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ABSTRACT: A novel design of solar air heater is proposed in this paper based on the simultaneous
exploitation of radiating gas and also airfoil-shaped ribs. Using participating gases with high radiative
characteristics concerning the usual working gas, namely air, could show a more promising improvement
in thermal performance, especially while this technique is combined with extending surface area. This
new concept is demonstrated by simultaneous solution of the radiative transfer equation considering
both the diffuse and collimated beams coupled with momentum, energy, and continuity equations. The
set of governing equations are solved using the finite element method in a steady-state condition by
the COMSOL Multi-physics. The well-known x —¢& model is used in calculations of turbulent stress
and heat flux in numerical simulation. Through the presented results, radiative gas proved its full
potential to serve as a future working gas in solar gas heaters. Its combination with the airfoil-shaped
ribs shows magnificent 88% thermal efficiency and gas outlet temperature up to 85°C in the test cases.
The contributions of airfoil-shaped ribs and also the gas radiation to increase thermal performance are
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computed equal to 7% and 66%, respectively.

1- Introduction

According to the World Energy Council’s scenario for
2050, energy efficiency is crucial in dealing with demand
outstripping supply. Consequently, it should be a part of re-
searchers’ mission to facilitate Renewable Energy (RE) as an
essential pillar for sustainable development and make it as
efficient as possible. A Solar Air Heater (SAH), in its general
form, is an inexpensive heat exchanger for converting solar
radiative heat flux into air enthalpy, which may be used as
a heating system [1, 2]. As an important RE facility, SAH
covers wide applications from cooking, drying agricultural
products, providing the required energy for air conditioning
systems, etc. [3, 4]. SAHs have different types and configura-
tions and the working mechanism is divided into two classes
of natural and forced heaters as the former required no ex-
ternal source for fluid flow while the latter uses a blower or
induced fan for fluid motion. Consequently, the forced SAH
is relatively expensive and used where a higher and tunable
flow rate is required, while natural SAH is cheaper and sim-
pler. For the forced SAH, there is a possibility to be employed
in a closed-loop thermal-solar system. The advantage of us-
ing a closed-loop system is that there are more options for the
better-working gas to be selected rather than air.

Due to its outstanding feature, SAH is a popular renew-
able facility. It is economically affordable, has a simple
configuration for installation, requires less care for commis-
sioning, and can also considerably decreases the expense of
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energy consumption wherever it is involved [5]. However, its
low thermal performance due to the low thermal conductivity
of working-gas, and low-speed thick-boundary layer, making
this renewable facility less attractive. The currently available
commercial SAHs, have not been widely employed in many
applications because they cannot meet the required tempera-
ture set point. Also, in some cases, its efficiency cannot even
justify the low initial expenses regarding its installation and
commissioning, and regular maintenance. 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 convex and
concave channels for different curvature radii [6], serpentine
wavy wire-mesh packed bed [7], an internal multiple-fin ar-
ray in the direction of airflow [8] as well as a new geometry
of arched absorber [9]. The concept of extruded surfaces in
many types and geometries for heat transfer enhancement
also has been addressed by some investigations [10]. A criti-
cal review of the ribbed solar air heater was presented in the
paper by Nidhul et al. [11]. In that study, a three dimensional
Computational Fluid Dynamics (CFD) analysis was carried
out to investigate the effect of V-rib type on the performance
of SAHs. Also, the energy and exergy analyses were done
to determine the first law and exergetic efficiencies. Numeri-
cal findings revealed 31.6% higher exergetic efficiency in the
case of using multiple V-ribs with a gap in the construction
of a solar air heater. Numerical analysis of a plane SAH with
a perforated circular absorber plate was carried out by Shetty
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et al. [12]. In that research work, an attempt was made] to
investigate the performsance improvement due to the elimi-
nation of laminar viscous layer because of using the per-
forable absorber plate. The numerical analysis based on the
CFD technique was conducted for Reynolds numbers ranging
from 3000 to 21,000. The average increase in the thermal ef-
ficiency of 23.33% was obtained for the configuration with 8
mm diameter vents and 36 number of vents compared to the
base model without the perforable absorber plate.

The thermo-hydraulic characteristics of a SAH with quar-
ter-circular ribs on the absorber plate were studied numeri-
cally by Mahanand and Senapati [13]. A comparison of the
three different arrangements of the quarter-circular ribs was
performed. The ribs were aligned periodically in a transverse
manner to the convection airflow. The numerical simulation
of the flow equations were carried out for a two-dimension-
al computational domain using the finite volume multi-grid
solver of ANSYS-Fluent-18. The impact of relative rough-
ness pitch and Reynolds number on the thermo-hydraulic
performance of the ribbed solar air heater was analyzed in
that study and the optimized rib geometry in the investigated
range of parameters was determined. It was found that the
SAH with quarter-circular ribs having a relative roughness
pitch of 7.14 delivers a maximal thermal enhancement ratio
(representing the overall energy performance) of 1.88 in the
studied parametric range.

