

1. Twisted rib 

P

ey



 

Kumar and Layek [6] 
Nusselt number and friction factor 2.46 and 1.78 
times higher than those of a smooth plate  

   

     
   

     

0 17 15 7510 1 043

20 84

2
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3 10
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0 85 90

6 82 90

. ..

.

. . ..

Nu Re y / e P / e

/ exp . ln P / e

exp . ln /

f . Re y / e P / e /







 

 

 

 

 

Kumar and 
Layek [7]  
Exergetic 
efficiency 1.81 
times higher 
than that of a 
smooth plate 
 
 

2. Jet impingement with arc-shaped rib 

dp

ep

Pp

a

 

Nadda et al., [8]  
Largest thermohydraulic performance parameter 
of 3.64 
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Matheswaran et 
al., [9]  
Maximum 
exergetic 
efficiency of 
10.5% 
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3. V-down perforated baffles 

P

e

 

Chamoli and Thakur [10,11] 
Highest increase in heat transfer of 2.2 times and 
friction factor of 5.2 times 

      
     

0 3007 0 6774 20 7848 0 3571
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. .. .Nu . Re P / e e / H exp . ln P / e
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   

  

 

   
0 16 1 050 18 0 130 632
. .. .f . Re P / e e / H

    

Chamoli and 
Thakur [12] 
Highest increase 
in exergetic 
efficiency of 
76% 
 
 
 

4. Chamfered rib with groove 

e

P

 f 

 

Karwa et al., [13] 
2-fold increase in Stanton number and 3-fold 
increase in friction factor 
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Layek et al., [14] 
Larger relative 
roughness 
height, smaller 
entropy 
generation 
 
  
  

5. Protruded ribs in arc shape 

d

e

P



 

Yadav and Kaushal [15]  
Maximum increase in Nusselt number of 2.89 
times and friction factor of 2.93 times 
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Yadav and 
Kaushal [16]  
Maximum 
exergetic 
efficiency of 
2.25% 
 
 

6. Discrete V-down ribs 
 

P

e

g



w

d

 

Singh et al., [17] 
Maximum increase in Nusselt number of 3.04 
times and friction factor of 3.11 times 
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h
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Singh et al., [18] 
Maximum 
exergetic 
efficiency of 2% 
 
 

7. Helically coiled metal waste  

P

e

 

Phu et al., [19] 
The optimum relative roughness height is 0.35 to 
obtain 
the highest thermo-hydraulic performance 
parameter 
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0 169444 0 6688550 9010770 0753297
. ..

hNu . Re e / D p / e


  

   
0 527405 0 8759260 35812516 9194
. ..

hf . Re e / D p / e
  

 

Phu et al., [20] 
The largest 
exergy 
efficiency of 
2.7% is achieved 
at an absorber 
plate aspect 
ratio of 3 
 

8. Conic-curve profile ribs Ngo and Phu [21] 
Hyperbolic ribs (K = -4) obtained the highest 
thermohydraulic performance 
For conic constant, K < 0 

Phu and Hap 
[22] 
The largest 
exergy efciency 
was 1.53% at a 
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 
0 0239950 8980470 0152703
..Nu . Re abs K

 
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..f . Re abs K
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For conic constant, K=0 

 
0 8788539330 0171061297 .Nu . Re  

 
0 03453467070 0243164038 .f . Re  

 

Reynolds 
number of 2800 

9. V-ribbed triangular 
duct  



 

Kottayat et al., [23]  
The highest thermohydraulic performance of 
2.01 at Reynolds number of 7500 

   26 0 77 5 71 49 10 0 76. .Nu . Re exp . ln      
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0 101909381
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


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Kottayat et al., 
[23] 
Enhancement in 
exergy 
efficiency of 
23% is drawn 

10. Arc-shaped wire 

e



 

Saini and Saini [24] 
The maximum enhancement in Nusselt number 
was obtained as 3.80 times and the 
augmentation in friction factor was 1.75 times  

   
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Sahu and Prasad 
[25] 
Enhancement in 
exergy 
efficiency of 
56% was earned  

11. Inclined baffles  

q

 

Phila et al., [26], Luan and Phu [27] 
The highest thermohydraulic performance of 
1.11 at Reynolds number of 9000 

2
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
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2
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0 25 0 0000108633445 1 31604401 10
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 
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Luan and Phu 
[27] 
The highest 
exergy effciency 
was 0.7% at a 
Reynolds 
number of 1500 

