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ABSTRACT

The proper design of a solar air heater depends on the highest thermal performance of the 
solar collector. In the present paper, proposed a method to find an optimal dimension of 
V-corrugated absorber solar air heater (VSAH) combined with a twisted tape insert (TTI). 
The design variables of the VSAH-TTI are length, width, number of channels, and twisted 
tape ratio. The effect of each design variable is examined and studied under various ranges of 
Reynolds number (Re). Given the complexity in changing design variables of solar collector 
having a V-corrugated absorbing plate with twisted tape insert (VSAH -TTI) to find the 
highest thermal performances, the multi-objective function genetic algorithm is used to 
find the optimal dimensions of VSAH-TTI based on maximizing the heat gain, thermal and 
effective efficiency as wel l as minimizing the pressure drop on solar col lector. The range of 
each design variable of the VSAH-TTI by means of length (1 – 2.5 m), width (0.5 – 1.5 m), 
number of channels (4 – 14), and twisted tape ratio (1 – 8) are specified in paper based on 
the most common practical values of the solar collector. The results showed for the case 
under study that each design variable of VSAH-TTI affect the thermal performance and 
the optimized geometry by using a genetic algorithm (Ga) can find the optimal geometric 
dimensions of VSAH-TTI. The o ptimal d imension b y u sing G a c an i ncrease t he h eat g ain 
by more than 8% and increase the effective and thermal efficiency of more than 7% for the 
original geometry. Furthermore, the optimized geometry can reduce more than 29%   for 
the original geometry. These improvements in optimized geometry for VSAH- TTI without 
introducing any additional items.
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INTRODUCTION

Solar air heaters (SAH) are considered one of the most 
practical engineering systems employed for harvesting solar 
radiations and converting them into useful heat energy 
used for heating purposes that works based on renewable 
power. SAHs are widely used for residential heating and 
crop drying devices, water heating, solar desalination, paint 
spraying operations as well as a wide range of engineering 
applications [1]–[6]. In the solar air heaters system, heat is 
transferred from the absorber plate to the air which passes 
over this plate by natural or forced convective heat trans-
fer. Since all types of solar air collectors have two inherent 
disadvantages i.e., low heat capacity and poor thermal con-
ductivity, which leads to a small amount of convective heat 
transfer inside the airflow channel in the solar air collec-
tor [7]. Laminar boundary sub-layer is formed in the case 
of using smooth flat plat in the solar air collector over the 
surface of the absorber plate, which leads to the low ther-
mal performance of the collector, therefore, to achieve high 
efficiency, it is necessary to add roughness on the underside 
surface of the absorber plate or creating extended surfaces 
(fins) to breakdown these laminar sub-layers [8], [9].

Considerable efforts and various experimental and 
theoretical research methodologies have been done to 
maximize this rate of heat transfer from solar air collectors 
[10]. Many types of design ideas are suggested and utilized 
to enhance and maximize the coefficient of heat transfer 
between the air and surface of the absorber plate of the 
SAH. These suggestions showed a good enhancement in the 
thermal-hydraulic performance as a result of utilizing the 
different geometrical design of artificial surface roughness 
placed on the underside surface of the absorber plate collec-
tor, such as various and multiple V-shaped ribs [11], [12], 
Wedge ribs [13], transverse ribs [14], wavy wire mesh [15], 
wavy grooved ribs [16], inclined ribs [12], chamfered ribs 
[17], wavy arc ribs [18], etc. The artificial roughness over 
the absorber plate can be fabricated or created machining. 
The ribs utilized in solar air collectors have various cross-
section areas such as circular, semi-circular, elliptical, tri-
angular square, rectangular, dimple protrusions, chamfered 
[19], etc. Besides, the heat transfer and airflow dynamics 
over the absorber plate of the solar collector depend greatly 
on the shape and orientation of the ribs. Therefore, research 
studies on enhancing the thermo-hydraulic performance 
analysis of the solar air collectors are critical in engineering 
applications [20]. In the previous literature, several tech-
niques applied for the optimization of solar air heaters have 
been used.

Gupta and Kaushik [21] studied the energy and exergy 
performance of a flat-plate solar air heater to determine the 
optimum design parameters. Results revealed that there is 
an optimal inlet air temperature correlated with the optimal 
mass of airflow rate per unit area of the absorber plate for 
any value of aspect ratio and the depth of the duct. Nwosu 

