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A B S T R A C T   

Thermo-hydraulic performance of a Double Pass Parallel Flow Solar Air Heater (DPPFSAH) 
roughened with perforated multi-V ribs has been studied experimentally in a prior study and the 
effect of variation in open area ratio and change in relative roughness width has been analysed 
and reported. The current work builds upon the aforementioned earlier study by discussing in 
detail the methodology and various steps involved in the development of a correlation for vari-
able parameters with Nusselt number and friction factor for DPPFSAH. The outcomes show that 
perforations in the multi-V ribs lead to a considerable rise in the Nusselt number, a 9.66 times 
increase in the thermo-hydraulic performance parameter and nearly a four times increase in 
friction factor compared to multi-V ribs with smoothed walls. Empirical correlations for the 
Nusselt number and friction factor were obtained for the double pass parallel flow solar air heater 
with perforated multi-V ribs established with ±14% and ±7%.  
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1. Introduction 

Solar energy has always been the primary and pre-eminent energy source in terrestrial space and majorly contributed to the 
renewable domain compared to hydro, wind, geothermal, and biofuel [1–4]. The two primary types of solar energy include solar 
photovoltaic, which converts sunlight directly into electricity using PV arrays, and solar z technology, which collects the sun’s heat for 
further applications [5]. Solar thermal energy systems can further be classed into three groups based on the temperature of the working 
fluids: “Low-Temperature Systems (LTS) (up to 150 ◦C), Medium-Temperature Systems (MTS) (150 ◦C–400 ◦C), and High-Temperature 
Systems (HTS) (greater than 400 ◦C)” [6]. One of the typical low-temperature systems is a Solar Air Heater (SAH) that gathers radiant 
energy irradiation to deliver it to an operational medium. SAH is useful; therefore, its multiple benefits, namely convenient structure, 
cheaper construction, small-pressure difference, single-phase working fluid, corrosion-free structure and being an almost static type of 
device. SAH is employed all over the world for low-temperature gradient applications such as paddy and fruit drying, timber drying, 
cash crop drying, water heating, agricultural season extension, pre-heating, process heating, workplace ventilation, makeup air, air 
conditioning, space heating, and cooling, etc. [7]. However, two primary challenges associated with SAH are handling large volumes of 
air and inadequate thermal characteristics among airflow and the roughened base plate. Many researchers have proposed several 
design solutions with varied roughness shapes to enhance SAH thermo-hydraulic performance (THP) [8]. 

Variations in structural elements, roughness variables, and the number of flow passages seem to be the most common strategies 
explored by researchers to boost systems thermo-hydraulic performance parameter (THPP) [9]. As the use of Double Pass Solar Air 

Nomenclature 

Symbols 
A Unit area, (m2) 
Cd Coefficient of discharge 
Dh Duct hydraulic diameter, (m) 
e Rib elevation, (m) 
H Duct elevation (each side), (m) 
ṁ Mass-flow rate, (kg/s) 
W Duct width, (m) 
w One set rib width, (m) 
I Iradiation (W/m2) 
p Pitch 

Subscripts: 
d Duct/channel, diameter 
h Height, hole 
m mean 
u Useful 
s Smooth 

Dimensionless parameters: 
Ah/Ar Relative area 
e/Dh Relative roughness height 
f Duct friction 
P/e Relative roughness pitch 
W/H Duct aspect ratio 
Nu Nusselt Number 

Greek symbols: 
ΔP A pressure drop, (Pa) 
ηth Thermal efficiency 
ρ Air density, (kg/m3) 
β Open area ratio 
α Angle of attack (o) 

Abbreviations: 
DPPF Double Pass Parallel Flow 
THPP Thermo-Hydraulic Performance Parameter 
LTS Low Temperature Systems 
SAH Solar Air Heater  
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Heater (DPSAH) provides more collection surface and distance for the working fluid to move within, it offers a significant improvement 
in thermal performance [10]. The configurations that are used as the key variables that affect the effectiveness of a DPSAH include 
parallel-flow [11,12], cross-flow [12–14], and recycling or circular-flow [13]. 

