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Abstract. The present study discusses the e�ects of 
apping 
exible vortex generators
on two-dimensional turbulent free convection air
ow in a double-pass solar air heater.
To this end, two thin elastic winglets used as vortex generators were attached to two
absorber walls near the inlet section at an attack angle of 65�C. This novel concept was
elaborated through transient numerical simulation of the 
ow �eld based on the �nite
element method and 
uid-solid interaction. In addition, an extensive comparison of four
di�erent con�gurations was made in this study. The absorber and outlet temperatures
as well as the 
ow rate and velocity �eld were carefully calculated, numerical results of
which con�rmed the considerable enhancement of thermal performance compared to that
of conventional parallel double pass heater. The improvement rate was up to 54% in the
case of � �T = �Tout � Tin from 13 to 20�C while reducing the 
ow rate by 33.6%. The
present numerical results were validated based on the experimental and numerical data
reported in the literature.

© 2022 Sharif University of Technology. All rights reserved.

1. Introduction

According to the BP report on the energy outlook for
2030, the world commercial energy consumption will
be approximately 17 billion tons of oil and the contri-
bution of all types of Renewable Energies (REs) will
possibly reach 7%; hence, there is a considerable gap
between energy demand and clean energy production
[1]. There is also a signi�cant gap between the total
demand and available REs. Extensive studies have
been conducted on REs and waste energy harvesting to
�nd a desired solution; however, an urgent need is still
felt to promote renewable facilities and commercialize
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them to be applied in di�erent related industries.
Consequently, further research should be conducted to
facilitate the application of RE as an essential pillar of
sustainable development and to make it as e�cient as
possible.

1.1. State of the art
Solar Air Heater (SAH) in its general form is an inex-
pensive heat exchanger that provides high temperature
air 
ow in thermal systems [2,3]. As an important
RE facility, it has a wide range of applications in
cooking, drying agricultural products, heating process
in air conditioning systems, etc. SAHs are found in
di�erent types and con�gurations. Based on their
working mechanism, they are divided into two classes
of natural and forced SAHs; the former requires no
external source for air
ow, while the latter uses a
blower or induced fan for air motion. The forced SAH,
consequently, is more expensive which is used in cases
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where a higher 
ow rate is required. On the contrary, a
natural SAH is cheaper and simpler than the forced one
which is used in cases where higher outlet-temperature
is required. SAHs can have single or double passes
depending on con�guration. The Double-Pass SAH
(DP-SAH) is itself divided into two categories of serial
and parallel. The serial version is also known as counter

ow since the beginning of the second pass starts at
the end of the �rst one. The serial DP-SAH cannot be
natural inherently; therefore, it uses external facilities
for its driving force. While its application becomes
more expensive, it can provide a higher air
ow rate.
The Parallel Double-Pass SAH (PDP-SAH), on the
other hand, can be found in both natural and forced
con�gurations.

SAH is a popular renewable facility owing to
its outstanding features; however, its low thermal
performance due to the low thermal conductivity of
air and low-speed thick boundary layer has made this
renewable facility less attractive [4]. To date, several
numerical and experimental scienti�c papers have been
published just to be reminder of such drawbacks and
to propose a new solution to enhance the thermal
performance of the SAH instead. The ideas suggest
the construction of solar heaters in di�erent shapes and
con�gurations. From another point of view, Rayeni
and Gandjalikhan Nassab [5] studied the application
of radiating gas in SAHs including both single- and
double-
ow types. Their numerical results revealed
that the rate of energy conversion increased in double-

ow gas heaters due to gas radiation. Foruzan Nia
et al. [6] evaluated the e�ects of gas radiation on the
thermal behavior of solar heaters and found that under
the condition of high optical thickness for radiating gas

ow, the gas outlet temperature and thermal e�ciency
would get higher values.

The CFD simulation was employed as an impor-
tant pillar to examine the SAH performance. Vijayan
et al. [7] also carried out a study on this subject and ex-
perimentally evaluated the e�ect of embedding packed
bed on the e�ciency of solar collectors. Ghritlahre and
Verma [8] examined the SAH exergy e�ciency through
arti�cial neural network and multi-linear regression for
smooth and roughened absorber plates based on the
experimental data. Yadav and Sani [9] studied the
impact of implementing the jet impingement technique
on the SAH performance enhancement. They reported
the maximum of 7.58 times enhancement in heat trans-
fer accompanied by a drawback of 9.01 times increase
in the friction factor for Reynolds number of 17500.
Korpale et al. [10] performed numerical simulations for
SAH absorber plate optimization and employed surface
modi�cation techniques in a wide range of Reynolds
numbers.