[22] used the exergy optimization technique to optimize
the design configuration of cylindrical fins over an absorber 
plate of the solar air heater with absorptive coating. Results
explained that the performance of the optimized cylindri-
cal fins enhances the rate of absorption and dissipation heat 
of the solar air collector. Thermo hydraulic optimization
of the solar air collector with artificial roughness of cham-
fered repeated ribs with grooves in between on the absorber 
plate presented by Layek [23]. Results revealed that there is
exists a set of optimal values of roughness parameters that
yield maximum effective efficiency for the solar air collec-
tor according to the specified set of working conditions.
Siddhartha et al. [24] developed and implemented a trained 
particle swarm optimization technique for exploring the
maximum efficiency of solar air heater with smooth flat
absorber plate using several operating variables. They stud-
ied a domain of optimizing parameters Obtained results
showed that the maximum thermal efficiency of solar air
heater was 72.42%. Sahin [25] applied the genetic algorithm 
technique and artificial bee colony algorithm by determin-
ing the optimal operating parameters. Results revealed
that the maximum thermal performance of the solar air
heater was about 0.7998 with an optimized value of opera-
tion conditions and design variables. Kumar and Kim [26]
presented a numerical optimization of solar air collectors
having various kinds of artificial roughness shapes and
sizes on the absorber plate to enhance the thermohydrau-
lic and effective efficiencies of the ribbed collector. Results
indicated that discrete multiple V-shaped ribs have high
thermal and effective efficiency values compared with other 
types of the same roughness shapes and sizes. Prasad et al.
[27] presented an optimization and analysis of the thermo-
hydraulic performance of artificially roughened solar air
heater to obtain maximum heat transfer. Results showed
that the optimal thermo-hydraulic performance of three
sides artificially roughened depends on the optimal value
of roughness Reynolds number. Kulkarni et al. [28] carried
out a study to predict the optimum design for improving the 
thermo-hydraulic performance of solar air collectors using
a hybrid multi-objective genetic algorithm with coupling
surrogate approximations. Results of the current optimiza-
tion study explained that the design operating parameters
have a considerable effect on the heat transfer rate and
pressure losses. The teaching-learning-based optimization
technique was developed by Rao and Waghmare [29] to
get the optimal set value of design and operating variables
to increase the thermal efficiency of solar air collectors.
The obtained results indicated that the maximum ther-
mal efficiency of the collector was about 76.67%. Zhuang
et al. [30] carried out experimental research and devel-
oped a mathematical simulation model for heat transfer by
solar air heater to predict thermal efficiency and effective
efficiency by optimizing the structure of a solar collector.
Results revealed that maximum thermal efficiency of col-
lector achieved using minimum perforation spacing, plate
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spacing, and thickness of air layer, while the higher pressure 
drops within the collector due to friction resistance.

An experimental and theoretical parametric optimiza-
tion research was conducted by Acir et al. [31] to set the 
optimal operating parameters affecting energy and exergy 
efficiencies of the solar air collector. The obtained results 
revealed the maximum computed energy efficiency (68.1%) 
and exergy efficiency (34.4%) using the optimum param-
eters. An experimental and optimization study was per-
formed by Nadda et al. [32] to investigate the heat transfer 
and friction characteristics and maximize the overall perfor-
mance of the solar air collector using air impingement jets. 
The experimental results illustrated that using air impinge-
ment jets leads to an augment in the thermal efficiency of 
the solar collector. Ansari and Bazargan [33] studied exper-
imentally the effect of repeated ribs on the absorber plate 
of the solar air collectors to improve the thermal efficiency. 
The genetic algorithm was used to obtain the optimum 
values of each one of the design parameters for ribs con-
figuration. They illustrated that utilizing ribs increases the 
thermal efficiency of the solar air heater by about 9%.

The thermo-hydraulic performance of solar the air 
heater with a flat absorber plate of three arcs rib rough-
ness was evaluated and optimized by Kumar et al. [34].  
Results showed that there was a good enhancement in 
thermal efficiency of solar air collectors when chang-
ing roughness parameters meanwhile pumping electrical 
power increased and leads to an increase in pressure losses. 
Yildirim and Özdil [35] theoretically investigated thermal 

and thermohydraulic efficiencies of solar air heater hav-
ing various geometrical roughness parameters (ribs and 
grooves) attached to the absorber plate then compared the 
results with the flat plate solar air collectors. Results showed 
that both thermal efficiency and thermohydraulic of the 
collector with ribs and grooves absorber has superiority on 
smooth absorber plate and increase by increasing Reynolds 
number (Re) for all roughness parameters. Qader et al. [36] 
performed a study on CFD to investigate the effect of fins 
inclination on the thermal and hydraulic efficiency of the 
solar air collector using response surface methodology. The 
study mainly focused on analyzing and quantifying the 
influence of changing various parameters to determine the 
optimum value of these parameters to achieve maximum 
thermal-hydraulic performance.

A numerical simulation using CFD code based on the 
optimization method was carried out by Bezbaruah et al. 
[37]. Optimization results according to the design geomet-
ric parameters demonstrated an enhancement in the ratio 
of Nusselt number and friction factor.

From the previous literature review, many scientific 
researchers are still investigating techniques to enhance the 
thermal-hydraulic performance of SAHs. A multi-objective 
function optimization algorithm will be used to investigate 
different design variables of the VSAH- TTI such as length 
and width of collector, number of channels, and twisted 
tape ratio to maximize thermal and effective efficiency as 
well as minimize the pressure drop on the solar collector. 
However, few studies have focused on the combination of 

Figure 1. Schematic view of (a) VSAH, and (b) triangular airflow channel [38].
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a V-corrugated absorber solar air heater (VSAH) with a 
twisted tape insert (TTI).  Therefore, a mathematical model 
of VSAH-TTI will be developed based on the energy bal-
ance technique by using a genetic algorithm to find the 
optimal dimensions of VSAH-TTI.

