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A B S T R A C T  

 

A new idea is presented in this paper for improving the performance of solar air heater (SAH) 
designed for space heating by employing a thin flexible guide winglet. In addition to the role of 
winglet in pushing the convective airflow toward the heated surface, it behaves as a vortex 
generator (VG) due to its vibration by fluid-solid interaction (FSI) that causes flow mixing and 
breaking thermal boundary layer. In flow simulation, the finite element method (FEM) is 
employed with considering a two-way strongly-coupled FSI approach at transient condition. 
Numerical solution of the governing equations, including the continuity, momentum and energy 
for convective flow and the equation of motion for VG are obtained by COMSOL multi-physics. 
The well-known 𝑘 − 휀 model is employed for computation of turbulent stress and heat flux. The 
present numerical results are validated against the most recent relevant literature. To provide 
a clear and deep understanding of the proposed concept, extensive comparisons are made 
between different test cases. Results reveal considerable performance enhancement of SAH with 
elastic guide winglet compared with clean solar air heater (CSAH), such that 56% increase in the 
natural airflow rate and 9% decrease in the average absorber temperature is seen because of 
the flapping winglet. But, the air outlet temperature decreases about 14% due to flapping VG.  
This study aims to make the proposed SAH as an essential renewable thermal-solar system more 
efficient and attractive so that this improvement pushes the industrial society toward more 
sustainable infrastructure. 

doi: 10.5829/ijee.2021.12.02.09 

 

NOMENCLATURE  

b Height of  air duct (m) (u, v) Velocity components  (m/s) 

𝑐𝑝  Specific heat (kJ/kg K) (x, y) Horizontal and vertical coordinates (m) 

D Length of the horizontal duct(m) Greek symbols 

F Force per unit volume (N/𝑚3) α Thermal diffusivity (m
2
/s) 

g Gravitational acceleration(m./𝑠2) β Volumetric thermal expansion (1/K) 

h Convection coefficient (W/𝑚2𝐾) ε Turbulent kinetic energy (𝑚2/𝑠2) 

k thermal conductivity (W/m K) δ Chronicle delta 

L Length (m) κ Turbulence dissipation (𝑚2/𝑠3) 

�̇�  Mass flow rate (kg/s) μs Lame’s second parameter (Pa) 

n Normal direction μ Dynamic viscosity (Pa.s) 

Pr Prandtl number ν Poison ratio 

p Pressure (Pa) ρ Density (kg/m
3
) 

𝑞′′  Heat flux (𝑊/𝑚2) σ Solid stress field (Pa) 
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Ra Rayleigh number Г Fluid stress field (Pa) 

t  T ime (s) λ Lame’s first  parameter (Pa) 

T  Temperature (K) Subscript 

𝑈𝑠,𝑖  VG displacement vector (m) amb Ambient  

𝑈𝑖  Flow velocity vector (m/s) i, j Indices 

 
INTRODUCTION 
 

The rapid growth of global demand for energy and fast 

depletion of fossil fuels all around the world together with 

their harmful effect on climate change and global 

warming is undeniable and hopefully have been 

recognized well by governments and researchers as a 

crucial problem. Consequently, it should be a part of 

researchers’ mission to facilitate renewable energy as an 

essential pillar for sustainable development. The Sun 

radiation has the central role in using many renewable 

energies and avoiding from fossil fuel consumption.   

The solar air heater  is an inexpensive heat exchanger 

for converting solar radiative heat flux into air enthalpy, 

which may be used for space heating [1, 2]. As an 

essential renewable energy facility, SAHs also cover wide 

applications from drying agricultural products [1], 

cooking [3] and providing the required energy for air 

conditioning systems [4], etc. The last case is our concern 

in the present research work. 

The solar air heaters are economically affordable, 

have simple configurations for installation, require less 

care for commissioning, and an absolutely free carrier 

fluid. These types of heat exchangers can effectively  

decrease the expense of energy consumption wherever 

they are involved [5]. However, SAHs usually operate 

with low thermal performance due to the low thermal 

conductivity of air, and also low convective coefficient 

between the air convection flow and the heated absorber 

surface [6]. There are several research works about 

technical solutions to increase the system performance 

[7–9]. The following ideas including the use of extruded  

surfaces such as baffles [10], straight and helicoidal 

spring shaped fins [11, 12], twisted-rib roughness [13], 

hyperbolic ribs [14], and employing V-shaped absorbers 

[15] were addressed by some investigations. The energy 

and exergy performances of an offset finned solar air 

heater were numerically investigated by Rai et al. [16]. In 

that study, parametric study was done to verify the effect  

of fins spacing and fins height at different mass flow rates 

on the performance of solar air heaters. It was concluded 

that that attaching offset finned below the absorber plate 

at low mass flow rates can lead to noticeable enhancement 

of exergy efficiency. 