As observed in recent publications, the perfor-
mance of SAH is still among the main concerns of

researchers and scientists all around the world. In [11],
the performance enhancement of a single-pass natural
solar chimney was evaluated under constant heat 
ux.
They performed a numerical simulation and reported
improvement in the thermal performance up to 300%
using a passive 
apping winglet.

1.2. Contribution of this study
To the best of the authors' knowledge, no research
study has addressed the performance enhancement of
any kind for SAHs through the methodology proposed
in this study. Moreover, the present study introduced
a new e�ective concept of heat transfer enhancement in
SAH, i.e., embedding the elastic winglet also known as
a vortex generator. This approach confers an almost-
no-cost method for enhancing the SAH performance.
Although this method is considered a passive approach,
in contrast to all conventional passive approaches, it is
able to actively induce new 
uid dynamics using Fluid
Solid Interaction (FSI). In addition, the current study
exhibits the thermo-hydrodynamic behavior of SAH
with VG and made some comparisons between EVG
and its main competitor, RVG, to examine its features.

1.3. Review literature
In [12,13], numerical simulations of FSI of 
exible thin
structures with forced and free convection heat transfer
were performed and the heat transfer enhancement was
con�rmed using both passive and active techniques.
The mixing e�ect of VG that oscillates freely without
any external force, also called passive method, is
considered a more e�cient method in terms of energy
consumption for heat transfer enhancement since it
does not require any external driving force for VG
oscillation. Numerous studies have employed passive

apping vortex generators for heat transfer enhance-
ment [14,15]. To the best of the author's knowledge,
almost all numerical simulations have been done on

exible elastic winglet based on a 2D geometry [16{
18], implying that in this particular area, a 2D model
may miss a few dynamic and physical features, yet it
considers a transient turbulent model together with an
independent re�ned mesh and stable convergence one,
thus yielding reliable results. In order to study this
subject further, Li et al. [14] compared three winglets
with di�erent moduli of elasticity. Varol and Oztop
[19] performed the numerical simulation of the inclined

at-plate solar collector using wavy and 
at absorbers
in the CFDRC commercial software. They reported
considerable heat transfer enhancement to the wavy ab-
sorber compared to the 
at one. In addition, the e�ects
of porous ba�e in SAH and thermal energy storage on
SAH performance were discussed in the literature and
in [20,21]. Through an extensive review, Oztop et al.
[22] classi�ed SAHs into seven groups based on their
collector covers, absorber materials, shape of absorbing
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Table 1. Information on the vortex generator.

Length (LV ) Thickness (�) Angle (�) Young moduluse Poison ratio Density

16.5 mm 1.5 mm 650 0.07 MPa 0.4 1000 kg/m3

surfaces, 
ow pattern, and applications. According to
this classi�cation, the considered SAH in this study is
a PDP-SAH.

Based on the recent literature review, the vortex
generation technique for improving the performance of
DP-SAH with natural convective 
ow has not been
examined yet. Lack of information on this subject
motivated the authors to put more emphasis on the
VGs and increase the thermal e�ciency of DP-SAH.
In this regard, the current study introduced a 
ap-
ping thin agitator as a vortex generator inside the
duct of PDP-SAH attached to the absorber wall to
verify its advantages with regard to enhancing SAH
performance and decreasing the temperature of the
absorber as the main part under constant Solar Heat
Flux (SHF). The main focus of this research is on the
PDP version of SAH. From now on, to avoid writing
a long-term PDP-SAH, only \SAH" will be used. To
show the advantages and disadvantages of the novel
con�guration, extensive comparisons were made among
di�erent con�gurations, namely (a) SAH+EVG, (b)
SAH+RVG, and (c) CSAH.

