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The positive effect of self-sustained passive oscillations of
two flexible vortex generators (VGs) in the naturally air flow
of a solar air heater (SAH) is examined in this paper. Two
VGs are attached on opposite walls of 2-D channel of the
heater, where the turbulent air flows because of the
buoyancy effect. The set of continuity, momentum and
energy equations for free convection flow and also the
equation of motion for elastic solid structure considering a
two-way strongly-coupled fluid-solid interaction (FSI) are
solved in transient condition by the finite element method
(FEM). Numerical result shows higher performance for SAH
with two VGs in comparison with a single winglet and also
with clean SAH. Although, the airflow rate decreases about
16% in SAH with two VGs because of the blockage effect of
winglets, but 35% improvement in bulk temperature
increase along the SAH is seen in comparison to the single
VG solar heater. The applied numerical simulation has been
validated against experimental and theoretical results of
literature and good agreement was found.

Keywords: Natural SAH, Turbulent Flow, Multiple VG, Transient

1. Introduction
Today, the energy deficiency forces
governments to avoid fossil
energy
consumption and use renewable energies. For
this purpose, there are several ways to achieve
this goal, from waste energy harvesting, energy
management via intelligent supervisory
predictive control as well as using energy
sources such as geothermal, solar, and wind
energy. Even with the current rate of energy
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consumption, there is a considerable gap
between total demand and providing renewable
energy. At the moment, solar energy has been
widely considered due to its availability and
also effectiveness in the emission of pollutants.
In a general form, solar heaters as heat
exchangers are used for converting solar
radiation into enthalpy of a carrier fluid which
may be employed as a heat source in many
engineering systems. They are very popular due
to their special features such as simplicity and
economically affordable expenses to be built or
purchased.
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The natural convection flow solar air heaters
are simple devices that convert solar irradiation
into gas enthalpy at moderate temperatures for
employing in many engineering applications,
such as heating and cooling spaces and drying
agricultural products. The most common design
of natural convection plane SAH consists of a
uniform rectangular cross-sectional duct
throughout its length with a glass cover at the
front and a black absorber plate at the back. The
transmitted solar incident radiation across the
glass sheet is absorbed and then transferred into
airflow by convection heat transfer (Fig. 1). But,
the rate of heat transfer between the absorber
and air is poor because of the very low thermal
conductivity and velocity of the working gas.
One major challenge that researchers have
focused their investigations is on the design
aspect that improves the thermal performance
and enhances the convection heat transfer
between the airflow and heated surface by
different techniques. Several numerical and
experimental scientific works have been
published just to attack this issue and propose a
new solution to enhance SAH’s thermal
performance. The ideas include extending
surface area [1], bell-shaped for the inlet section
[2], convex and concave channels for different
curvature radii [3], serpentine wavy wire-mesh
packed bed [4], internal multiple-fin array in the
direction of airflow [5] as well as a new
geometry of arched absorber [6]. The concept of
extruded surfaces such as baffle [7], straight [8],
and multiple V-shaped [9] or inclined ribs [10]
for SAH also has been considered by some
investigations. Enhancement of thermal
performance through the employment of
impinging jet generated by corrugated wavy
plate for configuration of double pass SAH was
reported by Singh et al.[11]. It was shown that
the applied technique causes a considerable
increase in the value of efficiency by breaking
the thermal boundary layer and mixing
enhancement.
To improve the thermal efficiency of solar
heaters, the author recently investigated the
effect of gas radiation on the thermal behavior
of forced convection flow when a radiating
working gas inside a closed cycle is used instead
of air [12]. In that study, the set of governing
equations including the conservations of
momentum and energy for the gas flow and