The variety of air heater configurations for improving  

the thermal efficiency was not limited to the above 

mentioned research works as the present author suggested 

the use of radiating working gas in planar SAH instead of 

air in a closed-loop system [17, 18]. It was revealed that 

the rate of energy conversion from solar irradiation into 

gas enthalpy increases because of the gas radiation effect. 

All of the above-mentioned studies belong to the same 

group of heat transfer augmentation from the 

thermodynamic point of view. A new idea was introduced 

by the authors in their previous work, in which the vortex 

generation technique was introduced in air convection 

flow to change the dynamic of fluid movement by a 

winglet as turbulence promoter [19]. The flow vortices by 

a flapping elastic winglet attached to the absorber surface 

of SAH breaks down the thermal boundary layer by 

mixing process and leads to a higher rate of heat transfer 

from the heated surface. The main contribution of the 

present study, which focuses on the analysis of SAH for 

space heating (Figure 1), is using an elastic guide winglet  

at the corner of the heater duct for two purposes. The first 

is pushing the free convective airflow toward the absorber 

surface by a winglet as a guide tool and the second is 

generating flow vortices by the fluctuation of elastic 

winglet due to the fluid-solid interaction. There are 

several published papers about using VGs in forced 

convective flows. It was concluded that the vibration of 

elastic VG enhances the convection heat transfer by flow 

mixing and breaking the thermal boundary layer adjacent 

to the heated surfaces [20, 21]. 

Based on the recent literature review, using a flapping  

elastic guide winglet was not mentioned as a method of 

heat transfer enhancement in SAHs for space heating 

including the central vertical air duct with two elbows. 

The lack of literature on this subject motivates the author 

to study the VGs to improve the SAH thermal 

performance. As it will be seen later, the vortex 

generation technique by a flapping winglet that also has 

the role of a guide blade in the studied SAH causes a 

considerable improvement in the heater performance by 

increasing convective airflow rate and considerable 

reduction in absorber surface temperature. The former 

reduces the amount of heat transfer irreversibility in the 

convection heat transfer process by decreasing the 

temperature difference between the heated surface under 

constant heat flux and the convective airflow and also 

lowering the system’s maximum temperature. For 

simulation, all of the governing equations are solved in  

transient two-way coupled fluid-structure interaction 

condition by the COMSOL multi-physics. Finally, the 

thermo-hydrodynamic characteristics of SAH with VG 

are presented and also comprehensive comparison is done 

with CSAH to show the pros and cons of vortex 

generation technique. 
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MODEL DESCRIPTION 
 
In Figure 1, a schematic of the rectangular-shaped SAH, 

including the glass cover, air duct, absorber plate and 

elastic guide winglet is depicted. By natural convection, 

air enters from the inlet section and buoyancy force 

pushes it towards the outlet at the front. The thin absorber 

as a black body is exposed to constant heat flux 

transmitted from the glass cover, while the convection 

boundary condition for the glass cover exposed to 

ambient is considered with equivalent convection 

coefficient. The other main configuration of SAH , i.e.,  

CSAH is also considered in this work. The lengths of 

SAH duct for its vertical and horizontal parts are equal to 

L and D and the air gap is denoted with b. 

The thin rectangular shaped winglet made by very soft 

rubber is responsible for pushing the airflow toward the 

absorber and also for vortex generation. Table 1 provided 

its dimension and physical properties.  