The present study proposed a procedure to find the 
optimal dimensions of the VSAH- TTI by using a multi-
objective function optimization algorithm. The design 
variables of the VSAH- TTI are the length of the collector, 
the width of the collector, the number of channels, and 
the twisted tape ratio. Each design variable has specific 
constraints based on the most common practical val-
ues. To find the optimal geomatic dimensions, the main 
objectives in the multi objectives genetic algorithm to be 
maximized are the heat gain, thermal and effective effi-
ciency as well as to be minimized the pressure drop on 
the VSAH- TTI.

NUMERICAL ANALYSIS

Poor convective heat transfer coefficient between 
absorbing plate and airflow results in low thermal per-
formance and high thermal losses.  Therefore, using a 
V-corrugated absorber plate leads to an increase in the con-
vective heat transfer area which enhances the thermal effi-
ciency of the solar collector. Furthermore, the integration
of VSAH with TTI is envisaged to have the best thermal
performance than that of VSAH without TTI. Two VSAHs
with and without TTI are investigated in the present work
as presented in Fig. 1.

Each VSAH consists of a single transparent cover, a 
V-corrugated absorbing plate, a bottom plate, and Holz100
Thermal walls used for back insulation. A triangular flow
channel was formed by the absorbing and bottom plates
where the airflow carried the energy from the heated
surface.

ENERGY BALANCE EQUATIONS

Energy flow between the VSAH elements is depicted in 
Fig. 2. To simplify the mathematical model without obscur-
ing the basic physic law, assumptions are taken to derive the 
energy balance equations for each element of the VSAH as 
follows [39].

(i) Quasi-steady-state conditions are used to model
the elements of VSAH.

(ii) The one-dimensional flow of heat between VSAH
components.

(iii) Neglect the side losses.
(iv) Sky temperature is used to compute the ther-

mal radiation between VSAH elements and the
environment.

Based on the energy flow diagram between VSAH 
components, the energy equilibrium equation for heated 
surface, airflow, and bottom plate are written below, 
respectively.

τc αpG = Ut(Tp – Tamb) + hr,p–b(Tp – Tb) + hp–f (Tp – Tf)	 (1)

2ṁfcp

Ap
(Tf – Tfi) = hp–f (TP – Tf) + hb–f (Tb – Tf)	 (2)

hr,p–b(Tp – Tb) = hb–f (Tb – Tf) + Ub(Tb – Tamb)	 (3)

where Tp, Tb, Tf, and Tamb are the temperature of the absorb-
ing plate, bottom plate, airflow, and ambient, respectively. 
hp-f

  and hb-f
  are convective heat transfer coefficients between 

heated surface and airflow, and between the bottom plate 
and airflow, respectively. hr,p-b is the radiative heat transfer 
coefficient between absorbing and bottom plates. Ut and Ub 
are the coefficient of top and bottom heat loss, respectively. 
G is the incoming solar radiation.

Eqs. (1-3) are solved simultaneously to compute the 
temperature of each VSAH component. Thus, the linked 
coefficients of heat transfer are evaluated firstly from the 
following relations.

Duffie and Beckman [39] suggested the below equation 
to evaluate the top coefficient of heat losses with an error 
percentage of ± 0.3 W/m2K.

Duffie and Beckman [39] suggested the below equation 
to evaluate the top coefficient of heat losses with an error 
percentage of ± 0.3 W/m2K.
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F = (1 + 0.089hw – 0.1166hw∈p)(1 + 0.07866Nc)	 (5)

C = 520(1 – 0.000051β2) for 0° < β < 70°	 (6)

e = 0.43 1 – 
100
Tmp

(7)
Figure 2. Energy flow diagram between elements of VSAH.
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hw = 5.7 + 3.8 Vw (8)

where Nc is the cover numbers, b is the collector inclined 
angle of the collector, hw is the wind heat transfer coeffi-
cient, σ is the Stefan–Boltzmann constant. εp and εc are the 
emittance of heated surface and cover, respectively.

The bottom heat loss between the bottom plate and the 
environment is found as follows.

Ub = 
λi

δi

 (9)

where the λi and δi are the thermal conductivity and thick-
ness of insulation, respectively.

The radiation heat transfer coefficient between the 
absorber and the bottom plates is given by.

hr,p–b = 
σ(Tp

2 + Tb
2)(Tp + Tb)

1
∈P

 + 
1

∈B

 – 1
(10)

For smooth VSAH, Nusselt number (Nus) related to 
convective heat transfer coefficient between absorber plate 
and the airstream is given by following equation [40].

Nus = Nuo + αo 
b
L  n (11)

where Nuo and αo are functions of Reynolds number (Re), 
L is the collector length, and n is the number of collectors 
linked in a series.

Nuo = 2.821 and αo = 0.126Re for Re < 2800	 (12a)

Nuo = 1.9 × 10–6 Re and αo = 225	
for 2800 ≤ Re ≤ 104 (12b)

Nuo = 0.0302Re0.74 and αo = 0.242 
Re0.74 for 104 < Re < 105 	 (12c)

Re = 
4ρVinb
3μ (13)

where b is the half-height of the flow passage.
For VSAH with TTI, Hong and Bergles [41], and Bas 

and Ozceyhan [42] reported empirical relations of Nu for 
laminar and turbulent flow through a duct, respectively.