2. Model description

The SAH under study is made of three vertical thin
plates, as depicted in Figure 1, and the middle one is
considered as an absorber that absorbs the incoming
solar radiation. The left one is the glass cover that
completely behaves as a transparent element, and the
right one is the back wall. The working gas enters
from the inlet, and the change of gas density pushes
it to the outlet section. Absorber plate is of equal
distance to its adjacent walls which makes it exposed
to the transmitted radiation from the glass cover, while

the other boundary walls are exposed to the ambience
where heat transfer takes place through convection.
Two main con�gurations of SAH are heaters with
oscillating EVG. In addition, SAHs with RVG were
considered in this paper. The length of SAH is equal
to L and the thickness of the air gap is denoted by b in
Figure 1.

The elastic vortex generators are attached to the
absorber and located at the axial section with 0.2 m
from the inlet. Table 1 presents the dimensions and
mechanical properties of the winglets. Both EVG and
RVG have the same dimensions and physical charac-
teristics, except for RVG whose modulus of elasticity
is considered high enough, indicating no de
ection
against the air
ow.

3. Methodology

The analysis was done considering the oscillating EVG
inside the computational domain under transient con-
dition until reaching a semi-steady state while both
vibrating EVGs and air outlet bulk temperature ex-
hibited their periodic behaviors. To this end, the
continuity, momentum, and energy equations for tur-
bulent natural convection 
ow were solved numerically
and simultaneously by progressing in time from the
initial state. The set of governing equations was solved
through the COMSOL Multiphysics based on the �nite
element method. To con�rm the validity of the
computer solver, the obtained numerical results were
validated against the experimental data reported in the
relevant literature. According to a study conducted by
Singh et al. [23], for free convection 
ow in SAH, the
regime of 
ow became turbulent with the approximate
value of Rayleigh number of 1010.

Figure 1. Geometry of air heater (b = 4 cm, L = 100 cm); points A and B are on the tips of VGs.
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3.1. Governing di�erential equation
In the numerical simulation, the following 
ow equa-
tions were simultaneously solved in their RANS forms
including the continuity, momentum, and energy with
the Boussinesq approximation coupled with the gov-
erning equations of the motion of EVG according to
the FSI.
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where �t = C� �k
2

" is the turbulent viscosity, C1, C2,
and C3 are the constants, and Pk and Pb denote the
productions of turbulence and buoyancy, respectively.
In addition, Fext;V G is the external force produced
by the FSI [24,25]. The k � " method was used for
turbulence modeling. More details are given in Tables 2
and 3. The FSI formulation for Fext;V G computation
is provided by the COMSOL Multi-physics Inc. [25]
based on the relations given in [26].

3.2. Boundary condition
Both initial and boundary conditions are required in
the numerical solution of the governing di�erential
equations in unsteady conditions. For the present
simulated problem, these conditions are summarized
below:

� At the initial time, the air is at ambient temperature
under a stagnant condition;

� At both inlet and outlet of the heater duct, the air

ow is at zero-gauge pressure;

Table 3. Minimum values of residuals.

Mass Momentum Energy

5� 10�5 10�4 5� 10�4

� According to the no-slip condition, zero velocity is
considered at the gas-solid interfaces;

� The working gas temperature at the outlet section
is updated by the energy balance criterion, while
zero axial gradients are used for all other dependent
variables;

� Constant heat 
ux of 640 W/m2 is imposed on the
absorber, while the convection boundary condition
with h = 5 W=m2K and Tamb = 293 K is applied to
the boundary walls (Figure 1).

4. Mesh

In order to mesh the computational domain, the
unstructured triangular grid shown in Figure 2 was

Figure 2. Discretized computational domains: (a)
Zoomed discretized domain near the VG and (b) re�ned
mesh near the wall.

Table 2. Methodology in simulation.

Regime of 
ow Turbulence modeling Algorithm Ra Re

Turbulent Standard k � " SIMPLE 1011 � 1012 3000-4000
C1 C2 C3 �� �k

1.44 1.92 0.09 1.3 1.0
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Table 4. Mesh dependency check.

No. of elements 8900 12400 16700 19900

Value Change Value Change Value Change Value Change

Flow rate (m2/s) 0.0270 { 0.0319 18% 0.0330 3% 0.0332 0.6%

used due to the existence of VG in SAH. According
to the mesh independency test, the grid size with
16700 elements and average element quality of 0.93
constituted an optimum grid. In the grid-dependent
study, the values of natural air
ow rates of di�erent
mesh sizes were calculated, results of which are given
in Table 4. According to this table, using a mesh better
than the optimum one did not have any considerable
variation in the computed air 
ow rate. Consequently,
the discretized domain with 16700 elements was used
in all subsequent calculations.