 

 

 
(a) 

                  
(b) 

Figure 1. Geometry definition of SAH with elastic vortex 
generator; (a) Schematic of SAH for space heating, (b) 

Details of SAH geometry 

Table 1. VG information and characteristic 

Length Thickness 
Attacked 

angle  
Module of 
e lasticity 

Poison 
ratio 

Density 

90 mm 3 mm 60° 0.15 MPa 0.4 
1000 
kg/m

3 

 

 

THEORY 
 

Inside the computational domain, because of the flapping  

winglet, the numerical simulation performed in transient 

form from the initial time when the stagnant air is at 

ambient temperature, up to semi-steady state while the 

system reaches to its periodic behavior. The fluid flow is 

determined by balancing the buoyancy head resulting 

from thermally induced density gradient and the friction  

head through the governing equations. Toward this end, 

the set of conservation equations including the mass, 

momentum and energy in their transient forms for free 

convection flow are solved numerically by progressing in 

time from t=0. In all test cases, the natural airflow is 

turbulent because the value of Rayleigh number defined 

as  𝑅𝑎 = 𝑔𝜌𝛽 𝒒′′𝑏4/𝑘𝜇𝛼  which is in the order of 108  

[22]. The numerical findings are compared with both 

theoretical and experimental data reported in the relevant 

literature.  

 

Governing equation 

The set of governing equations for transient Newtonian  

incompressible turbulent airflow consist of conservation 

of mass, momentum and energy which are coupled with  

the vibration of VG through Fluid-Solid Interaction (FSI) 

is presented in Equations (1) to (4).  

∇. 𝑉 = 0  (1) 

𝜕(𝜌𝑉)

𝜕𝑡
+ 𝑉. ∇(ρV) = −∇𝑃 + ∇. [(µ + 𝜇𝑡)(∇𝑉 +

∇𝑉 𝑇)] + (𝜌 − 𝜌𝑜)𝑔 − ∇ (
2

3
𝜇∇. 𝑉)+𝐹𝑒𝑥𝑡.𝑉𝐺  

(2) 

𝜕(𝜌𝐶𝑝𝑇)

𝜕𝑡
+ 𝑉. ∇(𝜌𝐶𝑝𝑇) = ∇. [(𝑘𝑡ℎ +

𝜇𝑡

𝑃𝑟𝑡
) ∇𝑇]  (3) 

𝜕(𝜌𝜅)

𝜕𝑡
+ 𝑉. ∇(𝜌𝜅) = ∇. ((𝜇 +

𝜇𝑡

𝜎𝑘
) ∇𝑘) + 𝑃𝑘 + 𝑃𝑏 −

𝜌𝜖 + 𝑆𝑘  

(4) 

𝜕(𝜌𝜀)

𝜕𝑡
+ 𝑉. ∇(𝜌휀) = ∇. ((𝜇 +

𝜇𝑡

𝜎𝜖
) ∇𝜖) + 𝐶1

𝜖

𝑘
(𝑃𝑘 +

𝐶3𝑃𝑏) − 𝐶2𝜌
𝜖2

𝑘
+ 𝑆𝜖  

(5) 

where, 𝜇𝑡 = 𝐶𝜇
𝜌𝑘2

𝜖
 is the turbulent viscosity, 𝑃𝑘 , 𝑃𝑏  

denotes turbulent production and buoyancy production, 

and  𝐶1,𝐶2, 𝐶3 are constant. Some informations are 

tabulated in Table 2 and more details can be found in  

literature [23]. All thermo-physical properties of air 

assumed  to  be  constant,  except  the  density  where,  the 
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Table 2. Summary of methodology 

Flow 
regime 

Flow 

modeling 
method 

Algorithm 
of solution 

Rayleigh 
No. 

Reynolds 
No. 

Turbulent  
Standard 

𝑘 − 휀 
SIMPLE 10

8 
3000 

𝑪𝟏   𝐶2  𝐶3  𝜎𝜖   𝜎𝑘   

1.44 1.92 0.09 1.3 1.0 

 

 

Boussinesq approximation was used for temperature 

dependent density estimation. The well-known standard 

𝑘 − 휀 method [23] is used for computation of turbulent 

stress and heat flux with the RANS problem. 

In momentum equations, 𝐹𝑒𝑥𝑡 .𝑉𝐺  is the external force 

on the fluid due to transient vibration of elastic vortex 

generator. This situation is interdisciplinary subject 

which is so-called two-way modeling in computational 

fluid dynamic [24]. 