conduction equation for the solid parts of a
single pass solar heater were solved
simultaneously, while the radiation transfer
equation was also solved for radiation
computation. It was revealed that using high
optically thick fluid flow can improve the
performance of solar heaters by about 100%.
The same technique was also examined by the
author in double-flow solar gas heaters [13]. It
was found that there is an optimum value of the
gas optical thickness for having the best
performance for double flow solar heaters.
The rate of convection heat transfer can also
be improved by creating disturbance to the flow
of air inside the channel. Many types of vortex
generators for heat transfer enhancement have
been investigated up to now. In general,
stationary VGs and flapping VGs are the two
main categories for the generation of vortices.
For various stationery designs, transverse or
longitudinal vortices can be generated in
convection flow to be enhanced [14, 15].
Instead of stationary VGs, a flapping vortex
generator made of elastic material can be placed
in the existing duct directly for more heat
transfer. It is clear that the frequency of VG is
much affected by the value of its Young
modulus of elasticity. Flapping vortex
generators oscillate in the channel to create
vortices for mixing and breaking the resistance
of the thermal boundary layer. To fulfill the
flapping vortex generators, two ways exist; the
active method with external power and the
passive method with fluid-structure interaction.
It is evident that an additional power supply
system is required for active VGs to drive
structure oscillation, limiting their application
range. In recent years, fluid-structure interaction
(FSI) has been a topic of interest in many
engineering fields [16, 17]. This disturbance
creates turbulence in the airflow and hence heat
transfer enhancement in convective flow.
The elastic structure mounted on the heat
exchanger fins can enhance the heat transfer
significantly, even mounting multiple elastic
structures on the fin has been discussed in the
literature [18, 19].
Flow-induced deformation of a flexible thin
structure as the manifestation of heat transfer
enhancement in laminar convection heated
channel flow was numerically studied by Soti et
al. [20]. The in-house fluid-structure interaction
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(FSI) solver with convective heat transfer was
based on a sharp-interface immersed boundary
method (IBM) An elastic thin plate attached on
the lee side of a rigid cylinder had the role of
vortex generator. The positive effects of flow
vortices on enhancing convection coefficient
along the heated wall were thoroughly explored.
A three-dimensional numerical analysis of
the convective heat transfer and mixing
performances of pipe flows was done by Ali et
al.[21]. All numerical simulations based on
fluid-solid interactions were carried out by the
ANSYS Fluent CFD solver. Both flexible and
rigid vortex generators were considered in the
simulation. Numerical results revealed about
97% and 118% increase in the value of average
Nusselt number for rigid and flexible winglets,
respectively. In a recent study, Zheng et al. [22]
analyzed the flapping vortex generator mounted
on a heat sink fin for airside heat transfer
enhancement by numerical method. Three
elastic agitators and one rigid agitator were
investigated, separately, under two velocities of
convection flow, while the results are compared
with those of a clean channel. It was found that
the elastic agitator enhances the channel heat
transfer significantly, especially when the
winglet oscillates with high velocity. There are
several similar studies on this subject, but the
literature review shows that this technique in
enhancing convection heat transfer has not been
examined on naturally flow SAHs, yet. To fill
this gap, the author tried for investigating the
effect of oscillating elastic VGs on transient
thermohydrodynamic
characteristics
of
turbulent natural airflow in SAHs using one and
multiple flapping VGs. In the numerical
simulation, the time-dependent air velocity is
determined by balancing the buoyancy head
resulting from thermally induced density
differences and the friction head due to wall
shear stresses through the governing equations.
Toward this end, the set of conservation
equations including the mass, momentum and
energy for turbulent natural convection flow
was solved numerically and simultaneously by
progressing in time from the initial state, while
all parts are at ambient temperature and air is
stagnant. To describe the oscillation of the twodimensional elastic flapping vortex generator,
the equations of motion along with a two-way
strongly-coupled fluid-solid interaction along
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with flow equations have been solved,
simultaneously progressing in time. It is worth
mentioning that in vortex generation, the
Strouhal number (𝑓𝐿𝑉𝐺 /𝑉̅) is a dimensionless
parameter describing the relationship among
vortex shedding frequency, characteristic
length, and velocity. Also, there is a relation
between the winglet frequency and Strouhal
number for having more convection
enhancement and flow vortices with higher
rates. But the frequency of passive flapping
winglets depends on the VG dimension, its
Young modulus and flow condition, and is not
as an input data in the present simulation. All
computations have been performed by the finite
volume method using the COMSOL multiphysics and the results were presented in the
forms of velocity and temperature contours and
the variations of dependent variables with time.
Comparison was conducted between the present
numerical results and experimental data for
validating the applied numerical model.
Nomenclature
b

thickness of the air layer (m)

cp

specific heat (kJ/kg K)