5. Validation

To validate the present simulation, the numerical
�nding was compared with the experimental data given
in [27]. A vertical duct with free convection air
ow
was simulated for this purpose. It is rectangular in
shape with the height and width of 8 m and 0.5 m,
respectively. The temperature of the heated wall was
423 K, and the other side of the wall was kept in an
adiabatic condition. The ambient temperature was
20�C and the free convective 
ow was turbulent given
that Ra = 5 � 1012. Figure 3 shows the temperature
and velocity distributions along the x-direction at y =
7:8 m and makes a comparison between these �ndings
and the experimental results. This �gure con�rms
good consistency between the computed velocity and
temperature �elds and the experimental data.

In the second test case, a forced convection air
ow
in a duct with two heated walls was simulated in
the presence of a 
apping VG. This FSI problem was
studied before by Li et al. [14] based on a theoretical
method. The variations in the average Nusselt numbers
along the bottom wall at di�erent Reynolds numbers
and modului of elasticity are given in Figure 4. The
computed Nusselt number was de�ned based on the
average heat transfer coe�cient and duct hydraulic
diameter.

As observed in this �gure, there is good agreement
between the results of the present FEM simulation and
those obtained by Li et al. [14]. The VG elasticity
varies from the in�nite value corresponding to the
rigid body to 0.4 MPa known as high-elastic material.
Given that the value of VG elasticity has a considerable
e�ect on the 
ow �eld, very good agreement in a wide
elasticity range points to the reliability of all involved
numerical procedures.

Figure 3. (a) Geometry of the studied chimney in [27].
(b) Velocity and temperature distributions at y = 7:8 m.

6. Results

This section presents the numerical results of the
present simulations of the transient turbulent natural
convection in a planar SAH. First, the trends of the
residuals of the governing equations that are usually
used as the convergence criteria are depicted in Fig-
ure 5. As observed, the numerical error of all governing
equations falls below 10�4, thus ensuring the good
convergence of the governing equations. In addition,
the air
ow rate and outlet temperature of three SAH
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Figure 4. Average value of Nu along the lower wall for
di�erent values of Re and moduli of elasticity [14].

Figure 5. Variation in the residual of equations vs.
iteration.

con�gurations: (a) SAH + EVG, (b) SAH + RVG, and
(c) CSAH are given.

6.1. SAH with EVG
Figure 6 shows the contours of air velocity magnitude
at di�erent times. Obviously, as the absorber receives
the solar heat 
ux, its temperature rises, thus making
the adjacent quiescent air warm. Once the air warms
up, its density decreases and the buoyant body force
pushes it towards the outlet. In the lower part of
the SAH, however, the embedded EVG does not allow
air to pass and blocks its way until its momentum
becomes strong enough to turn over the inclined EVG.
The air
ow passes over the EVG for the �rst time
at t = 1:5 s. Half a second later, the �rst vortices

behind the EVGs are formed at t = 2:0 s as the
air
ow is reattached to the heated absorber wall. As
a result of the EVG vibration, a new dynamic of the
wavy 
ow �eld is formed right after the EVG through
both passages along the SAH. The generated 
ow
vortices and air
ow in the wavy form are known to be
responsible for mixing the process and heat transfer
augmentation, and the repeated hydraulic behavior
observed at t = 9 s as well as Figures 6 and 7 is called
Periodic Steady State (PSS).

A closer look at the 
ow �eld, particularly in
periodic steady states, e.g., the time after 7 s is indica-
tive of the outstanding functionality of the EVG. As
observed, the 
ow �eld before the EVG is distinguished
from the 
ow �eld after the EVG. Not only is the
parallel laminated 
ow turned into a wavy 
ow 
uid
containing moving vortices, but also the nearly uniform
velocity is turned into a non-uniform pro�le with a
core of high-magnitude velocity. After the EVG, it is
this high-velocity air
ow that bounces up and down on
the absorber that causes heat transfer enhancement.
In fact, the EVG leads to a higher Reynolds number
locally, which has a better thermal e�ect in the case of
wavy uniform 
ow.

The functionality of the EVG in generating the
vortices is not clear in Figure 6. In this regard, Figure 7
is presented to clarify this functionality that illustrates
the streamlines of the 
ow �eld together with the
contour of velocity magnitude in a zoomed area of one
pass. The 
ow behavior was captured at a time step
of �t = 0:5 s. The new 
uid dynamics induced by
the embedded EVG was found with moving vortices
marching toward the outlet section.