The equation of motion for computing the oscillation  

of 2-D flapping VG exposed to the convection flow can 

be driven as [22]: 

(𝜆 + 𝜇𝑠) 𝜕

𝜕𝑥𝑖
(

𝜕𝑈𝑠𝑗

𝜕𝑥𝑖
) + 𝜇𝑠

𝜕

𝜕𝑥𝑗
(

𝜕𝑈𝑠𝑖

𝜕𝑥𝑗
) = 𝜌𝑠𝑈𝑠 𝑖

̈   (6) 

where, 𝑈𝑠𝑖  is the displacement vector of the elastic sheet. 

More details about the equations govern to the 

displacement of elastic winglet were given in the article 

by Li et al. [21]. 

 

Boundary condition 

The following initial and boundary conditions were 

imposed in numerical solution of the governing 

equations: 

 At t=0, the air is stagnant with ambient temperature 

(293 K).  

 At the inlet and outlet sections, the air is at ambient  

pressure. 

 No slip condition is considered in velocity 

computation. 

 The air temperature at the outlet was corrected via the 

energy balance during the iterative procedure.  

 On the absorber surface which is assumed black body, 

a constant heat flux was assigned (𝑞 ′′ =800 W/m2), while 

on the boundary surface of glass cover exposed to 

surrounding, the third kind of boundary condition with 

equivalent convection coefficient of ℎ = 5 𝑊/(𝑚2K) 

and 𝑇𝑎𝑚𝑏 = 293  𝐾 was employed.  

   The continuous boundary conditions of the velocity 

and stress fields of VG yield to the following criteria. 

𝑈𝑖 = �̇�𝑠𝑖  (7) 

𝜎𝑖𝑗𝑛𝑗 = Γ𝑖𝑗𝑛𝑗  (8) 

where, 𝑛𝑗  is the local normal pointing outward from the 

surface. The stress fields inside the solid and fluid phases 

can be computed by [21]: 

𝜎𝑖𝑗 = 𝜇𝑠[𝑈𝑠𝑖 ,𝑗 + 𝑈𝑠𝑗,𝑖] +
𝜆

2
𝑡𝑟(𝑈𝑠𝑖,𝑗 + 𝑈𝑠𝑗,𝑖)  (9) 

Γ𝑖𝑗 = −𝑝𝛿𝑖𝑗 + 𝜇[𝑈𝑖,𝑗 + 𝑈𝑗,𝑖] −
2

3
𝜇𝑈𝑖,𝑖𝛿𝑖𝑗  (10) 

Due to VG vibration, the computational domain including  

flow field was considered as the deforming region and the 

continuity, momentum and energy equations were solved 

with moving mesh technique. The finite element method 

(FEM) was used in numerical solution of the governing 

equations, while, the unstructured triangular grid  

generation method was employed for discretization of the 

computational domain including the flapping guide 

winglet and the convective airflow as shown in Figure 2. 

At each time step, all of the governing equations were 

solved simultaneously for obtaining the converged 

solutions for pressure, velocity and temperature of air 

flow and also the VG displacement. These computations 

started from t=0, while the air and VG are at stagnant 

position, and all of the SAH’s components are at ambient  

temperature. This procedure continued with time 

marching until a time periodic behavior was observed. 

This condition is called semi steady state in the paper. 

 
Mesh 

Grid dependency was verified by using different grid  

sizes in the computational domain. Based on Table 3 in  

which the airflow rate is tabulated at different mesh sizes 

through the mesh independency check, the grid 

configuration #3 was selected at which the flow rate value 

does not change much respect to the grid configuration #4 

that has finer mesh and lower grid size. The unstructured 

triangular grid generation method was used for the 2D 

geometry of SAH, Figure 2, such that near the walls mesh 

was refined to precisely capture the high gradient of 

dependent variables, especially around vibrating EVG. 

As it is summarized in Table 3, the number of nodes in 

the selected unstructured optimum grid is 9648 with the 

average element’s quality of 0.91. 

As the set of governing equations was solved 

iteratively at each time step, convergence criteria were 

needed to distinguish the converged solution. The 

minimum residuals for mass, momentum and energy are 

tabulated in Table 4. The numerical solution starts at t=0 

while the stagnant air is at ambient temperature. Besides, 

the maximum time step of 0.006 s was employed in time 

marching up to semi-steady condition while the system 

reaches to its periodic behavior with time.  