The study of DPSAH comprises: theoretical and numerical analysis, exergy and energy analysis and empirical studies to find out the 
THP and effectiveness of the applied method [17]. To improve the THP of DPSAH, investigators applied porous media, packed bed 
[18], thermal energy storage media [19] and created artificial roughness through extended surfaces like fins [11], wedges [20], baffles 
[21], vertex generators [22], turbulators [23], winglets [24], wire mesh [18], and ribs [25]. 

For multiple-V shaped ribs, Hans et al. [26], Lanjewar et al. [27], Singh et al. [28–30] and Sharma et al. [31] and for staggered V 
ribs, Jin et al. [32] select the optimal configuration for variable combinations. For perforated V-blockages over continuous blockages, 
Alam et al. [33] observed gains in THP and Nusselt number (Nu) of 50% and 33%, correspondingly, and a reduction in friction factor (f) 
value of 32%. Perforated V-baffles enhance Nu by a factor of 1.5–3, according to Chamoli and Thakur [34]. Skullong et al. [20] 
employed rectangular and trapezoidal perforated-winglets with vortex generators (WVGs) and found improvements in Nu, f, and THP 
of 7.1, 109.5, and 1.84 times and 6.78, 84.32, and 2.01 times above the flat plate, respectively. 

Sopian et al. [35] studied DPSAH with porous and non-porous media and found the thermal performance of the DPSAH was about 
60–70% higher compared to a smooth channel. Hassan et al. [13,15] inquire about the V-corrugated shape and found an improvement 
of 71.85% in THP over a smooth SAH. For the same flow conditions, Yeh et al. [16] examined the parallel flow (PF) SAH with fins 
attached to the absorber plate and detected an increase in performance. Ravi and Saini [36] discovered that the DPSAH positively 
affected the Nu/Nus by 3.4 times and the f/fs by 2.5 times when compared to a single pass SAH (SPSAH). Ravi and Saini [37] also 
developed “correlations for forced convective type counter flow solar air heater having discrete multi-V shaped and staggered rib 
roughness on both sides of the absorber plate.” 

Multiple research groups established thermodynamic relationships for SAH in order to obtain the optimum possible combination of 
roughness configurations and their characteristics [38]. Early on, “a mathematical model and a solution procedure for predicting the 
thermal performance” was suggested by Ong [39]. Sharma et al. [10] established a correlation for “double-pass solar air heater having 
V-shaped ribs roughness”. Saini and Saini [40] constructed Nu and f correlations for arc-type geometry rib roughness and observed a 
3.8-fold and 1.75-fold improvement in Nu and f. Varun et al. [41,42] established a correlation for SPSAH for Nu and f with ±14% and 
±7% accuracy, respectively. Sethi et al. [43] found a link between artificially roughened SAH and dimpled form roughness, as well as 
reporting a considerable gain in THP values. Hans et al. [26] established a correlation for multiple-v type ribs, with the highest Nu and f 
values achieved as 6 and 5 times greater when compared to the smooth channel. The optimum thermal performance was observed at a 
W/w = 6, while the optimum f was found at W/w = 10 at α = 60◦. For high flow rates, Hernández and Quinonez [44] noticed that 
double-pass parallel flow SAH (DPPFSAH) is better than double-pass counter flow SAH (DPCFSAH) so far as the air does not really gain 
much useful energy by circling beneath the base plate. 

There are a limited number of investigations that have explored the impact of variance in open area ratio (β) on SAH performance. 
The influence of the perforations on the flow characteristics has been studied in several ways, including full-half perforated shapes 
[45], perforation circularity [46], and proportion of open area ratio (β), hole position [47]. Both the open area ratio (β) and the 
re-circulation time have a significant effect on SAH THP [63]. 