Nu = 5.172 1 + 5.484 × 10–3 Pr0.7 
Re
Y

1.25 0.5

	 (14)

Nu = 0.6Re0.57 Y–0.45 Pr0.4 (15)

Y = 
P
D (16)

Convective heat transfer coefficients between airflow 
and absorbing and bottom plates are assumed to equal and 
compute as follows [38].

hp–f = hb–f = 
λNu
Dh

(17)

Thermo-physical properties are computed using the 
bulk mean air temperature (Tfm) from the following empiri-
cal expressions [43].

ρ = 
101325

287.045 × Tfm

(18a)

λ = 0.0.0257 × 
Tam 

293

0.086

(18b)

μ = 1.81 × 10–5 × 
Tam 

293

0.735

(18c)

cp = 1006 × 
Tam 

293

0.0155

(18d)

HYDRO-THERMAL AND THERMAL 
PERFORMANCE

Thermal efficiency (ηth) of a SAH can be defined based 
on the first law of thermodynamics as the conversion of 
incoming solar radiation to useful energy gain (Qu) by air-
flow. Thus, ηth is computed by dividing the useful energy 
gained by airflow to the solar irradiance that falls on the 
collector area as follows.

ηth = 
Qu 

GAp
(19)

Qu = ṁfcp(Tfo – Tfi) (20)

where Tfo and Tfi are the outlet and inlet airflow tempera-
tures, respectively.

The presence of TTI has increased the friction losses 
across the flow channel, which is found to increase of con-
suming pumping power required to drive air across the 
SAH. Thereby, it is necessary to select TTI parameters that 
produced minimum friction factor, whereas keeping the 
coefficient of heat transfer is augmented to the maximum 
value. Cortes and Piacentini [44] defined the hydro-ther-
mal efficiency (ηh-th) which is the ratio between net energy 
gain by the airflow to the insolation falls on the collector 
area which is given by.

ηh–th = 
Qu – 

pp

Cf

GAp

(21)

Where Cf is the energy conversion factor and Pp is the 
pumping power consumption to force air across the duct, 
which is given by the following equation.
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Pp = 
ṁDP

ρ (22)

The pressure drop (DP) throughout the air duct could 
be calculated as follows [45].

ΔP = 
2 f L1ṁ

2

ρ Ac
2Dh

(23)

where friction factor (f) for smooth VSAH is given by [46]

f = f0 + γ 
b
L  n (24)

where f0 and γ are function of the Re as written below

f0 = 13.33Re–1 and γ = 0.65 for Re < 2800	 (25a)

f0 = 3.2 × 10–4 Re0.34 and γ = 2.94Re–0.19 
for 2800 ≤ Re ≤ 104 (25b)

    f0 =0.0733Re–0.25 and γ = 0.51 for 104 ≤ Re ≤105	 (25c)

For VSAH with TTI, f is predicted as follows [45].

f = 38.4 
Re
Y

–0.95

 for Re < 2800 and 
Re
Y  < 100 (26a)

f = (8.8201 + 2.1193Y – 0.2108Y2 – 0.0069Y3 
Re
Y

–0.7

for Re < 2800 and 
Re
Y  > 100 (26b)

f = 12.32Re–0.45 Y–0.65 for Re ≥ 2800	 (26c)

VALIDATION BY THE LITERATURE

A VSAH model without TTI and the MATLAB code are 
currently being verified mathematically. Comparisons are 
made between the current model’s results for smooth VSAH 
and data from Ref. [47]. Inlet air temperature and insola-
tion which are used in the present model for smooth VSAH 
are given in Table 1. Fig. 3 and Table 2 presented the varia-
tion of numerical values of absorbing plate and outlet air 
temperatures as a function of time against the experimental 
data of Ref. [47]. The values of MAE for the absorber plate 
and outlet air temperatures are 3.22%, and 3.15%, respec-
tively. While the values of RMSE of the absorber plate and 
outlet air temperatures are 4.45%, and 3.42%, respectively. 
Therefore, reasonably good agreement between the two sets 
of values ensures the accuracy of the present model, which 
indicating that the proposed model is suitable for further 
investigation.The following equations are used to compute 
the MAE and RMSE values [48].

RMSE (%) = 100 × ∑
−







1

2

n sim i exp i

sim i

X X
X
n

, ,

,
	 (27)

MAE (%) = 
100
n  ∑1

n  
Xsim,i – Xexp,i

Xexp,i 
 	 (28)

OPTIMAL GEOMETRIC DESIGN OF SOLAR AIR 
HEATER

Maximizing the heat gain, thermal and effective effi-
ciency with minimizing the pressure drop is the main goal 

Table 1. Inlet air temperature and solar irradiance data were used in the MATLAB code [47].

Time (hr) Tfi (oC) G (W/m2) Time (hr) Tfi (oC) G (W/m2) Time  (hr) Tfi  (oC) G  (W/m2) 
8:00 33.9 460.7 12:00 38.0 966.3 16:00 35.3 573.0
9:00 35.7 734.1 13:00 39.1 928.8 17:00 34.3 367.0
10:00 36.9 865.2 14:00 38.4 831.5 18:00 32.0 168.5
11:00 38.0 943.8 15:00 37.2 745.3

Figure 3. Comparison of the present study with experimental 
data of absorbing plate and outlet air temperatures given by 
Ref. [47].
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the twisted tape ratio respectively. All boundary values are 
defined to cover the most common values used in solar air 
heater collectors.