Figure 8 displays the contour of temperature
along the SAH whose periodic pattern is clearly il-
lustrated at t = 10:0 s. The maximum temperature
was observed at the attached point of the EVG and
heated wall as well as the area inside the recirculated
zones downstream of VGs. Figure 8 clari�es the mixing
e�ect of EVG which leads to breaking the thermal
boundary layer and enhancing the convection heat
transfer. The non-uniform velocity pro�le of the wavy

ow �eld causes more penetration of the heat from
the absorber across the channel while dissipating and
fading gradually. Flow impingement onto the absorber
plate in the temperature contour can be detected where
the high-temperature boundary layer becomes thinner.

The pressure contour at a PSS time of t = 10:0 s
is drawn in Figure 9 where the maximum variation of
pressure is only 0.6 Pa (from �0:55 to 0.05) which is
a negligible value. Moreover, due to the low-speed at-
tached wake downstream of the VG, air pressure drops
even below the outlet pressure. This negative pressure
is also responsible for the formation of recirculation
zone behind the EVG.

Figure 10 presents the quantitative estimation of
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Figure 6. The contours of air velocity magnitude from the initial time up to PSS.

Figure 7. Demonstration of moving vortex by
streamlines in a zoomed area captured at di�erent times.

the buoyant body force which has the main role in
generating free convection 
ow.

As observed, the buoyant force was initiated right
adjacent to the heated absorber wall. It evolves
gradually whose maximum value reaches 2 N/m3 close
to and behind the EVG while its minimum value, i.e.,
zero N/m3, occurs far from the heated wall and near
the transparent wall in contact with the ambient free
convection. Corresponding to the amount of de
ection
along the EVG, stress is created within this element.
Von Mises stress is a well-known stress parameter
that is usually used to predict whether or not the
material will be either obtained or fractured under a

Figure 8. Evolution of temperature contour at di�erent
times for the DP-SAH with EVG up to PSS.

Figure 9. Air pressure at t = 10 s for the SAH with EVG.

speci�c load. Figure 11 shows the von Mises stress
contour inside the EVG at PSS. From the structural
mechanics point of view, the EVG can be considered
an elastic cantilever beam where the impact of the



1192 Gandjalikhan Nassab and Sheikhnejad/Scientia Iranica, Transactions B: Mechanical Engineering 29 (2022) 1185{1196

Figure 10. The body force contour at di�erent times.

Figure 11. The von Mises stress contour within the EVG.

air
ow momentum on the EVG would appear as a
bending moment. This moment causes both shear and
normal stresses such that their combination based on
the maximum distortion criterion for ductile material
is formulated for the analysis of plastic deformation.
As observed, the maximum von Mises stress of 140
Pa occurs close to the attached point of EVG to the
absorber wall on the outer surface of EVG, the further
point to the neutral axis. This maximum value of von
Mises stress corresponds to 2.6 mm displacement of the
EVG tip.

6.2. Comparison of di�erent con�gurations
For a more detailed evaluation of the e�ect of vortex
generation on the SAH performance, extensive compar-
isons were made for the generated 
ow rate, outlet bulk
temperature, and absorber wall temperature. From
now on, the SAH without VG is referred to as Clear
SAH (CSAH). Figure 12 shows the time history of the
air
ow rate in the outlet section for three di�erent
con�gurations: (a) SAH+EVG, (b) SAH+RVG, and
(c) CSAH. According to this �gure, the buoyant force
drives the stagnant air into motion such that the
distribution of air 
owrate with time follows almost
the same trend for all con�gurations. The PSS average

Figure 12. Variations in the air
ow rates over time for
di�erent con�gurations: (a) SAH + EVG, (b) SAH +
RVG, and (c) CSAH.

value of the 
owrate for three con�gurations is given
in Table 5. Of note, con�gurations (c) and (b) have
the highest and lowest 
ow rates among all other
con�gurations, respectively. The CSAH con�guration
has no obstacle in front of air
ow and consequently, it
has maximum 
owrate. Figure 12 and Table 5 together
show that the e�ect of RVG blockage is greater than
that of EVG.