According to a review, the application of DPPFSAH produces minimal drag forces, resulting in low pumping power and good heat 
transfer efficiency [44]. Due to the high fluid velocity of the secondary flow induced by perforations, perforation enhances the per-
formance of SAH [17,48]. DPPFSH with perforations in multi-V ribs roughness may have a significant impact in enhancing Nu and 
lowering f due to the high flow velocity across auxiliary routes. Singh et al. [30] previously conducted experiments for multi-V ribs 
with perforation in single and double pass SAH and demonstrated an appreciable rise in Nu, f and THPP values when compared to 
unbroken multi-v ribs and smooth channels. In consideration of the above, the current work explores the methodology and various 
steps involved in the development of a correlation for variable parameters with Nu and f. 

Table 1 
Parameters value and range for DPPFSAH.  

Parameter Notation with Unit Value 

W 0.3 m 
H 0.025 m 
W/H 12 
Do/Dp 0.55 
Dh, 0.04615 m 
e 0.002 m 
e/D 0.043 
p/e 10 
α 60 o 

W/w 2: 2:10 
β 0.0, 0.21, 0.27, 0.31 
Re 2000:2000:18,000 
I 800 W/m2 

Rib shape Multi-V  

V.P. Singh et al.                                                                                                                                                                                                        
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2. Setup configuration 

The detailed description of the setup, roughness configuration, parameter range and governing equations are already discussed in 
previous work done by Varun et al. [30] and shown in Table 1. A DPPFSAH duct having multi-V ribs roughness geometry examined in 
this study is shown in Fig. 1 (a) to (d), is constructed as per the ASHRAE standard (AHSRAE 93–77, 1977) [49]. 

3. Data handling and setup validation 

A detailed methodology of data collection, governing equations, validation and error analysis was reported in a prior work by 

Fig. 1. (a) Experimental setup with (b) Front illustration of ribs with varying open area ratios and (c) Absorber plate with perforated-V ribs on both side of plate and 
(d) orientation of plate in DPFSAH [30]. 

V.P. Singh et al.                                                                                                                                                                                                        
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Varun et al. [30]. The Nu and f readings were used to evaluate the coefficients of the Dittus-Boelter and Blasius equations, respectively, 
in an experimental set-up [26]. 

The Modified Dittus-Boelter equation becomes: 

Nus = 0.024Re0.8 Pr0.4 (1) 

Table 2 
Typical set of roughness (system) parameters.  

Plot No. W/w (β) P/e W/H α e/D 

1. 2 0.21 10 12 60◦ 0.043 
2. 4 0.27 10 12 60◦ 0.043 
3. 6 0.31 10 12 60◦ 0.043 
4. 8  10 12 60◦ 0.043 
5. 10  10 12 60◦ 0.043  

Fig. 2. Steps of correlation methodology.  
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and the modified Blasius equation takes the form: 

fs = 0.085Re− 0.025 (2) 

For error analysis, the present study uses the Kline and McClintock [50] method. Singh et al. [30] have previously discussed the 
details of the steps required for identifying uncertainty for a range of parameters. The mean % errors in Nu=±1.86 %, Re=±1.69 % and 
f = ±3.29 %, respectively. 

The thermal performance, THPP, of multi-V ribs with perforations in DPPFSAH is examined and assessed in relation to design and 
operating ribs specifications. Detailed descriptions of the effects of the operating parameters like Re, W/w and β on thermo-hydraulic 
performance was analysed in a consecutive work performed by Singh et al. [30]. 

4. Methodology 

For DPPFSAH, the assumptions which are under consideration includes quasi-heat transfer modes, uniform heat-flux distribution 
along the duct; conductive heat transfer from glass to both sides of absorber plate and convective heat transfer within the duct [51,52]. 
To simplify the analysis and mathematical modeling governing equations assumptions considered incompressible-turbulent flow 
conditions, uniform temperature distribution within three-dimensional flow maintaing quasi-static state with air leak-proof and 
perfectly insulated test section. To determine the relationship between Nu and f with different design and operational paramenters, a 
set of statistics for a specific range of fixed and variable parameters is presented in Table 2. A detailed steps of correlation methodology 
have been discussed in below mentioned Fig. 2. 