The deformable elastic winglet inside convective 

airflow not only experiences large deformations due to 

the receiving momentum from moving fluid, but also its 

transient oscillations interact with surrounding 

continuous media, such that its reaction also exerts a 

surface force on fluid as well. This situation is called two- 

way modeling which causes many complexities. The 

complete  FSI  formulation  that  leads to  form  𝐹𝑒𝑥𝑡 .𝑉𝐺   is 
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(a) 

 
(b) 

Figure 2. The unstructured triangular mesh. (a) High enlarged discretized domain in the elbows, (b) Grids near to VG 

 

 
Table 3. Mesh dependency check 

Tracked parameter 

Mesh #1 
4554 element 

Mesh #2 
6905 element 

Mesh #3 
9648 element 

Mesh #4 
12233 element 

value  % of variation value  % of variation value  % of variation value  % of variation 

Flow rate [m
2
/s] 0.0482 - 0.0611 27 0.0631 3 0.0635 0.6 

Computational time (min) 19 27 35 49 

 
 

provided by COMSOL Multiphysics, and this software 

was used in the present numerical simulation. It should be 

mentioned that all the computations were carried out 

using a computer with Intel(R) Core (TM) i5-3210M 

cpu@2.50 GHz. In Table 3, the computational time for all 

of the mesh sizes including the optimum grid is also 

reported. 
 
 

VALIDATION 
 

The numerical results of present simulation were 

validated first with the theoretical findings reported in the 

literature [21]. In that work, a forced convective turbulent 

 

 
Table 4. Minimum considered residual for governing equations 

as convergence criteria 

Conservation of 

mass 

Conservation of 

momentum 

Conservation of 

energy 

5×10
-4 

5×10
-4

 10
-4

 

airflow in a channel with an elastic VG attached to the 

lower wall was numerically simulated. Both heated walls  

are in the same constant high temperature. In this test 

case, the same mesh and configuration, was adapted to the 

dimenssions of geometry exactly as it was considered in 

the literature ز. The averaged Nusselt number on the 

lower heated wall is calculated at different values of 

Reynolds number and different modulus of elasticity (See 

Figure 3). As it was expected, an increasing trend for 

Nusselt number is seen with increasing in Reynolds 

number. Also, it is seen that the averaged Nusselt number 

is directly proportional to the VG ‘s modul of elasticity in  

the region 0.4 ≤ E ≤ 1 MPa after which a reverse behavior 

is observed. So, an optimum value exists for having the 

maximum convection coefficient. However, good 

agreement is seen between the present numerical results 

based on the FEM simulation and the findings by Li et  al. 

[21]. 

A long vertical channel with a heated wall in which  

the natural convection airflows because of the buoyancy 

effect was simulated in the second test case for validation.  

mailto:cpu@2.50
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Figure 3. Average Nusselt number on the lower wall vs 

Reynolds number at different values of winglet modulus of 
elasticity  [21] 

 
 

This thermal system was also experimentally investigated 

by Cheng and Müller [25]. It has a rectangular-shaped 

channel whose height is 8 m and the width and depth is 

0.5 m. Due to the adiabatic top and bottom surfaces in  

three dimensional geometry, a two dimensional model 

was assigned at the mid-plane (𝑧 = 𝐿𝑧 /2), which is 

dimensionally identical to the experimental set-up. One 

wall of the channel is adiabatic and the other is kept at 

constant temperature 423 K. For this test case, the value 

of Rayleigh number is equal to 5 × 1012  correspondence 

to the turbulent natural convective flow. The computed 

velocity and temperature variations across the channel 

width at y=7.8 m have been compared with experiment in  

Figure 4. Because of the good consistencies, it can be 

concluded that the present numerical simulation can 

predict both flow and thermal characteristic of SAHs with  

natural turbulent air convection flow. 

 

 

RESULTS AND DISCUSSION 
 
After the validation of present numerical simulation, from 

grid generation to model adoption and convergency, 

results of numerical findings are presented in this section. 

In the beginning, the configuration of SAH with vortex 

generator is illustrated in detail and the physics behind the 

advantage of VG exploitation is explained and then a 

comparison will be made with CSAH at the end of this 

section. 

 

SAH with VG 

In the configuration of solar chimney with elastic vortex 

generator, the most important features  that make all 

advantages are the role of winglet as a guide blade that 

pushes the natural airflow against the absorber surface 

and the natural oscillation of the VG because of the FSI. 