As seen, all of the abovementioned cases are valuable at-
tempts to improve the performance through the creation of
changes in the SAH configuration. After surveying extensive
review studies in this area, it is found that very few research
studies have addressed performance enhancement of any kind
of SAH through the proposed methodology of this study. Al-
most all experimental works dealt with solar air heaters in
which air as a poor-radiative gas was used. Consequently, the
inherent thermal characteristics of radiating gases have been
ignored in calculations and practical applications. As seen, all
mentioned methods belong to the same group of heat trans-
fer enhancement from the thermodynamic point of view. For
those applications in which air is not mandatory to be used,
using a working gas with higher radiative properties, such as
pressurized CO2, can satisfy the requirements and provide
high-temperature flow at its outlet section without essential
change of configuration. A few recent research studies on
Solar Gas Heaters (SGH) addressed this concept. Dehghani
and Gandjalikhan Nassab [14] studied the gas radiation ef-
fect in laminar flow within single and double planar SGH.
They showed that the efficiency of double-flow gas heaters
is higher than that of single-pass types and this behavior is
enhanced by gas radiation. The radiating effect of working
gas instead of air on the thermal performance of SGH with
the laminar flow was investigated by Frouzan Nia et al. [15].
It was revealed that the outlet temperature would increase at
high optical thicknesses, and a more uniform temperature dis-
tribution occurs across the SGH channel.

In the case of volumetric radiation, the boundary surfaces
and their role in absorbing and emitting radiative beam are
very important, such that extending surface area enhances the
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radiative heat transfer as well as its convection counterpart.
This fact motivates the author to conduct a theoretical investi-
gation on radiative gas potential and the method of extending
the surface area to change the destiny of solar heaters and to
receive more attention from industries. Also, using the air-
foil-shaped ribs on the absorber surface of solar heaters that
leads to less pressure drop has not been reported up to now.
To materialize this aim, the current study introduced radiating
gas into a plane SGH with airfoil-shaped ribs and presented
a comprehensive thermo hydrodynamic analysis of steady-
state turbulent forced convection to show its advantages. Be-
cause of the gas radiation, the differential radiative transfer
equation (RTE) will also be added to the conventional cou-
pled nonlinear governing equations and makes it even more
complicated. From this complexity, a peculiar practical result
will be extracted and presented quantitatively. It should be re-
called that as the system must be charged with an appropriate
radiating working gas such as carbon dioxide, a closed-loop
should be designed for the proposed SGH. An example of the
application is shown in Fig. 1, which is about a closed-loop
solar system with thermal storage for space heating.

2- Model Description

A schematic of the plane SGH which is considered a non-
concentrating stationary collector for converting solar radia-
tion into gas enthalpy with its attached ribs is shown in Fig.
2. In order to capture all the important factors influencing the
SGH performance and provide reliable results, all the compo-
nents consist of the glass cover, absorber plate, and insulation
are included in the simulation.

Due to the support of pressure gradient by an induced
fan, the gas flow enters from the inlet section, and the forced
convection heat transfer takes place with the absorber. The
Reynolds number value based on the average inlet velocity of
1 m/s used in all simulations becomes pV Dy /u= 4100, which
corresponds to turbulent flow. A great part of the total incom-
ing solar radiation, transmitted from the glass cover and the
gas layer, is absorbed by the absorber plate and the radiat-
ing gas flow directly absorbs a portion of solar radiation. The
airfoil-shaped ribs attached to the absorber plate increase the
surface area in both radiation and convection mechanisms,
and its mixing effect breaks the thermal boundary layer. Each
of the ribs has the profile of symmetric airfoil NACA0012 to
have low-pressure drop and avoid separation. In the numeri-
cal simulation, the length of SGH is equal to L, the chord of
the applied airfoil is ¢, and the air gap thickness is denoted by
b. The outer surfaces of SGH are exposed to convection and
radiation with the surroundings. The equivalent convection
coefficient hg, is used for considering combining convec-
tion and surface radiation on these boundary surfaces.