E
f
h
k
L
n
m
Pr
q
Re
Ra
t
T

module of elasticity (Pa)
Frequency (1/s)
convection coefficient (W/m2 K)

Tin

inlet temperature (K)

U
Us

time average flow velocity (m/s)

thermal conductivity (Wm-1K-1)
length of heater (m)
normal to the surface
mass flow rate (kg/s)
Prandtl number
heat flux ( W/m 2 )
Reynolds number
Rayleigh umber
time (s)
temperature (K)

displacement vector of VG (m)

Vertical and horizontal coordinates
(m)
Greek symbols

thermal diffusivity ( m2 / s )
(x, y)
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s

volumetric thermal expansion(1/K)
attacked angle (degree)
Poisson ratio
solid stress field (Pa)
fluid stress field (Pa)
Lame’s first parameter (Pa)
turbulence kinetic energy( m 2 /s 2 )
Lame’s second parameter (Pa)




viscosity (kg/ms)
density (kg/m 3 )
winglet thickness (mm)

subscript
abs
absorber
conv convection
i, j
indices in tensor notation
m
mean bulk
rad
radiation
t
turbulence (total)
s
solid
1,2
first and second VG
superscript
'
fluctuation
time average

of the density gradient. The absorber surface is
under a constant solar heat flux, while the
convection boundary condition is employed on
the opposite wall.
The behavior of buoyant airflow strictly
depends on the flow regime within the SAH. In
these cases, Rayleigh number can be used as a
criterion to assess the flow regime which is
defined as:
(1)
g TL3
Ra 



In Eq. (1), ∆𝑇 is the temperature difference
between the absorber and air and L is the length
of the solar chimney. According to the reported
critical values in literature, the flow regime
changes from laminar to turbulent for Rayleigh
9
number greater than 10 , as it is in the case [23].
3. Mathematical formulation
For two-dimensional unsteady free convection
turbulent incompressible flow with employing
the Boussinesq approximation, the mass,
momentum, and energy conservation equations
can be written as follows:

(2)
( U i )  0
xi

2. Description of problem
A schematic of the SAH understudy with its
geometrical parameters is depicted in Fig.1. The
length of SAH is equal to L and the air gap is
denoted by b. Two identical oscillating winglets
attached to the boundary surfaces with the same
Frame 001angle
 18 Aug
2020
No Data
Set
attacked
have
the role
of vortex
generator.
The transmitted solar radiation from the glass
cover is absorbed by the absorber and then by
the air adjacent to the heated wall with
convection heat transfer. Consequently, by
natural convection, air enters from the inlet
section in x-direction, and buoyancy force
pushes it towards the outlet at the front because

Uj

( Ui ) p  Ui
   (   uiu j )   gi (T  Tref )  Fi
x j
xi x j x j

Uj

(  T )   T

(
  T 'u j )
x j
x j Pr x j

(3)
(4)

where, ̅̅̅̅̅
𝑢𝑖 𝑢𝑗 and ̅̅̅̅̅
𝑇́𝑢𝑗 are the Reynolds stresses
and turbulent heat fluxes which should be
modeled. Also, 𝐹𝑖 in Eq. (3) is the momentum
forcing term that enforced the no-slip condition
on the winglet. Based on the applied   
turbulence model in the present study, the
Reynolds stresses and turbulent heat flux were
computed with the following equations [23].