In Figure 5, the evolution of air velocity along the 

chimney  at  different  times  shows  how  the  flow  field  

 
(a) 

 
(b) 

Figure 4. Schematic of the simulated chimney, (a), 

Temperature and velocity distributions across the channel at 

y=7.8 m (b), and comparison with experiment [25] 

 
 
evolves. As seen, computations are performed during the 

time interval 0≤ t ≤15 s after which the system approaches 

to a time period behavior, but still the natural airflow 

remains unsteady. Figure 5 depicts that the airflow 

initiates closed to the heater absorber because of the 

buoyancy effect at early times and then it develops in the 

whole region of the chimney duct from the inlet section 

toward the outlet due to continuity requirement. After t=3 

s, the vibration of flapping winglet introduces some flow 

vortices into the convective flow and this phenomenon 

enhances by progressing in time with higher frequency 

and larger deformation of VG. In most of the captured 

moments, the high local values of air velocity occur very 

close to the hot absorber surface. The generated flow 

vortices and the wavy form of convective flow are known 

to be responsible for heat transfer enhancement that leads 

to more penetration of thermal energy from heated 

surface into the free convective airflow (Figure 6). As it 

will be studied with more details, this behavior causes to 

higher volumetric airflow rate and considerable decrease 

in the absorber temperature. 
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t=2 s 

 
t=3 s 

 
t=5 s 

 
t=7 s 

 
t=8 s 

 
t=10 s 

 
t=12 s 

 
t=15 s 

Figure 5. Velocity magnitude contours at different times 

 

 
The temperature contours at different times are potted 

in Figure 7. The mixing effect of winglet that leads to 

breaking the thermal boundary layer and enhancing the 

convection heat transfer is clearly observed. The air 

temperature in the zoomed area near to the flapping VG 

is also presented in Figure 8 in which the deformation of 

elastic winglet at different times can also be seen.  

To study more about the effect of VG on thermal 

behavior of SAH, the air temperature distributions along 

the centerline of vertical duct of heater are plotted in  

Figure 9 at four different times. As seen, the air 

temperature increases with time such that the vibration of 

VG and flow vortices causes temperature fluctuation 

along the flow direction. This is the main purpose of using 

 

 

 

       
Figure 6. Enlarged velocity magnitude contours inside the 

vertical duct section in 0.8 ≤ 𝑥 ≤ 1.35 𝑚 at t=15 s 

 

 

          

 
t=3 s 

 
t=6 s 

 
t=9 s 

 
t= 12 s 

 
t= 15 s 

Figure 7. Temperature contours at different times 
 

 

 

    
t= 5 s t= 10 s t= 15 s  

Figure 8. Enlarged temperature contours near to VG 

g 
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Figure 9. The air temperature distribution along the 

centerline of the vertical duct of SAH 

 

 

flapping winglet that enhances the convection heat 

transfer in natural airflow. This effect also resulted in a 

fluctuating pattern for the absorber surface temperature as 

demonstrated in Figure 10. As shown, by progressing in 

time and introducing flow vortices into the free 

convection flow by flapping winglet, the absorber 

temperature decreases considerably and gets high 

fluctuating pattern. It should be noted that the maximu m 

temperature inside SAH takes place on the absorber 

surface and decrease in this temperature resulted in more 

reversible convective heat transfer. 

To show the vibration of elastic winglet, for point A 

on the tip of VG, the x component of displacement due to 

FSI is drawn in Figure 11. This figure shows large 

deformation of winglet and its increasing trend with time, 

until the vibration reaches to a periodic situation after  

t=15 s. This is the main aim of using VG that introduces 

flow vortices with mixing effect in convective airflow.  

 

 

 
Figure 10. Absorber temperature variation along its length 

 
 

 
Figure 11. The x-displacement component of the tip of VG 

with time 

Finally, the air pressure contours at different times are 

shown in Figure 12. As seen, the buoyant airflow behaves 

as an isobar one with less than 2 Pa in pressure variation. 

It is the nature of free convective flows in which the 

density gradient is the only driving force.  