5. Correlations for Nu and f for DPPFSAH 

To establish the Nu and f correlations, the DPPFSAH functional connection has been established for each set of data of Nu and f 
values, which are directly dependent on ribs architecture and geometrical parameters [40], i.e. Re, W/w, and β. For parameters in the 
ranges of β = 0.21–0.31, W/w = 2–10, and Re = 2000–18000, the correlation is valid. Nu and f have the following functional 
relationships:  

Nu = (Re, β, W/w)                                                                                                                                                         (3)  

f = (Re, β, W/w)                                                                                                                                                            (4) 

The present functional relationship excludes the Prandtl number because of an extra factor of ~0.87 on the Nusselt number. The 
correlation is developed at a constant Prandtl number and therefore assumed its effect is negligible. And if fluids with different Prandtl 
numbers are considered then the effect on the Nusselt number must also be reconsidered. 

5.1. Correlation for Nusselt number (Nu) 

Correlations are used to indicate the variation in a parameter’s numeric value in relation to other variables. As an outcome, the 
following expression is employed to calculate the Nu correlation:  

• Nu increases in a consistent manner, as Re increases,  
• Nu attained optimum value at W/w = 6, for the entire range of W/w values, 

Fig. 3. Graph of Ln (Nu) vs. Ln (Re) to calculate the “A0’” and slop “n’” for different sets of W/w and β in DPPFSAH. 

Ln(Nu)=Ln
(
A′

0

)
+ n′ Ln(Re)=A′

1 + n′ Ln(Re) (5)    

V.P. Singh et al.                                                                                                                                                                                                        
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• Nu attained optimum value at β = 0.27, for the entire range of open area ratio (β). 

Fig. 3 (a) and (b) shows that the results of the experiment provide continuous smooth lines with reasonably regular slopes (n’) and 
the highest variance of 3.28 %, whereas the intercept (A0’) of every line presents a broad variety for the highest divergence of 35.24 %. 
For the different configurations of roughness geometric parameters, namely W/w and β, the corresponding graph of the Ln (Nu) vs. Ln 
(Re) has been shown. The trend of the curve inside the graph of Ln (Nu) vs. Ln (Re) can be represented for equation (3). 

Eq. (5) can alternatively be expressed as follows: 

Nu=A′

0Ren′ (6)  

Where A′

0 = exp(A′

1)

Fig. 4 (a) shows, the least square method application to generate the best fit curve for the complete range of datasets associated with 
twenty-one unique sets of roughened absorber plates, and the resulting connection may be represented as follows: 

Nu=A′

0

(
Re0.8953) (7)  

Ln
[

Nu
Re0.8953

]

=Ln
(
B′

1

)
+B′

2 Ln(β) + B′

3 [Ln(β)]2 (8) 

It may be rearranged as follows: 

Fig. 4. (a) Ln (Nu) vs. Ln (Re), (b) Ln (Ao’) vs. Ln (β) and (c) Ln(B0’) vs. Ln(W/w) plot for DPPFSAH.  
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Case Studies in Thermal Engineering 39 (2022) 102461

8

Nu
Re0.8953 =B

′

0(β)
B′

2 exp
[
B′

3 (Ln(β))2] (9)  

Where B0’ = exp(B′

1)

Replacing the curve fitting values for B2’ and B3’ yields the following formulas; 

Nu
Re0.8953 =B

′

0(β)
0.2417 exp

[
2× 10− 13(Ln(β))2] (10) 

As for all values of β, exp[2×10− 13(Ln(β))2
] = 1.00 and can safely be ignored. The value of coefficient B0’ in equation (10) is a 

product of other contributing factors, specifically W/w and plotting Ln (Nu) and Ln (W/w) for DPPFSAH provides the desired findings. 
Fig. 4 (b) plots the second-order polynomial relation to representing the optimum curve fitting in order to establish the effective 
connection in Ln(B0’) and Ln (W/w). In Fig. 4 (c), the results of B′