h , Tamb
eq

L2


T in
V in

L - L2

y



VG2

x



L1

Outlet

b

VG1
(

Absorber under solar irradiation

Fig. 1. Schematic of problem
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ui u j   t (
 'u j  

U i U j
2

)   ij
x j
xi
3

 t T

(5)
(6)

Prt x j

(7)
2

The turbulent kinetic energy  and its
dissipation rate  were calculated by the
following coupled partial differential equations:
 


(8)
Uj

[(  T )
]  ( Pk  Gk )  
x j x j
 k x j

 t  C

Uj

  
 
 [(  T ) ]  [C1 ( Pk  Gk )  C2  ]
x j x j
  x j 

(9)

In Eqs. (8) and (9), 𝐺𝑏 and 𝐺𝑘 represent the
turbulence kinetic energy generation due to
buoyancy and velocity gradient, respectively.
The values of these parameters and also other
constants in turbulent governing equations were
given in Refs. [23, 24].
The equation of motion for computing the
oscillation of 2-D flapping VG under the
convection flow can be driven as [22]:
(10)
 U s j
 U s i
(   s )

xi

(

x j

)  s

x j

(

x j

)   sU s i

where 𝑈𝑠𝑖 is the displacement vector of the
elastic sheet. More details about the equation
govern to the displacement of elastic winglet
were given in the paper by Zheng et al. [22].
4. Boundary condition
The set of governing equations was solved
simultaneously in transient conditions by
marching in time. Also, the turbulent   
model was used to describe the turbulent heat
fluxes and Reynolds stresses. In numerical
solution, the following initial and boundary
conditions were imposed:
 At t=0, the air is stagnant at ambient
temperature (293 K).
 The air pressure at the inlet and outlet
sections is equal to ambient pressure (zero
gauge pressure).
 The convection boundary condition with its
equivalent convection coefficient on the
glass surface was employed. The
convective and radiative parts of the
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equivalent coefficient of heat transfer were
calculated based on the following
expressions [25]:
(11)
hconv  5.7  3.8Vwind

hrad   g (

4
Tw4  Tsky
)

(12)

Tw  Tamb )

where
4
Tsky  0.0522Tamb

(13)

 On the absorber surface, constant heat flux
was assigned.
 The continuous boundary conditions of the
velocity and stress fields of VG yield to the
following criteria.
(14)
Ui  U si

 i j n j  i j n j

(15)

where 𝑛𝑗 is the local normal pointing outward
from the surface. In Eqs. (14) and (15), the stress
fields inside the solid and fluid are given by:

(16)
   [(U  U )]  tr (U  U )
ij

s

s i, j

s j ,i

2

s i, j

s j ,i

2
ij   p ij   [U i , j  U j ,i ]   U i ,i ij
3

(17)

Because of the moving VG, the computational
region for the fluid flow is considered as the
deforming domain and the flow equations were
solved by moving mesh technique designed in
the COMSOL multiphysics. In velocity and
temperature computations, all thermophysical
properties of working gas were considered
temperature-independent evaluated at average
fluid bulk temperature, except density which
was
determined
by
the
Boussinesq
approximation. The finite element method
(FEM) was used for discretization of the
governing equations. The unstructured
triangular grid generation method was used for
the 2D geometry of SAH as shown in Fig. 2,
such that near the walls and around the vibrating
winglet, mesh was refined to precisely capture
the high gradient of dependent variables. The
optimum number of nodes in simulation of SAH
with two VGs is 13240 with average element’s
quality of 0.89. This grid size was obtained by
the grid independent study, such that 10%
increase in the number of grids yields to less
than 1% variation in the computed value of the
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5. Validation

velocity and temperature distributions and
experiments.