 

SAH without VG (CSAH) 

For illustrating the positive effect of elastic guide VG in  

improving the SAH performance, the velocity and 

temperature contours of airflow in CSAH are shown in  

Figures  13  and  14  for comparison.  Velocity magnitude  

 
 

 

 
t=5 s 

 
t=10 s 

 
t=15 s 

Figure 12. Pressure contours at different times 

 

 

 

 
t=2 s 

 
t=4 s 

 
t=6 s 

 
t=10 s 

 
t=15 s 

 
t=20 s 

Figure 13. Time history of the velocity magnitude contours 
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t=2 s 

 
t=3 s 

 
t=5 s 

 
t=10 s 

 
t=20 s 

Figure 14. Time history of isotherms 

 
 

contours demonstrate that airflow locally accelerates and 

increases its velocity to satisfy the continuity equation. It 

is seen that only a thin layer of working gas adjacent to 

the heated surface is effectively affected by the absorber 

surface, especially this trend is observed in temperature 

contours. Although, the heat penetration due to 

conduction expands this thin layer by progressing in time, 

but it does not reach to the air layer adjacent to the glass 

cover. It is evident that this characteristic leads to low 

thermal performance for SAH. 

The pressure contours plot is presented in Figure 15 at 

t=20s, after which the system approaches to its periodic 

behavior. This figure shows again an almost isobar flow 

in CSAH as it was observed before for SAH with VG. As 

seen, Figure 15 depicts low pressure domains in the 

recirculated regions downstream the two elbows. 

The temperature distributions along the absorber 

surface at different times are drawn in Figure 16. Excep t , 

on the absorber surface downstream of the first elbow 

which has a local maximum temperature after the 

separation point and then a local minimum temperature at  

 

 

 

 
Figure 15. Pressure contours at t=20 s 

 
Figure 16. Distributions of absorber surface temperature at 
different times 

 

 

the reattachment point, the temperature distribution does 

not have any fluctuation which was observed before for 

SAHs with elastic VG. This is due to this fact that there 

are not any flow vortices and mixing process in the 

natural airflow through CSAHs. If one compares this 

figure with Figure 10, it can be found that the absorber of 

CSAH is at higher temperature, and this behavior can 

show the positive effect of vortex generation technique in 

convection enhancement. 

 

Comparison between two configurations 

Two main parameters in SAHs which show the 

performance of heaters are airflow rate and bulk 

temperature at the outlet section. The time histories of 

these two parameters for SAH with VG and CSAH are 

plotted in Figures 17 and 18. 

 

 

 
(a) 

 
(b) 

Figure 17. Time histories of volumetric airflow rate; (a) 
SAH with VG, (b) CSAH 
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(a) 

 
(b) 

Figure 18. Variation of air outlet bulk temperature vs time; 

(a) SAH with VG, (b) CSAH 

 

 

As the absorber plate of SAH is exposed to the sun 

heat flux, buoyant force drives the quiescence air into 

motion such that the variation of airflow rate for these two 

configurations has almost the same trend: increased from 

zero and reaches its maximum value after which the 

system gets its periodic behavior. At this time (t=15 s), 

while the heater passes its transient time period, the 

averaged values of flow rate for these configurations are 

computed and tabulated in Table 5. 

Based on this table, about 58% increase in air  flow 

rate is seen due to the vortex generation and mixing effect 

of VG. This is a great improvement in the performance of 

SAH , because the absorber temperature is much affected 

by the airflow rate, such that higher air velocity resulted 

in higher convection coefficient and caused the 

absorber’s temperature to come down.  

From the beginning of the numerical experiment, the 

incoming radiative flux warms up the absorber surface 

and causes a higher temperature difference between the 

absorber and its adjacent working gas. This leads to a 

higher body force to drive the neighboring balk of fluid  

faster and faster. As the airflow rate grows gradually, the 

 

 
Table 5. The time averaged value of flow rate 

Configurations SAH with VG CSAH 

Time average value of flow rate 
[l/s] 

63 40 

Percentage of enhancement 
respect to CSAH 

58% - 

heat transfer rate will increase and consequently cause the 

absorber’s temperature to come down. It means that the 

outlet temperature must have a maximum value 

somewhere close to the starting time. This maximu m 

value  for  these  two  configurations  takes  place  about 

t=5 s.  The  maximum  recorded  outlet  temperature  

belongs to CSAH.  Moreover, the air bulk temperature 

along the CSAH  has no a considerable temperature 

fluctuation as there is no reason to disturb the airflow. But 

the air temperature in SAH with VG shows fluctuation 

over  time.  