OPTIMIZATION ALGORITHM

The multi-objective function optimization algorithm is 
used to find the optimal design variables based on maxi-
mizing or minimizing the vector of the objective function. 
In this paper, the genetic algorithm is used to find the opti-
mal design variables based on the objective’s functions.

Genetic algorithms are used to find the optimal solu-
tions the minimize or maximize the objective functions. 
Genetic algorithms are designed based on the biological 
process. Therefore, much of the processes are based on 
genetics and natural selection. Following is the description 
of the genetic algorithm process [43]:

1- Selection of the parameters: the genetic algorithm
begins to define the design variable (P) to be opti-
mized as a chromosome. The chromosome has sev-
eral parameters (Npar) can be fined as

	 FT(chromosome) = F1(P1,P2,P3,….,PNpar),	
F2(P1,P2,P3,….,PNpar) (30)

2- Encoding and decoding: sine each design variable
represents a binary, genetic algorithm using the
encoding and decoding process. The encoding pro-
cess is to convert the continuous values into binary.
Decoding is to convert the binary into continuous
values. If the parameter is continuous, then it has to
be quantized.

For encoding:

Pnorm = 
Pn – Plo

Phi – Plo
 

in the geometric design of solar air collectors. As shown in 
figure 1, the geometrical information of the solar collec-
tor with a twisted tape inserted are length, width, number 
of channels, and twisted tape ratio. The four main com-
ponents in the design optimization of the solar collator 
are design variables, objective function, constraints, and 
optimization algorithms. These components are defined as 
follows:

1- Design variables
The design variables are the geometrical dimensions
of the solar air collector by its width (W) the length
(L), the number of channels (N), and twisted tape
ratio (Y) of the solar collector.

2- Objective function
The two main objectives to be maximized are the
heat gain and thermal efficiency as well as one objec-
tive to be minimized is pressure drop.

3- Constraints
The constraints of the design variables are based on
the minimum and maximum levels of each design
variable. For geometrical quantities, this is given as
follows:

Lmin ≤ L ≤ Lmax

Wmin ≤ W ≤ Wmax

Nmin ≤ N ≤ Nmax

Ymin ≤ Y ≤ Yman

(29)

Where Lmin and Lmax are the minimum and maximum 
values of collector’s length respectively. Wmin and Wmax  
are the minimum and maximum values of the collector’s 
width respectively. Nmin and Nmax are the minimum and 
maximum values for the number of channels respectively. 
Ymin and Ymax are the minimum and maximum values for 

Table 2. Tabular values of Fig. 3.

Time (hr) Tp Ref. [43]  (oC) Tp Present (oC) Tfo Ref. [43]  (oC) Tfo Present  (oC) 

8:00 54.19 52.66 42.54 43.32
9:00 65.74 64.86 51.58 50.59
10:00 69.44 70.77 54.12 54.27
11:00 72.99 74.67 55.40 56.91
12:00 73.93 75.51 55.93 57.36
13:00 73.15 75.21 55.96 57.75
14:00 70.63 70.95 53.23 55.11
15:00 67.12 66.69 50.98 52.30
16:00 61.13 58.37 45.25 46.99
17:00 53.26 49.42 39.76 41.89
18:00 43.15 39.17 33.27 35.56
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Figure 4. Flow chart for the optimization procedure of VSAH-TTI.
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5- Pairing: two chromosomes are selected to produce
two new offspring. Pairing accrue in the mating
population until the (Npop–Nkeep) offspring replace
the discarded chromosomes

6- Mating: after selecting the parents in the pairing
process, Mating create one or more offspring

7- Mutations: in this process, the genetic algorithm
specifies the cost surface from Npop × Nkeep the section 
in the population matrix.

The genetic algorithm is iterated until the chromosome 
gives the same value of cost. this means the genetic algo-
rithm has been converged

FLOW CHART OF THE OPTIMIZATION 
PROCEDURE

This section presents the optimization procedure to find 
the optimal dimensions of VSAH-TTI. As shown in figure 
4, choosing the genetic optimization algorithm is the first 
step in this procedure to find the optimal dimensions of 
VSAH-TTI. Specify the initial value of the design variables 
based on the original geometry of VSAH-TTI. In this paper, 
the design variables are length of collector Lc, width of the 
collector Wc, number of channels N, and twisted tape ratio. 
The objective functions used on the genetic optimization 
algorithm to be maximized are the heat gain, thermal and 
effective efficiency and to be minimized is the pressure drop 
on solar collector. Calculation the thermal performance of 
the VSAH-TTI based on the energy equations to specify the 
objective functions of the optimization procedure. Genetic 
optimization algorithm is running until find the optimal 
dimensions of VSAH-TTI based on the objective functions.

V-CORRUGATED ABSORBER SOLAR AIR
HEATER INTEGRATED WITH TWISTED TAPE 
INSERTS UNDER STUDY

The geometrical parameters and the operating param-
eters of V-corrugated absorber solar air heater integrated 
with twisted tape inserts are shown in table 1. This table 
shows the original geometry of solar collector under study.