Frame 001  04 Aug 2020  No Data Set

y
outlet air

Insulated

At first, for validating the applied mathematical
model for natural convection simulation, the
present numerical results were compared with
the experimental data of the literature [26]. A
large vertical channel with one-sided heated
wall in which the buoyant air flows because of
the density gradient was studied in this test case.
The chimney under experimental study in Ref.
[26] was a rectangular-shaped channel whose
height is 8 m and the width and depth is 0.5 m
(Fig. 3). In the numerical simulation, a twodimensional model was assigned which is
dimensionally identical to the experimental setup having a 2-D vertical channel of height 8m
and width 0.5 m. One wall of the channel is
maintained at constant temperature 423 K and
the other sidewall is adiabatic. All boundary
walls are gray surfaces with an emissivity of 0.9.
Also, the ambient air temperature is equal to 293
K. The value of the Rayleigh number for this
test case is equal to 5 × 1012 correspondence to
the turbulent natural flow. In Fig. 3, the velocity
and temperature variations across the channel
width at y=7.8 m have been compared with the
experimental data of Ref. [26]. As seen, good
consistencies exist between the predicted

Heated surface, Tw

x
z

a)

inlet air

Schematic of the experimental set up [26]

Frame 001  20 Dec 2020 

2.0

400

Present work (Velocity)
Present work (Temperature)
..
Expt. (Cheng and Muller [26] )

380

1.5

360

1.0

340

320
0.5

300
0

0.1

0.2

x (m)

0.3

0.4

b) Comparison with experiment
Fig. 3: Velocity and temperature distributions at
y=7.8 m, comparison with experiment [26].

Table 2. The average temperature on the absorber surface at different grid sizes
Number of grids

Tabs (K)

8650
398

9980
412

11840
424

13240
431

14600
435

0.5

Air velocity (m/s)

average temperature on absorber surface as a
sensitive dependent variable to the grid size.
The related results are tabulated in Table. 2.
Besides, the convergence criteria were
considered equal to 5 × 10−4 for temperature
and 10−4 for velocity computations for the
converged solution at each time step. The final
time is determined as the system reaches to its
periodic behavior.

Temperature (K)
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Point A

Fig. 2. High enlarged discretized domain

In another test case about enhancing heat
transfer in convection duct flow with flapping
elastic VG, the present numerical results are
compared with theoretical data reported in Ref.
[22]. The positive effects of oscillating vortex
generation at the different module of elasticity
on improving the rate of heat transfer were
studied and depicted in Fig. 4. In that figure, the
variation of the average Nusselt number with Re
on the heated wall is plotted. A good
consistency exists between the present findings
with those reported by Zheng et al. [22].

section. During the studied cases, both
convection flow in ducts with one and two
oscillating vortex generators were considered in
simulations. In the range of Rayleigh number
for
the
present
test
cases
10
10
(0.5 10  Ra  1.5 10 ) , the flow regime
is turbulent. All geometrical parameters and
also the thermophysical properties used in the
mathematical model are reported in Table 1.The
values of all geometrical factors for VGs and
SAH are chosen in the ranges as they were
considered in many similar works [2, 3, 12, 22].
The time history of air velocity is demonstrated
in Fig. 5 by plotting the contours of velocity
magnitude for turbulent convection flow during
the transient time period up to t=10 s, while the
system reaches to periodic behavior.

6. Results and discussion
The numerical solution and the results for
natural convection SAH with elastic VG shown
Frame 001  23 Aug 2020 
in Fig. 1 are presented
and discussed in this
60
Present work

Average Nusselt number

Numerical results (Zheng et al. [11])

E=1 MPa

50
E=4 MPa
E=0.4 MPa

40
Rigid VG

30

Tw
Vin
VG

Tin

20
1500

2000

Tw

2500

3000

3500

4000

4500

Re

Fig. 4: The variation of average Nusselt number with Re, comparison with theoretical results reported in Ref.
[22]
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Table 1. Values of parameters for the natural flow SAH
parameter

Value

qSun
L
L1

1000 W/m
1m
0.2 m

δ

65

Parameter
2

Tamb
b

L2

0

Δ VG

3 mm

E

0.01 MPa

8 cm
0.3 m

LVG

33 mm

Tin

293 K



The effects of two vortex generators in the
pattern of fluid flow and vortex shedding is
clearly observed in Fig. 5. It is seen that the air
flows with very low velocity at initial times
under the laminar regime and as the air velocity
increases with time, the flow breaks down into
turbulence. As expected, the air velocity near to
the absorber is greater than that is closed to the
unheated wall due to the higher buoyancy effect.