To compare SAH thermal performance for these two 

configurations, the outlet bulk temperature difference is 

defined as ∆�̅� = �̅�𝑜𝑢𝑡 − 𝑇𝑖𝑛 , where 𝑇𝑖𝑛  is the inlet 

temperature equal to 293 K. The �̅�𝑜𝑢𝑡  is the time-averaged  

value of outlet temperature while SAH reaches to its 

period behavior. By computing the value of  ∆�̅�  for a 

conventional CSAH (40 K) and comparing it with its 

corresponding value for SAH with VG (25 K), 37% 

decrease in temperature difference can be computed due 

to vortex generation. It should be noted again that because 

of the constant heat flux condition on the absorber surface 

for the studied two configurations and due to very small 

value of heat transfer from the glass cover into the 

surrounding, the total rate of convection heat transfer  i.e. 

�̇�𝑐𝑝 ∆�̅� remains almost constant , but it is worth 

mentioning that using the elastic guide winglet leads to a  

huge temeperature decrease on absorber plate, i.e. from 

421 K in CSAH to 382 K  with vortex generation 

technique (Figures 10 and 16).  

 
 

CONCLUSION 
 

The present numerical simulation is dedicated to the 

sustainable solution for the exploitation of renewable 

energy facility through heat transfer augmentation of 

natural airflow in SAHs for space heating by proposing a 

new concept of employing an elastic guide winglet as a 

passive vortex generator at the corner of solar chimney.  

In addition to the role of winglet as a guide blade to push 

the free convective airflow against the heated surface, the 

passive method of vortex generation by flapping VG 

induces a new active dynamic into the airflow. In 

numerical simulation, the set of governing equations 

including the conservations of mass, momentum and 

energy for the turbulent free convection coupled with 

fluid-solid interaction with employing the well-known     

𝑘 − 휀 turbulent model was solved in transient condition 

by the FEM. Numerical results reveal significant 

improvement for the proposed novel SAH equipped with  

elastic winglet, as it offers a higher flow rate (56%) and 

lower absorber temperature (9%), respect to CSAH. The 

outstanding performance of the proposed idea could be 

implemented in design of SAH for space heating to make 

it more efficient and attractive. 
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Persian Abstract 

 چکیده

استفاده شده است. عالوه بر در اين مقاله طرح جديدي از يك هواگرمکن خورشیدي به منظور گرمايش ساختمان ارائه گرديده كه در آن از يك بالك منعطف 

كند. .وجود گردابه سیال بالك حالت ارتعاشي داشته و نقش مولد گردابه را نیز بازي مي-نقش هدايت جريان سیال توسط پره راهنما، در اثرجود نیروهاي سازه

سازي مسئله ل حرارت جابجايي را به دنبال دارد. در شبیهافزايش شدت انتقا در جريان واختالط ناشي از آن، شکست اليه مرزي حرارتي را باعث شده و نهايتاً

نرم طرفه، توسطباروش المان محدود، معادالت حاكم در شرايط گذرا شامل پیوستگي، ممنتم و انرژي با در نظر داشتن نیروهاي بین سازه و سیال به صورت دو 

𝑘افزار كامسول حل عددي شده و از مدل  − 휀 اي هم بین ه گرديده است. مسائل متعددي در اين كار حل شده و مقايسهدر مدلسازي جريان آشفته استفاد

 %56دهنده كارآيي مثبت بالك در عملکرد هواگرمکن خورشیدي بوده و معادل نتايج با وجود پره راهنما و بدون وجود آن صورت پذيرفته است. نتايج نشان

 14شود. اما دماي هواي خروجي با كاهش حه جاذب بواسطه ارتعاش مولد گردابه ديده ميكاهش در دماي متوسط صف %9افزايش در دبي جريان طبیعي هوا و 

هاي تواند در جهت افزايش كارآيي سیستمباشد. اين ايده ميدر صدي مواجه بوده كه دلیل آن، كاركرد هواگرمکن در دبي حجمي باال بواسطه وجود بالك مي

 خورشیدي در مصارف مختلف صنعتي بکار آيد.

 