Application of RVG instead of its elastic coun-
terpart will decrease the 
ow rate by 15.6% implying
that RVG has 15.6% greater blockage e�ect due to the
lack of 
exibility against the initiative air
ow than its
elastic version, thus reducing the acceleration of the

ow toward its steady-state value. From the beginning
of the numerical experiment for all con�gurations, the
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Table 5. The averaged values of air
ow rate for three con�gurations in PSS condition.

Con�gurations (a) SAH+EVG (b) SAH+RVG (c) CSAH
PSS value of 
ow rate (m2/s) 0.033 0.028 0.050

Percentage of reduction with respect to (c) {33.6% {44% {
Percentage of enhancement with respect to (a) { {15.6 % 50.6 %

Table 6. The PSS averaged value of OBT for three con�gurations.

Con�gurations
(a) SAH+EVG (b) SAH+RVG (c) CSAH

PSS averaged value of OBT (�C) 40 40 33
� �T = �Tout � Tin (�C) 20 20 13

� �T enhancement with respect to (c) (%) 53.8% 53.8%
Maximum recorded OBT (�C) 59 57 57


ow rate is zero until approximately t = 0:6 s that
takes working gas to warm up and makes the body
force strong enough to initiate the 
ow rate.

The following illustration on Outlet Bulk Temper-
ature (OBT), depicted in Figure 13, reveals the physics
behind heat transfer enhancement in the complicated
phenomenon of vortex generation in transient turbulent
natural convection. Figures 10 and 11 should be
interpreted together since their physics is strongly
interlaced. At the starting time, the incoming solar
heat 
ux is absorbed by the absorber wall that causes a
high temperature di�erence between the absorber and
air layers. The body force due to this e�ect drives
the neighboring balk of 
uid faster. An increase in
velocity then causes a decrease in the temperature of
absorber. Therefore, the air outlet temperature must
have a maximum value that takes place close to the
starting time between t = 2 s and t = 4 s. The
maximum recorded OBT is attributed to the SAH with
EVG. Moreover, in clean SAH, temperature 
uctuation
disappears since there is no reason to disturb the
air
ow. Those con�gurations equipped with VG show

uctuation over time. However, SAH with EVG shows
more 
uctuations due to its 
exibility and winglet
elasticity with respect to the RVG.

Followed by this maximum value and as a result of
the EVG oscillation, the OBT experiences 
uctuating
behavior until reaching PSS, where the OBT asymptot-
ically approaches its �nal value at which a repetitive
trend can be observed in the outlet section. Tables
5 and 6 were taken into consideration at the same
time to make an overall conclusion; that is, in the case
of SAH of PDP type, the RVG, in comparison with
its competitor, the EVG, has the same thermal per-
formance, but exhibits 15.6% less hydraulic e�ciency.
In order to compare the performances of SAHs with
di�erent con�gurations, the outlet bulk temperature
di�erence is de�ned as � �T = �Tout � Tin where �Tout
is the time-averaged value of the outlet temperature

Figure 13. Variations in the OBT over time for di�erent
con�gurations: (a) SAH + EVG, (b) SAH + RVG, and (c)
CSAH.
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in the PSS condition. Upon computing the value
of the temperature di�erence of the outlet bulk for
a conventional clear SAH and comparing it with its
corresponding value for SAH with VG, we found that
the proposed con�guration exhibited a 53.8% increase
in the outlet temperature [from 13 to 20�C] while
reducing the rate of air
ow by 33.6% [from 0.033 to
0.050 m2/s].

Another way to point out the heat transfer en-
hancement, especially where there is constant heat

ux, is to determine the heated-wall temperature.
Better heat transfer leads to lower wall temperature,
hence a better evaluation of the proposed methodology.
Figure 14 shows the absorber wall temperature at
di�erent times, t = 1, 3, 5, and 10 s, for di�erent

Figure 14. Variations in the absorber wall temperatures
at di�erent times and di�erent con�gurations: (a)
SAH+EVG, (b) SAH+RVG, and (c) CSAH.

con�gurations of (a)-(c), respectively. Except for
case (c) where SAH has no VG, the other two cases
follow almost the same trend. In case (c), the 
ow
�eld is planar and the streamlines are almost parallel
and consequently, heat transfer is approximately pure
conduction whose direction is perpendicular to the 
ow
direction. In addition, the thermal boundary layer
grows along the wall and becomes thicker, and air
temperature along and adjacent to the wall becomes
hotter, indicating that heat transfer is decreasing along
the absorber wall. Consequently, a monotonic increase
in the temperature along the wall can be expected.
In SAH with EVG/RVG, the temperature of the wall
considerably increases locally due to the stagnation
point where air is trapped in an acute angled corner,
while after the EVG/RVG, it exhibits an oscillating
behavior until the outlet section.