THE THERMAL PERFORMANCE OF SOLAR AIR 
HEATER IN DIFFERENT DESIGN VARIABLES

This section shows the effect of changing the design 
variables on the thermal performance of VSAH-TTI model. 
The geometrical parameters of VSAH-TTI are length, 
width, twisted tape ratio, and channel number VSAH. 
Before applying the optimization algorithm, the thermal 
performance of each design variable is studied to clarify the 
influence of these dimensions on the VSAH-TTI.

Figure 5 shows the effect of different lengths of VSAH-
TTI in the distribution of the heat gain and the thermal 
efficiency based on increasing the Reynolds number from 

    gene[m] = round{Pnorm – 2–m – ∑P=1 gene[P]2–P}	 (31)

For decoding:

Pquant ∑m=1  gene[m]2–m + 2–(M+1)	 (32)

qn = Pquan Phi – Plo + Plo (33)

Where Pnorm is normalized variable (0 ≤ Pnorm ≤ 1), Plo 
is the smallest variable value, Phi highest variable value, 
gene[m] binary version of Pn, round {.} is round to nearest 
integer, Pquant is a quantized version of Pnorm, qn is the quan-
tized version of Pn.

3- The Population: is a group of chromosomes Npop
filled the matrix Npop × Nbits with random ones and
zero

pop = round(rand (Npop, Nbits))	 (34)

4- Natural Selection: in this process choosing the chro-
mosomes with the highest cost. then the only best
chromosomes are selected to continue.

Nkeep = Xrate Npop (35)

m–1

Ngene

Table 3. Geometry and operating parameters of the 
mathematical model.

Parameter Symbol Value/Range
Geometry parameters
Absorptivity of heated surface αp 0.96 
Emittance of heated surface ep 0.95 
Emittance of backplate eb 0.95 
Emittance of cover ec 0.9 
Length of collector L 1-2.5 m
Twist ratio Y 1
Stefan-Boltzmann constant s 5.67×10-8 Wm-2 K-4

Thickness of back insulation di 0.05 m
Holz100 Thermal walls 
conductivity 

li 0.079 Wm-1K-1

Transmittance of a glass cover tc 0.88 
Width of collector W 0.5-1.5 m
Number of air passages N 4-14
Operating parameters
Reynolds number Re 1000-20000
Solar irradiance G 1000 W/m2

Ambient temperature Tamb 27°C
Inlet air temperature Tfi 30°C
Velocity of wind Vw 2.5 m s-1

Energy conversion factor Cf 0.18 
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Figure 5. Effect of collector length on the (a) heat gain, and (b) thermal efficiency.

Figure 6. Effect of collector length on the (a) effective efficiency, and (b) pressure drop.
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1000 to 20,000 in step 1000. This figure reveals that heat 
gain increases with an increase in the length of VSAH-TTI 
for all values of Re. It can be attributed to two reasons, first 
when Re increasing, the convective heat transfer coefficient 
increasing. Second, when collector length increases which 
means more time for heat transfer rate between the absorb-
ing plate and the flowing air. However, the thermal effi-
ciency increases when increasing the Reynolds number and 
decreases as the length of the collector increases due to the 
increase of the projected area of VSAH-TTI and increasing 
the top heat loss.

The effect of different collector’s length on the effective 
efficiency and pressure drop for different values of Re is 
shown in figure 6(a). It can be noted that as the Re increases, 
the effective efficiency first increases to a specified range of 
Re, arrives at the maximum value, after that it falls due to 
pressure loss coupled with a higher Re.  When Re > 13,000, 
the increase in the heat transfer rate was less than the rise in 
the pressure drop inside the collector thereby, the effective 
efficiency reduces dramatically at Re > 15,000. Figure 6(b) 
shows that the pressure drops across the collector augment 
progressively with rising both of collector length and Re. It 
is attributed to the increase in the friction losses between 
airflow and collector channel walls.

Figures 7(a & b) illustrates the effect of changing the 
width of VSAH-TTI on heat gain and thermal efficiency in 
different ranges of Reynolds numbers. For a specific value 

of collector width, it is revealing that heat gain and ther-
mal efficiency are directly proportional with Re. Also, it is 
clear from figures 7(a & b) that when the collector width 
increases, the heat gain increases due to the increase in 
the width of the air passage whereas the thermal efficiency 
decreases due to the increase of the projected area of the 
collector.

Figure 8(a & b) displays the impact of the collector 
width on effective efficiency and pressure for different val-
ues of Re, respectively. Figure 8(a) indicated that, as the col-
lector width increases, effective efficiency is increased to a 
certain value of Reynold number, getting the highest value, 
and then falls due to a high level of pressure loss.

It can be noted that the cross-sectional area of the flow 
duct at W = 0.5 is less than that for other values of W. 
Thereby, a greater pressure drop has been recorded at W 
of 0.5 than that the rest W values, and less energy carried 
out by the working fluid due to high air velocity inside the 
flow duct for the W = 0.5 than that for the other W val-
ues. As a result, the behaviour of the effective efficiency will 
drop firstly at W = 0.5 than that the rest W values. On the 
other hand, as shown in Figure 8(b), the pressure drop is 
decreased with increases in the width of the collector. It is 
attributed to the large cross-sectional area of the flow chan-
nel which means low velocity inside each channel, thereby 
low friction losses occur between the air and the channel 
walls.