Value
293 K

0.4

Also, Fig.5 depicts that the air velocity increases
with time because of the density gradient and
after t=10 s while the maximum air flows rate
takes place in SAH, a periodic behavior is seen
for the velocity field. It is evident that because
of the VG oscillation, the system never reaches
to steady condition, but a periodic behavior is
seen after t=10 s in natural convective flow.

g
Flow
t=0.5 s

t=1 s

t=1.5 s

t=2 s

t=3 s

t=4 s

t=5 s

t=6 s

t=7 s

t=8 s
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t=9 s

t=10 s

t=0.5 s

1s

1.5 s

2s

3s

4s

5s

6s

7s

8s

9s

10 s

Fig. 5. Contours of velocity magnitude during transient time period up to t=10 s

The time history of air velocity is demonstrated
in Fig. 5 by plotting the contours of velocity
magnitude for turbulent convection flow during
the transient time period up to t=10 s, while the
system reaches to periodic behavior. The effects
of two vortex generators in the pattern of fluid
flow and vortex shedding is clearly observed in
Fig. 5. It is seen that the air flows with very low
velocity at initial times under the laminar
regime and as the air velocity increases with
time, the flow breaks down into turbulence. As

expected, the air velocity near to the absorber is
greater than that is closed to the unheated wall
due to the higher buoyancy effect. Also, Fig.5
depicts that the air velocity increases with time
because of the density gradient and after t=10 s
while the maximum air flows rate takes place in
SAH, a periodic behavior is seen for the velocity
field. It is evident that because of the VG
oscillation, the system never reaches to steady
condition, but a periodic behavior is seen after
t=10 s in natural convective flow.

g
Flow
t=0.5 s

t=1 s

t=1.5 s

t=2 s

t=3 s

t=4 s
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t=5 s

t=6 s

t=7 s

t=8 s

t=9 s

t=10 s

t=0.5 s

1s

1.5 s

2s

3s

4s

5s

6s

7s

8s

9s

10 s

Fig. 5. Contours of velocity magnitude during transient time period up to t=10 s

The temperature contours at different times
are plotted in Fig. 6. For all times, there is a hot
spot at the intersection point of VG with the
heated wall where the fluid remains at a stagnant
position. The mixing effect of VGs that leads to
breaking the thermal boundary layer adjacent to
the absorber and enhancing the convection heat
transfer is seen. As it was expected, in the
mixing process, the first VG attached to the
heated wall is seen as more effective, however,

Flo
w

the second one on the other wall is found to be
useful after spending the initial time period
beyond t=5 s when the airflow has grown
enough from the stagnant position. Besides, Fig.
6 demonstrates a transient behavior for the
temperature distribution from t=0 s while the air
is in a stagnant position up to t=10 s, after which
the numerical results reveal a time-periodic
pattern for temperature distribution in
convective airflow.

t=1 s

t=1.5 s
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t=2 s

t=2.5 s

t=3 s

t=4 s

t=5 s

t=6 s

t=7 s

t=8 s

t=9 s

t=10 s
Fig. 6. Temperature contours during transient time period up to t=10 s

The pressure contours at different times are
drawn in Fig. 7. The attached point of VG with
the heated wall is found as a point with
maximum pressure at each time. The moving
vortices are also detectable by the low-pressure
spots starting from the tip of the two VGs and
traveling through the SAH. As it is depicted in
Fig. 7, the maximum variation of pressure
through the channel is 1.2 Pa which makes this

type of flow an isobar one. In contrary to the
forced convection in which the fluid pressure
gradient plays an important role, the density
gradient is the driven body force in free
convection. More ever, both ends of SAH are in
ambient pressure (zero gauge pressure). The
above two factors result in a negligible pressure
variation through the buoyant airflow in the
natural solar heater.