All thermophysical properties of the pure-absorbing ra-
diative working fluid, which is considered incompressible
Newtonian ideal gas, are provided in Table 1. As the solu-
tion is non-isothermal with large temperature variation in the
computational domain, the gas properties are considered tem-
perature dependent. It should be noted that the reported val-
ues in Table 1 were set at the temperature of the inlet section.
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Fig. 1. An application of SGH for space heating with thermal storage
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Fig. 2. Geometry and dimensions of SGH

In Table 2, the dimensions and physical properties of solid tors are depicted in Fig. 2, are used for heat transfer augmen-
elements, including the glass cover, absorber, and insulation, tation. The first rib is located at x=8 cm, while the distance
are provided. Along with the absorber, six airfoil-shaped ribs between the ribs is ¢/2.

with a chord of ¢=10 cm, whose profiles and geometrical fac-
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Table 1. Radiative gas information and characteristics

Tin [K] Vin [m/s] Pout [Pa] o, [1/m] 0,[1/m]
293 1 0 0 0,1,5,10
Cy [J/kg K/ k [W/m.K/ p [kg/m¥] u [Pass] Inlet turbulent intensity
1000 0.026 1.22 1.8x10° 5%
Table 2. Physical properties of solid materials

Physical properties Insulation  Glass cover Absorber

Length [m] 1 1 1

Thickness[mm] 30 4 2

Thermal conductivity [W/m.K] 0.037 0.78 400

Surface emissivity _ 0.9 0.95

Reflectivity . 0.05 0.05

Table 3. Summary of methodology and values of constants
Flow regime Flow modeling Algorithm Convection type Reynolds No.
Turbulent Standard k — € SIMPLE Forced 4.1 %103
¢y C; G o, Ok

1.44 1.92 0.09 1.3 1.0

3- Theory
In the modeling and simulation of solar heater, the govern- D(pk) _ V.[(u+ i)v K]+ P, —ps+S, )

ing equations, including the conduction equation for all solid Dt O
elements and conservation laws for turbulent forced convec-
tion flow in their Reynolds averaged form, were solved by the ,
Finite Element Methoc} (FEM). The set of governing equa- D(pe) Vi tyverscip - P s, )
tions for steady-state incompressible turbulent forced con- Dt o, k
vection flow based on the standard method [16] can be stated
as follows. More details are provided in Ref. [17] and also in Table 3.

The numerical procedure and the algorithm of the solution In

VIV =0 (1)

addition, the conduction equations were also solved for tem-
perature computation in solid elements, namely glass cover,

absorber, and insulation layer. Because of the glass cover ra-
D(pV) diative absorption, the conduction equation for this part of
— = ==—Vp+V.[(u+u)VV+VV)] 2) the heater contains a source term. The present coupled heat

Dt . . . ..
transfer is known as conjugate one, at which the continuity
of temperature and heat flux must be imposed at the gas-solid

D(pC,T) C, interfaces.
D V.[(k, +E)VT 1+Vyq, 3) Because of the radiative source term in the gas energy

equation, the RTE was solved by the Discrete Ordinate

Method (DOM) for the computation of radiation intensity

inside the participating gas flow.
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3- 1- Gas radiation modeling

All terms in the governing equations were introduced in
the previous section except : V. q,, in the gas energy equation
that stands for the gas radiation effect. This term usually has
been neglected due to the very low radiative properties of
working gas in the analysis of solar air heaters. In the present
numerical simulation, as the thermal system is charged with
radiating gas, the divergence of radiating heat fluxes for the
considered participating medium is not dispensable anymore.
This term can be computed by [18]:

Vg, =4rc,l, -0, L” I(r,s)d<2 (6)

The first term denoted the black body radiation intensity,
while the second term stands for the incident radiation. The
radiation intensity can be computed from the RTE for an ab-
sorbing, emitting, and non-scattering gray medium at any di-
rection and position. This differential equation for a pure ab-
sorbing-emitting gray medium can be stated as follows [18]:

(V) (r,5) = 0,[~1(r,5)+1,(r)] %

The solar beam that enters the collector cavity via the
glass cover is collimated. To consider the effects of the solar
beam in radiation computations, the radiant intensity within
the heater is separated into two parts: (1) the remnant of the
directional or collimated short wave beam after partial ex-
tinction and absorption along its path, and (2) a diffuse part,
which is the result of longwave emission from the gray ab-
sorber and glass cover surfaces and also from the radiating
gas. Thus, we set [18]:

I(r,s)=1.(r,s)+1,(r,s) (8)

Such that the equation governs the collimated beam which
is similar to RTE is as follows:

(V) (r,s)=—01 (r,s) )

This equation is subjected to the following boundary con-
dition on the glass-gas interface.