0 = Nu
Re0.8953(β)0.2417 has been compared across W/w while addressing the 

parameter W/w. 
To best match the data set, the second order polynomial relation can be produced as: 

n

[
Nu

Re0.8953(β)0.2417

]

= Ln
(
C′

1

)
+C′

2 Ln
(

W
w

)

+ C′

3

(

Ln
(

W
w

))2

(11) 

This may be further simplified as, 

Nu
Re0.8953(β)0.2417 =C′

0

(
W
w

)C′

2

exp C′

3

(

Ln
(

W
w

))2

(12)  

Where C′

0 = exp(C′

1) 

Fig. 5. (a) Ln(f) vs. Ln(Re), (b) Ln(Do’) vs. Ln(β) and (c) Ln(Eo’) vs. Ln(W/w) plot for empirical data sets of DPPFSAH.  
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Replacing the quantities of C2’, C3’ generated from the curve fitting regression yields, 

Nu
Re0.8953(β)0.2417 =C

′

0

(
W
w

)0.1244

exp

[

7E− 15
(

Ln
(

W
w

))2
]

(13)  

As for all values of W/w, exp
[
7E− 15( Ln

( W
w
))2

]
= 1.00and can be safely ignored. 

Nu=Re0.8953(β)0.2417 C′

0

(
W
w

)0.1244

(14) 

The values of coefficients A′

0 = 0.0670, B′

0 = 0.0929 and C′

0 = 0.0769 for DPPFSAH are the results of curves to be fitted in Fig. 4 (a)– 
(c). 

The resulting Nu correlation is as follows: 

Nu= 0.0769 × 10− 3 Re0.8953(β)0.2417
(

W
w

)0.1244

(15)  

5.2. Correlation for friction factor (f) 

The correlation for f was calculated using the same method as above mentioned for Nu. The function for f, similar to Nu, has been 
proven to be strongly related to plate geometry design parameters (W/w and β) along with flow parameters (Re). The following is the 
influence of different roughness parameters on f values:  

• The value of f decreases uniformly as Re increases,  
• The value of f increases as W/w increases, reaching a maximum value of W/w = 10,  
• As the open area ratio (β) increases, f drops until it reaches a minimum level at β = 0.31. 

The experimental data were used to perform regression analysis, which provides the optimum curve fitting with the intercepts and 
gradient coefficient to the f correlations computation as a function of Re can be shown in Fig. 5 (a). Regression analyses were performed 
on empirically gathered data to generate the following best-fit curve: 

Ln(f )= Ln
(
D′

0

)
+ nLn(Re)=D′

1 + nLn(Re) (16)  

f =D′

0(Re)− 0.2964 (17)  

Where D′

0 = exp(D′

1)

The coefficient D0’ for DPPFSAH is the outcome of other contributory components such as β and W/w. Fig. 5 (b) represents the 
effect of values of D′

0 =
f

(Re)− 0.2964related to every combinations of open area ratio (β) projected across the perforated multi-V ribs. A 

regression analysis to adapt a second-order polynomial relation across the data set can be expressed as follows: 

Ln

[
f

(Re)− 0.2964

]

=Ln
(
E′

1

)
+E′

2 Ln(β) + E′

3 [Ln(β)]2 (18) 

It can be rearranged as follows 

f
(Re)− 0.2964 =E′

0(β)
E′

2 exp
[
E′

3 (Ln(β))2] (19)  

Where E′

0 = exp(E′

1) 
Substituting the values of E′

2,E
′

3from the curve fitting results in the following expression; 

f
(Re)− 0.2964 =E

′

0(β)
E′

2 exp
[
E′

3 (Ln(β))2] (20)   

Or                                                                                                                                                                                       

f
(Re)− 0.2964 =E′

0(β)
− 0.3897 exp

[
1× 10− 14 (Ln(β))2] (21) 

As for all values of β, exp[1×10− 14 (Ln(β))2
] = 1.00 and can safely be ignored. The coefficient E0’ in equation (21) is the conse-

quence of different influencing parameters, specifically W/w values, and the preferred graphs can be acquired through projecting Ln(f) 
vs. Ln(W/w) for DPPFSAH. For developing a significant link in-between Ln(E0’) and Ln (W/w), the perfect suited curve is described by a 
second-order polynomial expression. Taking the variables W/w into account, the results of E′

0 = f
(Re)− 0.2964 (β)− 0.3897 were mapped out for 

different W/w values in Fig. 5 (c). 
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To best match the data, the following second-order polynomial connection was produced. 