t=1 s

t=1.5 s

t=2 s
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t=2.5 s

t=3 s

t=4 s

t=5 s

t=6 s

t=7 s

t=8 s

t=9 s

t=10 s
Fig. 7. Pressure contours during transient time period

Similar temperature and velocity contours
that were presented for SAH with two vortex
generators are also depicted in Figs. 8 and 9 for
SAH with single VG. One can compare these

figures with those reported before for heaters
with double VG to illustrate the positive effect
of using two VGs in enhancing heat transfer and
improving the thermal performance.

t=1.5 s

t=3 s

t=5 s

t=8 s

t=10 s
Fig.8. Contours of velocity magnitude during transient time period
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t=1.5 s

t=3 s

t=5 s

t=10 s
Fig. 9. Temperature contours during the transient time period

In double VG SAH, the displacement variation
of the tips of VGs in the x-direction, points A
and B, are illustrated in Fig. 10. In the first
second of the transient time period, both
winglets are stationary although initial airflow
was already started on the hot wall. This is due
to the blockage effect of the VG that does not
allow air at the lower part of VGs to pass and at
the same time fluid momentum is not strong
enough to bend VG and passes it over. But as
the density gradient and buoyant body force
increased gradually by receiving more heat from
the absorber, airflow started to turn around the
VG and passed over it, such that at first, the
VG1 oscillates and then VG2 starts its motion
(after one second for VG1 and two seconds for
VG2). The elasticity of VGs forced to turn their
shapes back while the continuous growing

momentum of fluid flow resists against them.
The VGs actions and airflow reactions lead to
transient oscillations of VGs and vortex
shedding from the tips which cause fluctuations
in the flow field and mixing process. Fig. 10
shows that the VG1 has more displacement than
the other winglet because it is near to the heated
wall where heat penetration into the airflow
takes place and a more buoyant effect exists.
However, it is seen that both VGs participate in
the vortex generation, vortex shedding and
mixing process. For comparison, the
displacement of the winglet in a single VG SAH
is also depicted in Fig. 10. A similar pattern for
oscillation of VG with time is observed with a
little more displacement when it compared with
the oscillation of the first winglet in double VG
SAH.

a)

Double VG
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a) Single VG
Fig. 10. Displacements (x-component) of the point(s) on top of VG(s)

The time variations of airflow rates in double
and single VG SAHs are plotted in Fig. 11. As
expected for two cases, the airflow rate starts
from zero value at the initial time and growths
during the transient time period, and eventually
reaches its maximum value at t=10 s. Moreover,
due to the vibration of the vortex generator,
variations of both airflow rates are contaminated
by fluctuations. Comparison between the flow
rates in Fig. 11-a and b reveals that the SAH
with double VG has less air flow rate (18%)
which is due to a higher blockage effect because
of the two winglets, although more mixing rate
and vortex generation occurs in this case.
Similar curves but for air bulk temperature at
the outlet section are drawn in Fig. 12. At
starting time when the airflow has very low
velocity, the bulk temperature at the outlet

section increases sharply with time, after which
it gets a decreasing trend because the airflow
rate gets higher value due to buoyancy effect.
Moreover, due to the vibration of VG, variations
of bulk temperature for both cases were
contaminated by considerable fluctuations in
the transient time period and also when it gets
its periodic oscillation. As the main finding, it
should be noted that the air bulk temperature at
the outlet section of SAH with double VG is
considerably greater than that is for SAH with
single VG. If one computes the total rate of heat
transfer from the absorber plate into free
convection airflow by the relation 𝑞 =
𝑚̇𝑐𝑝 (𝑇𝑚 𝑜𝑢𝑡 − 𝑇𝑖𝑛 ) as the main parameter for
evaluating the performance of heater, more than
11% increase will be computed for SAH with
double VG.