 
For the purpose of comparing the Nu and f values of the roughness types and those of the smooth 

ducts, Figure 2 and Figure 3 show the Nu and f values according to the Re number. Protruding ribs in 
an arc shape and a chamfered rib with a groove greatly enhance the heat transfer. Heat transfer 
enhancement by protruding ribs was obtained due to main flow impingement, vortex formation on 
both sides of the protrusion and flow separation [15,28]. The magnitude of the Nu value of these 
obstacles is 3 times greater than that of the smooth duct. Roughness methods resulting in moderate 
heat transfer improvement include jet impingement with arc-shaped ribs, inclined baffles, V-down 
perforated baffles and metal waste (Figure 2). 
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Fig. 2. Nusselt numbers for the smooth and roughened solar air heater ducts 

 
V-down perforated baffles on the absorber surface also have a large friction factor, as shown in 

Figure 3. This is probably due to the small relative roughness pitch (P/e) (1 to 4). The optimal relative 
roughness pitch is approximately 10, as reported in the literature. Geometries with almost identical 
friction factors include the V-ribbed triangular duct, V-down rib, and conic rib. 
 

 
Fig. 3. Friction factors for the smooth and roughened solar air heater ducts 

 
The trends of the Nu value and f factor reflect the thermohydraulic performance parameters, as 

shown in Figure 4. It can be seen that V-down perforated baffles result in the lowest values and 
protruded ribs in an arc shape result in the highest values. Most geometries result in values for this 
parameter greater than unity except V-down perforated baffles and jet impingement with arc-shaped 
ribs. The twisted rib results in the highest parameter values when the air flow is in turbulent mode 
(Re > 10000). This is due to an increase in flow impingement and jet formation due to the twisted rib 
[6]. 
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Fig. 4. Thermohydraulic performance of roughened solar air heater ducts 

 
3. Efficiencies of Roughened Solar Air Heater  
3.1 Thermal Efficiency 
 

The equations below present a model for calculating SAH's performance such as thermal 
efficiency, effective efficiency and exergy efficiency. This model has been adopted by many 
researchers in the exergy study of SAH [7,9,12,14,16,18,20,22,23,25,27]. The useful heat gain of air 
flow acquired from solar radiation can be calculated by the following equations 
 

   u c L ap aQ A I U T T    
             (4) 

 

 u p o i pQ mc T T mc T                (5) 

 

   u c R L o iQ A F I U T T                 (6) 
 

where Ac is the absorber plate area, I is solar radiation,  is the effective transmittance-absorptance 

product, m is the mass flow rate of air, cp is the specific heat of air at a constant pressure, FR is the 
heat removal factor of the solar collector, UL is the total loss coefficient, and Tap, Ta, Ti, and To are the 
mean absorber plate temperature, ambient temperature, air inlet temperature, and air outlet 
temperature, respectively. The total loss coefficient from the solar collector to the surroundings can 
be estimated as follows 
 

L t b eU U U U  
             (7) 

 
where Ut, Ub, and Ue are the loss coefficients at the top, bottom, and edge sides of the solar air heater, 
respectively. The top convective heat transfer coefficient is determined as follows 
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 
 

1

2 2

1
2 1 0 1331

0 00591

ap a

t w ap ae
t ap

ap a

t ap
ap w g

t

T TN
U / h T T

N f .T T NC / T
. NhN f



 
 

 
             

          (8) 
 
where, 
 

 2520 1 0 000051t tC .  
 

 

 0 43 1 100 ape . / T 
 

 

  1 0 089 0 1166 1 0 07866t w w apf . h . h . N    
 

 

in which t, ap, g, and N are the tilt angle of the heater, emissivity of the absorber plate, emissivity 
of the glass cover, and number of glass covers, respectively. 

The convective heat transfer due to wind (hw) is calculated by the following equation, which was 
reported by McAdams and considers the combined effects of convection and radiation 
 

5 7 3 8w wh . . V 
             (9) 

 
where Vw is the wind velocity. 

Heat loss due to conduction of insulation at the back side of the heater can be estimated by the 
Fourier equation: Ac(ki/Li)(Tp – Tb), where ki, Li, and Tb are the thermal conductivity, insulation 
thickness, and back temperature, respectively. Therefore, the bottom loss coefficient can be 
determined as follows 
 

b i iU k / L
                        (10) 

 
Because the edge losses of the collector are small, a one-dimensional heat flow around the 

perimeter of a collector of area LW and thickness Z is assumed. The losses through the edge are 
referenced to the collector area. Therefore, the edge loss coefficient is defined as follows 
 

  i

e

i

L W Zk
U

LWL




                       (11) 
 
where ki and Li are the thermal conductivity and thickness of the insulation, respectively, and L, W, 
and Z are the length, width, and depth of the solar air heater duct, respectively. 