Ln

[
f

(Re)− 0.2964
(β)− 0.3897

]

= Ln
(
F

′

1

)
+F

′

2 Ln
(

W
w

)

+ F
′

3

(

Ln
(

W
w

))2

(22) 

This may be further simplified as, 

f
(Re)− 0.2964

(β)− 0.3897 =F′

0

(
W
w

)F′

2

Exp

[

F′

3

(

Ln
(

W
w

))2
]

(23) 

Where F′

0 = exp(F′

1) 
Replacing the values of F′

2, F′

3 generated from the curve fitting regression provides, 

f
(Re)− 0.2964

(β)− 0.3897 =F′

0

(
W
w

)0.1836

exp

[

− 1×10− 14
(

Ln
(

W
w

))2
]

(24) 

As for all values of W/w, exp
[
− 1×10− 14

(
Ln

(
W
w

))2
]
= 1.00 and can be safely ignored. 

f =F′

0(Re)− 0.2964
(β)− 0.3897

(
W
w

)0.1836

(25) 

The magnitude of coefficients D′

0 = 0.9663, E′

0 = 0.5715 and F′

0 = 0.4234 for DPPFSAH were derived by adapting the contours in 
Fig. 5 (a)–(c). 

The resulting correlation for f is as follows: 

f = 0.4234 × 10− 3 (Re)− 0.2964
(β)− 0.3897

(
W
w

)0.1836

(26)  

5.3. Nu and f deviations between experimental and theoretical dataset 

Fig. 6 (a) and (b) compare the experimental and theoretical Nu and f values and find about 99% of the data sets come under ±14% 
and ±7% deviation lines, respectively. So, the known correlations equation no. (15) and (26) can be used to anticipate the Nu and f 
values inside allowable limits for the variables investigated in the current study. 

6. Conclusions 

With varied parameters of perforated ribs exposed to constant heat flux, discussion on thermal performance and correlations for Nu 
and f values for DPPFSAH reveal that multi-V ribs with perforation offers a considerable gain in thermal outcomes while maintaining 
relatively low friction losses. The following findings were obtained from the proposed study:  

• Multi-V ribs with larger perforations the DPPFSAH improves the recirculation and reattachment zones of fluid flow at the bottom of 
the rib while lowering flow resistance and improving reattachment intervals, leading to a greater THP for the DPPFSAH. 

Fig. 6. Comparative between actual and expected (a) Nu and (b) f findings for DPPFSAH correlation.  
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• By enabling flow separation due to secondary pass, perforation reduces the reattachment zone and its length behind the rib, 
increasing flow mixing and minimizing blower energy requirements.  

• Open area ratio (β) = 0.27 was found to be the optimum option across all cases and DPPFSAH with perforation performed better 
when compared to the smooth channel.  

• When compare to smooth duct, the highest increase in Nu/Nus and f/fs were noticed 9.66 times and 12.31 times, respectively.  
• The optimal reading of THPP was determined to be 3.96, with an open area ratio (β) = 0.27.  
• Correlation for Nu and f inside acceptable ranges of within ±14% and ±7% deviation lines for the geometry and operational 

parameters are also developed. 

As a novelty of the work, it is the first time the concept of perforation is used in multi-Vrib roughness and a discussion on reat-
tachment zone, the effect of secondary flow and the effect on THPP for optimum value of perforation has been done. The results 
support the application of perforation, the optimal open area ratio of multi-V ribs with perforation enhances THP notably, in contrast to 
a smooth SAH. 

For perforation, optimum values of geometry and operation parameters can be further analysed for different ribs in artificially 
roughened SAH. 
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