The above-mentioned claim on the 
uctuating

ow �eld can be evaluated by the displacement vari-
ation at the tip of EVG, i.e., Points A and B, as
depicted in Figure 15. Among these three con�gura-
tions mentioned earlier, SAH+RVG and CSAH have
no displacement mainly because in the former, the VG
is considered rigid, and the latter has no VG. This is the
main reason why just the �rst con�guration is discussed
here. Earlier, the EVG is almost without considerable
movement while the initial air
ow adjacent to the
hot surface is already begun. In this stage, the 
uid
momentum is not strong enough to bend EVG and
pass it over. Upon increasing the buoyant body force
resulting from more temperature di�erence between
the working gas and absorber, the convective 
ow
would turn around the EVG and pass it over. At
this moment, the 
uid momentum bends the tip of
the EVG up to 0.6 mm at t = 2:0 s. After this
peak, the innate elasticity of the EVG is forced to
turn the deformed shape back while the momentum
of air 
ow resists it. Moreover, at the interval of
t = 4 to 9 s, the displacements of EVG in two parallel
passes deviate a little and do not match exactly. This
small deviation makes the 
ow �elds in two passes non-

Figure 15. Variations in the x-component of the
displacements of VGs at their tips.
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symmetrical. However, after t=9 s, their vibrations
overlapped perfectly. The EVG actions and air
ow
reactions lead to transient vibrations of EVG and wavy
dynamic of air
ow through the passes.

7. Conclusion

This study aimed to enhancing the thermal perfor-
mance of a parallel double-pass Solar Air Heater (SAH)
by embedding elastic winglets as the vortex generators
inside the heater chimney attached to the absorber
surface on both passages. In the novel design of SAH,
the passive method induced new active dynamics into
the 
ow �eld. In addition, this study presented an
extensive thermo-hydrodynamic analysis of turbulent
free convection coupled with Fluid Solid Interaction
(FSI). Comparisons between the reported experimental
and theoretical data and the present numerical �ndings
showed very good consistency. The set of numerical
experiments of the current study revealed a consider-
able increase in the thermal e�ciency of the proposed
novel SAH with two Elastic Vortex Generators (EVGs),
given that it o�ered a higher outlet temperature with
respect to the conventional clean SAH. The rigid VG,
in comparison with its competitor, the EVG, had the
same outlet temperature, yet its hydraulic e�ciency
was 15.6% less than that of its competitor. The outlet
bulk temperature di�erence was de�ned as � �T =
�Tout � Tin, and its value was compared with that
of a conventional clear SAH. As a result, embedding
EVG inside SAH caused 53.8% improvement in the air
temperature increase [from 13�C to 20�C] through the
SAH while reducing 33.6% in air 
ow rate [from 0.033
m2/s to 0.050 m2/s].

Nomenclature

b Air layer thickness (m)
cp Speci�c heat capacity (kJ/kg K)

g Acceleration of gravity (m.s�2)
h Coe�cient of convection (W/m2K)
kth Conductivity (Wm�1K�1)
L Length (m)
n Normal direction
_m Mass 
ow rate (kg/s)
Pr Prandtl number (-)
q Heat 
ux (W/m2)
Ra Rayleigh number (-)
Re Reynolds number (-)
t Time (s)
T Temperature (K)
V Flow velocity (m/s)

P Pressure (Pa)
(x; y) Coordinate system (m)

� Thermal di�usivity (m2/s)
� Attacked angle
" Turbulent dissipation
� Turbulence kinetic energy (m2/s2)
� Viscosity (Pa.s)

� Air density (kg/m3)

Abbreviation

SAH Solar Air Heater
SHF Solar Heat Flux
PDP Parallel Double Pass
PSS Periodic Steady State
OBT Outlet Bulk Temperature
EVG Elastic Vortex Generator
RVG Rigid Vortex Generator
CSAH Clean SAH (SAH without any kind of

VG)
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