The heat removal factor is calculated as follows 
 

1
p p

R L c

L c p

mc F
F exp U A

U A mc

  
    

                         (12) 
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where Fp is the collector efficiency factor. This factor is expressed as follows 
 

p

L

h
F

h U


                         (13) 
 
where h is the convective heat transfer coefficient between the air and absorber plate. 
 

h

k
h Nu

D


                        (14) 
 
The Nusselt number (Nu) is calculated from the equations listed in Table 1. The hydraulic diameter 
of the passage (Dh) and the Reynolds number (Re) are stated as follows 
 

 
4

2
h

WZ
D

W Z



                       (15) 

 

hmD
Re

WZ


                         (16) 
 

The thermal efficiency is defined as the ratio of the useful heat gain of the air flow to the solar 
radiation on the surface of the SAH 
 

u
I

c

Q

IA
 

                        (17) 
 
3.2 Effective Efficiency 
 

The first law efficiency merely considers the useful heat received compared to the solar energy 
to the SAH surface. However, the energy required to transport the working fluid through the SAH has 
not been taken into account. Hence, the effective efficiency is defined as follows 
 

u m
Eff

c c j

Q P

IA IA C
  

                       (18) 
 
where Cj is the thermal energy conversion factor, which the literature recommends to be set at 0.2. 
The pumping power is calculated as follows 
 

m

m p
P




                         (19) 
 

where  is the density of air and p is the pressure difference in the air flow. The air pressure 
difference is expressed as follows 
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2

4
2 h

LV
p f

D
  

                       (20) 
 
where the mean air velocity inside the SAH duct (V) is computed as follows 
 

m
V

WZ


                         (21) 
 
The friction factor (f) can be found from Table 1 for different types of roughness. 
 
3.3 Exergy Efficiency 
 

Exergy analysis is a tool for finding components in a heat system that have great exergy 
destruction and high irreversibility. In this analysis, a solution is sought to maximize exergy efficiency 
or minimize entropy generation. For an SAH, the following exergy loss components are included 

 
i. Optical exergy losses 

 

       
4

1 1 4 3 1 3loss,opt c a sun a sunEX IA / T / T / T / T     
                  (22) 

 
where Tsun is the sun temperature. 

 
ii. Exergy losses by convection and radiation heat transfer from the absorber plate to the 

environment 
 

  1
lossloss,Q L c ap a a apEX U A T T T / T  

                   (23) 
 

iii. Exergy losses by absorption of radiation by the absorber plate 
 

       
4

, 1 4 3 1 3 1
ap sunloss T ,T c a sun a sun a apEX IA / T / T / T / T T / T      

                 (24) 
 

iv. Exergy losses by heat transfer to the working air 
 

 1 1
ap floss,T ,T c I a f apEX IA T / T / T  

                    (25) 
 
where Tf is the mean temperature of the working air, Tf = 0.5(Ti + To). 
 

v. Frictional exergy losses of the working air 
 

a
loss, friction

f

m pT
EX

T





                      (26) 
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The first two kinds of exergy losses are external losses. The remaining kinds are known as internal 
losses. The total exergy losses are determined by summing the abovementioned exergy losses 
 

,loss ap sun ap floss loss,opt loss,Q loss T ,T loss,T ,T loss, frictionEX EX EX EX EX EX     
                (27) 

 
The input exergy of the SAH is constituted by the air inflow and solar radiation source as follows: 

 

     
4

1 4 3 1 3inlet c a sun a sunEX IA / T / T / T / T    
                    (28) 

 
The exergy efficiency can be calculated by summing the total exergy losses and input exergy as 

follows [9] 
 

1II loss inletEX / EX    
                      (29) 

 
Table 2 presents the inputs into the mathematical model above to calculate and compare yields 

for different types of roughness. These parameters are widely used in the exergy performance 
studies of SAH. 
 