Figure 7. Effect of collector width on the (a) heat gain, and (b) thermal efficiency.
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Figure 8. Effect of collector width on the (a) effective efficiency, and (b) pressure drop.

Figure 9. Effect of channel numbers on the (a) heat gain, and (b) thermal efficiency.
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Figure 9 depicts the effect of N on heat gain and thermal 
efficiency for VSAH-TTI for various ranges of Re.  From 
figure 9(a & b), it can be noted with increases of N values, 
both the heat gain and thermal efficiency grow up exponen-
tially till Re > 10,000. After that, a linear relation between 
heat gain and thermal efficiency with N is found due to 
increment in the Re and N lead to the rise of air velocity 
inside flow channels and then increases the heat transfer 
coefficient. Also, the increment in N values leads to gen-
erate a swirl flow which produces more heat transfer rate 
between the absorbing plate and the airflow.

Figure 10 shows the influence of increased channel 
numbers on the effective efficiency and the pressure drop 
for the various values of Re. Figure 10(a) reveals that the 
effective efficiency rises with increases Re till Re > 6000 
which arrives at the maximum value. After that, for 4 £ N 
£ 6, effective efficiency is linearly increasing. While for 8 £ 
N £ 14, a remarkable collapse is occurring in the effective 
efficiency. It is attributed to the increases in pressure loss 
related to the dominant turbulent region related to increases 
in channel numbers. It can be reported that the N =6 award 
best effective efficiency comparing with all other cases.

The impact of channel numbers on the pressure loss 
across the solar collector is presented in Figure 10(b). It 
seems that the pressure drop across the collector channel 
raises with increases both of Re and the channel numbers. 
It can be noted that a small growth in the pressure loss 

occurs when the N increases from 4 to 8. While pressure 
drop increases noticeably when N rises from 10 to 14. It is 
found that the pressure drops related to N = 14 are greater 
than that for N = 6 for a given Re. It is attributed to high 
velocity inside the channel when N = 14 which leads to high 
friction losses and high vortices due to the presence of TTI 
in comparison to N = 6.

Figure 11(a & b) shows the impact of Y on heat gain and 
thermal efficiency for various ranges of Re. Heat gain and 
thermal efficiency are increased with rises of Re and Y. It is 
attributed to good air mixing inside the flow channel of the 
solar air collector due to the existence of TTI which pro-
duces vortex flow which enhances heat transfer rate.

Thermo-hydraulic efficiency is the major parameter to 
be considered when calculating the performance of VSAH. 
Thermo-hydraulic efficiency is affected by the variation of 
Y as shown in Figure 12(a). The results show that when Y 
values reduce, thermos-hydraulic performance is raised at 
the beginning, as Re increases, until it reaches the maxi-
mum value at a certain value of Re, after that it starts to 
fall as expected due to large friction loss occurs at a lower 
value of Y. Figure 12(b) indicates the variation in the pres-
sure drop with various values of Y. It is noticed that pressure 
losses increase with decreases in Y due to reasons explained 
above. Moreover, at Y =1, the maximum value of thermo-
hydraulic efficiency is 73% at Re = 13000 against the pres-
sure drop of 59 Pa at Re = 20000.

Figure 10. Effect of channel numbers on the (a) effective efficiency, and (b) pressure.
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Figure 11. Influence of Y on the (a) heat gain, and (b) thermal efficiency. 

Figure 12. Influence of Y on the (a) effective efficiency, and (b) pressure drop.
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As shown in figures (11 and 12), the different behav-
iors of heat gain, thermal efficiency, effective efficiency, 
and pressure drop with changing the design variables 
of VSAH-TTI. Therefore, finding the optimal design of 
VSAH-TTI based on maximizing the heat gain, thermal 
efficiency, and effective efficiency as well as minimizing 
the pressure drop is extremely complicated. This paper 
using a multi-objective optimization genetic algorithm 
to find the optimal geometry aimed to maximize the heat 
gain, thermal efficiency, and effective efficiency as well 
as minimizing the pressure drop as shown in the next 
section.

OPTIMAL GEOMATIC DESIGN OF VSAH-TTI

In this paper, the multi-objective optimization algo-
rithm by using a genetic algorithm is used to find the 

optimal geometric parameters of VSAH-TTI. The objec-
tive functions of the optimization algorithms to be maxi-
mized are the heat gain, thermal efficiency, and effective 
efficiency, in addition, to be minimized is the pressure 
drop. The constrain in each design variable are most 
important in the optimization algorithm. In this paper, 
the constrain of design variables are selected based on the 
most common range of solar air collectors as shown in 
Table 4.