a) SAH with double VG
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b) SAH with single VG
Fig. 11. Variations of airflow rates with time for single and double VG SAHs

a)

Double VG SAH

b) Single VG SAH
Fig. 12. Variations of outlet air bulk temperatures with time for SAHs with single and double VG
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In order to show the heat transfer enhancement
on the heated wall under constant heat flux, it is
convenient and usual to show its temperature, as
the better heat transfer will cause the lower
temperature on the surface because of the high
convection coefficient. For this purpose, the
absorber temperatures along the x-axis at
different times up to t=10 s for two cases are
drawn in Fig. 13. As it was noted before, the hot
spots on the absorber plate at the intersection of
VG is due to blockage and the stagnant airflow
behind the winglet. As seen, due to the high
mixing rate in SAH with double VG, the
absorber temperature for this case is much less
than that is for single VG, hence, Fig. 13 confers

a)

a better understanding of heat transfer
enhancement in the case of double VG SAH.
An attempt was also made to illustrate the flow
and thermal behavior of clean SAH for
comparing with the heaters with fluctuating
winglet. In Fig. 14, the time variations of
airflow rate and bulk temperature at the outlet
section of clan SAH are plotted. It is seen that
although the airflow rate is greater than those
were computed for SAH with VG by omitting
the winglet blockage effect, the outlet bulk
temperature is much less, such that the rate of
convective heat transfer from the absorber plate
into free convective flow decreases about 29%
and 43% in comparison with single and double
VG SAHs, respectively.

Single VG SAH

b) Double VG SAH
Fig. 13: Variations of heated wall temperature with time for SAHs
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a)
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Air flow rate

b) Outlet air bulk temperature
Fig. 14: The time variations of airflow rate and bulk temperature at the outlet section of clean SAH

Finally, the velocity distribution under the
presence of elastic winglet is compared with the
rigid VG in Fig. 15 to demonstrate the positive
effect of VG oscillation in generating flow
vortices and mixing process in convective
airflow through SAH. It should be mentioned
that the airflow in a solar heater with a rigid
winglet is simulated under steady conditions
because the static situation of the VG.
It is seen that because of the vibration of elastic
VG against the convective flow, more flow

a)

vortices are introduced into the convection flow
that causes a higher mixing rate and breaking
the thermal boundary layer that finally leads to
convection enhancement.
7. Conclusion
Transient 2-D turbulent natural convection heat
transfers in solar air heaters with single and
double VG were simulated in this paper. The
main goal was to compare the performance of

Rigid VG

b) Flapping elastic VG (t=10 s)
Fig. 15. Comparison between the velocity fields of air flows in SAHs with rigid and elastic

VGs
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SAH when one and two flexible winglets are
used for having a higher rate of mixing and flow
vortices. In the case of double VG SAH, both
vortex generators have the same dimensions and
attacked angle, as it was considered for single
VG SAH. The set of governing equations
including the conservation of mass, momentum,
and energy for turbulent air convection flow is
numerically solved by the FEM. The turbulence
modeling is based on the well-known   
model. It was found that the airflow rate in SAH
decreases while two VGs are used, which is due
to the blockage effect of the winglets against the
natural airflow. But temperature computations
showed higher air bulk temperature at the outlet
section for double VG SAH. Eventually, it was
revealed that using two winglets as the vortex
generators causes higher performance for SAH
in comparison with the single VG SAH, such
that for the test cases, about 11% increase in the
rate of convection heat transfer from the
absorber plate was found. Besides, in
comparison with clean SAH, the numerical
finding revealed 29% and 43% increase in the
rate of convection heat transfer for single and
double VG SAHs, respectively. The present
numerical results can be used in designing solarbased thermal systems that employ naturally
flow solar air heaters as the auxiliary heat
source.
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