Table 2 
Values of operating and design parameters 
Parameter Value 

Air inlet temperature (Ti) 300 K 
Ambient temperature (Ta) 300 K 
Depth of the collector (Z) 0.025 m 
Effective transmittance-absorptance product (  ) 0.8 

Emissivity of glass cover (
g ) 0.88 

Emissivity of the absorber plate (
ap ) 0.9 

Length of the collector (L) 1.5 m 
Number of glass covers (N) 1 
Reynolds number (Re) 2000 to 25,000 
Solar radiation (I) 1000 W m-2 

Sun temperature (Tsun) 5800 K 
Thermal conductivity of the insulation (ki) 0.037 W m-1 K-1 
Thickness of the insulation (Li) 20 mm 
Width of the collector (W) 1 m 
Wind velocity (Vw) 1 m/s 
Relative roughness pitch (P/e) 8 
Relative roughness height (e/Dh) 0.03 

Angle of attack () 60 

 
The effect of the temperature rise on the thermal efficiency is presented in Figure 5. It should be 

noted that the parameter is inversely proportional to the Reynolds number for a given solar radiation 

I. The temperature rise (T) is the air temperature difference, which was defined in Eq. (5). When the 
parameter increases, the Re number decreases, leading to a decrease in the Nusselt number. In other 
words, the useful heat gain decreases with an increase in the temperature rise parameter. From the 
analysis of the heat transfer rate described in the previous section, it can be seen that protruding ribs 
in an arc shape and jet impingement with arc-shaped ribs result in the largest and smallest thermal 
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efficiency, respectively. The maximum effective efficiency for certain temperature rises values and 
roughness geometries can be observed in Figure 6. This is because the increase in the parameter 
results in a trade-off between decreased heat transfer and decreased pressure loss. The highest 
effective efficiency was obtained at a parameter value of 0.006 K.m2/W. The largest value of 72% was 
obtained by using the protruded ribs in an arc-shape. 
 

 
Fig. 5. Variation in the thermal efficiency with an increase in the 
temperature parameter 

 

 
Fig. 6. Variation in the effective efficiency with the temperature rise parameter 
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The exergy efficiency as a function of the temperature rise parameter and roughness geometry 
is displayed in Figure 7. Generally, the efficiency was rather low (less than 2%) for all eleven of the 
considered roughness elements. This was mainly due to exergy losses caused by the absorption of 
radiation by the absorber plate (EXloss,Tap,Tsun) and optics (EXloss,opt) [29]. At very low temperature rise 
parameters, EXloss,Tap,Tsun was remarkably high. Therefore, the exergy efficiency became negative, as 
shown in Figure 7. The maximum exergy efficiency of a certain roughness element can also be seen, 
such as jet impingement with arc-shaped ribs, metal waste, twisted ribs, and arc-shaped wires. This 
is because increasing the parameter increases exergy losses by convection and radiation heat transfer 
(EXloss,Qloss). These trends showed a minimum total exergy loss, as displayed in Figure 8. The roughness 
geometries with the highest and lowest exergy efficiencies can also be observed in Figure 7, which 
was inferred and commented on in the previous section. 

Altfeld et al., [30] pointed out that the exergy efficiency can be maximized by adjusting the 
temperature level of the collector or the duct geometry and flow velocity. Sahu and Prasad [25] found 
that a relative roughness height e/Dh = 0.0422, a relative roughness pitch P/e = 10, and a relative 

angle of attack /90 = 0.3333 yielded the maximum exergy efficiency for solar air heaters with arc-
shaped wires. In particular, Ghritlahre et al., [31,33,34] and Ghritlahre [32] recommended the use of 
the artificial neural network (ANN) technique to predict the energy and exergy performance of a SAH 
due to its high accuracy. 
 

  
Fig. 7. Variation in the exergy efficiency with the temperature rise parameter 
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Fig. 8. Exergy loss components for inclined baffles with q = 60 

 
4. Conclusions 
 

The characteristics of thermohydraulics and the efficiencies of the roughness geometries of solar 
air heater ducts have been reported in this study. The Nusselt numbers, friction factors, 
thermohydraulic performance, thermal efficiency, effective efficiency, and exergy efficiency have 
been presented as functions of the Reynolds number and the temperature rise parameter. The 
findings of this review are as follows 

i. The highest effective efficiency can be obtained at a temperature rise parameter of 0.006 
K.m2/W. 

ii. High exergy efficiency can be obtained at a temperature rise parameter between 0.01 to 0.02 
K.m2/W for jet impingement with arc-shaped ribs, metal waste, twisted ribs, and arc-shaped 
wires. 

iii. Protruded ribs in an arc shape have a high heat transfer ability and low-pressure loss. 
Therefore, these ribs have outstanding performance compared to the rest of the roughness 
elements. 

iv. The exergy efficiency is rather low (less than 2%) for all eleven considered roughness 
elements. An optimization procedure needs to be employed to maximize exergy 
performance. 

v. For artificial roughness elements that have not been subjected to exergy analysis, it is 
recommended to conduct follow-up studies to provide comprehensive information for the 
type of roughness. 
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