OPTIMAL GEOMETRICAL PARAMETERS OF 
VSAH-TTI

The multi-objective function genetic algorithm is 
applied to find the optimal geomatic parameters for the 
VSAH-TTI based on maximizing the heat gain, thermal 
efficiency, and effective efficiency as well as minimizing 

Table 4. Constraints of design variables

Variables Minimum Maximum
Length of VSAH 1 2.5
Width of VSAH 0.5 1.5
Number of channels 4 14
Twisted tape ratio 1 8

Table 5. design variables of FDPSAH

Variables Original Optimized
Length of SAH 1.5     1.0195
Width of SAH 1     1.4932
Number of Channel  4     6
Twisted ration 1     1

Figure 13. The heat gain and thermal efficiency for original and optimal design.
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pressure drop. The constraints of each design variable are 
specified in Table 4.  The optimal design variables after 
applied the multi-objective function genetic algorithm are 
listed in Table 5 for the VSAH-TTI as well as the original 
parameters for the case under study.

This section shows the comparison in thermal per-
formance between the optimized geometric parameters 
by using a genetic algorithm and the original parameters. 
Figure 13(a & b) illustrates the heat gain and thermal 
efficiency against the Reynold number by using original 
and optimized geometry. As shown in both figures the 
optimized geometry by using a genetic algorithm gives 
higher heat gain and thermal efficiency than the original 
geometry.

Furthermore, the optimized geometry can provide 
higher effective efficiency than the original geometry as 
shown in figure 14(a). Also, Pressure drop in optimized 
geometry is less than the original geometry based on differ-
ent Reynolds numbers as shown in figure 14(b).

It can be concluded from figures 13 and 14 that the 
optimized geometry using a genetic algorithm can 
enhance the thermal performance of VSAH-TTI. Based 
on these figures, the maximum in optimized when com-
pare with original geometry in heat gain is 8%, thermal 
efficiency is 7.5%, effective efficiency is 7.5%. As well as, 
there was a remarkable reduction in pressure drop by 
about 30%.

CONCLUSION

This paper proposed a method to find the optimal 
dimensions of VSAH-TTI. The mathematical model of 
VSAH-TTI was presented based on the energy balance 
technique. Multi-objective function genetic algorithm was 
used to find the optimal dimensions of VSAH-TTI based 
on maximizing the heat gain, thermal efficiency, and effec-
tive efficiency as well as minimizing pressure drop. Length 
of collector, the width of collector, number of channels, 
number of twisted tape ratio were the main design variables 
in the optimization algorithm. From the results, the follow-
ing conclusions are obtained:

1- The results showed for the case under study that the
heat gain, thermal efficiency, effective efficiency, and
pressure drop had different behaviours when chang-
ing the geometrical parameters of VSAH-TTI in dif-
ferent Re.

2- the results showed the optimal geometry by using
genetic algorithms had the highest improvement
in heat gain, thermal efficiency, and effective effi-
ciency than the original geometry. The maximum
percentage improvement when an applied range of
Reynold number (0-20000) was more than 8% heat
gain and 7.5% of thermal and effective efficiency for
the original VSAH-TTI geometry. Also, a remark-
able reduction in pressure drop was achieved when

Figure 14. The effective efficiency and pressure drop for original and optimal design.
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applying the same range of Reynold number by 
about 30% compared with the original VSAH-TTI 
geometry.

3- This proposed method showed an efficient approach
to find the optimal geometrical dimensions for
VSAH-TTI. Furthermore, the optimized geom-
etry can increase the thermal efficiency and heat
gain, effective efficiency as well as reducing the
pressure drop without adding new materials to the
VSAH-TTI.

According to our expectations, the optimal parameters 
reported in this research will be studied experimentally and 
numerically by CFD program to show the thermal distri-
bution and fluid flow. According to the research outcomes, 
system efficiency may be improved as well as its application 
range expanded, which might include drying and space 
heating, among other applications.

NOMENCLATURE

Ap surface area of the heated surface (m2)
b half-height of the flow passage
Cf correction factor
cp specific heat of the air (J/kg K)
Dh hydraulic diameter
f friction factor 
h convective heat transfer coefficient (W/m2 K)
hr coefficient of radiation heat transfer (W/m2 K)
hw wind heat transfer coefficient (W/m2K)
H twisted tape height (m)
G solar irradiance (W/m2)
L collector length (m)
m.

f air mass flowrate (kg/s)
Nu Nusselt number
P pitch for 180° rotation of twisted tape (m)
Pp pumping power consumption (W)
Qu useful heat gain (W)
Re Reynolds number
Tamb ambient temperature (K)
Tb average temperature of the backplate (K)
Tf air temperature (K)
Tfi inlet air temperature (K)
Tfo outlet air temperature (K)
Tp average temperature of the absorbing plate (K)
Ub bottom lose coefficient (W/m2 K)
Ut top loss coefficient (W/m2 K)
W Collector width (m)
Greek letters
αp absorptance of the absorber plate
di thickness of bottom insulation (m)
DP pressure drop (Pa) 
ep absorbing plate emissivity

eb backplate emissivity
r density of air (kg/m3)
hth thermal efficiency (%)
hh-th hydro-thermal efficiency (%)
l thermal conductivity of air (W/m K)
li thermal conductivity of bottom insulation (W/m 

K)
m dynamic viscosity of air (Pa s)
s Stefan–Boltzmann constant (W/m2 K4)
tc transmittance of the glazing cover
Subscript
b-f Bottom plate to airflow
p-b Absorbing plate to bottom plate
p-f Absorbing plate to airflow
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