Ic (rw’ S) = Tglass 'qsun 5(S - Sc (rw)) ( 1 0)

The differential Eq. (9) with its boundary condition are
readily solved as

1. (r,s)=T1

glass ‘qsun

S(s=s,(r,))e (11)

L :j 0,ds is the optical thickness and & is the

where, ,
Dirac-delta function. For the diffusion part of radiant inten-
sity, the following RTE is employed for radiation computa-

tion [18].

V), (r,s)=0,1,(r)—1,(7,s)] (12)

The radiative boundary condition for the above equa-
tion depends on whether the surfaces are semitransparent
or opaque. For the opaque boundary surfaces, it will be as
follows:

]d(rw’s)zgwlb(rw)-'-

1- ]
&, Iozd(rw,s)|nws|d9 (13)

T

'

IA

n

w

tdl 51
vV &
[w)

and for the semitransparent one which is the glass cover
in the present case, the following boundary condition is
considered.

l-g,

1,(r,

14/3S)=8wlb(rw)+ [Hc(’:v)—'—

W

J Id(rw,s)|ﬁws”'|d£2' i, s >0 (14)
iy 5 <0

Where

H @)= | LG9, 5]dQ
y 5'<0 (]5)

n,s =20

According to the DOM, RTE was solved for a set of dis-
cretized directions, §; , i=1,2,3,...,n; while integrals over solid
angle were replaced by the numerical quadrature based on the
following relation [18]:

| FE)Q=3 0 G) 16)

For the present 2D computational domain, the S4 approxi-
mation including twelve discretized directions was employed
(n=12).
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Incoming incident radiation

Velocity inlet % Pressure outlet

Fig. 3. Schematic diagram of the computational domain and imposed boundary conditions

3- 2- Boundary condition

The following boundary conditions were imposed in the
numerical solution of the flow equations:

e  The radiative working gas enters into the SGH with
the uniform constant temperature T, = 293 K and a fully de-
veloped velocity profile with an average velocity of 1m/s.

e  Zero gauge pressure is considered at the outlet.

e  No-slip condition for all solid walls is employed.

e  Zero axial gradients are employed at the outlet for
all dependent variables.

e Inradiation computation, a constant radiative inten-
sity due to an incoming solar collimated beam normal to the
glass surface corresponds to the heat flux1000x 1 ;455 (W/m?)
is imposed on the gas-glass interface. The glass transmis-
sivity can be computed as Tgtass = 1~ Pgiass ~ Agiass = = (.05,
based on the value of 0.05 for glass reflectivity.

e  The continuity of temperature and heat flux at the
gas-solid interface are also imposed, wherein the radiating
gas, the total heat flux is the sum of conductive and radiative
terms as follows:

oT oT
[k s —Looia =[—k, _]gm +
an# af o (17-a)
g, 7L, (r,)— Z w, |nw N |1((”W )]
ii, §'<0
T;olid = gas (17_b)

® The convection boundary condition with its equiva-
lent convection coefficient on the glass surface and insulation
adjacent to the surrounding is employed. The convective and
radiative parts of the equivalent coefficient of heat transfer
are calculated based on the following expressions [19]:

h, =57+38V,, (18)
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4 _T4 )

By = 08, (" (19)
¢ T:g _]—:lmb)

T,, =0.0522T,, (20)

Where
A schematic diagram of the computational domain and
the applied boundary conditions is shown in Fig. 3.

3- 3- Grid distribution and grid independence test

The unstructured triangular grid generation method was
used for the 2D geometry of SGH because of the ribs on the
absorber surface. The grid study is needed to find an optimum
number of grid nodes inside the computational domain that
makes numerical results reliable and independent from the
spatial discretization and simultaneously confers a computa-
tionally cost-effective mesh. For this, the maximum values
of air temperature, velocity, and turbulent kinetic energy as
the most sensitive parameters to the number of nodes were
selected for checking the grid independency. The values of
these parameters against different grid sizes were computed,
and the results are presented in Table 4. As seen, the relative
error of sought parameter concerning the previous step goes
down as the number of nodes increases. Table 4 shows that
the optimum number of elements in the computational do-
main is 35610, such that the relative error in computing the
test parameters falls below 1% when a more refine grid with
53410 elements is considered in the computational domain.

According to the grid study, the unstructured discretized
domain with 35610 nodes was used for the 2D geometry of
SGH as is depicted in Fig. 4. As seen, near the walls, the mesh
was refined to precisely capture the high gradient of depen-
dent variables. As the wall function is used for velocity com-
putation very closed to the solid walls, the minimum size of
grid nodes is so chosen for having, y* > 30, , which lies out
of the buffer zone. In the present discretized computational
domain with clustering near walls, the minimum value of y*
is equal to 34.
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Fig. 4. The triangular unstructured grid nodes in a portion of the computational domain (Zoomed image)

Total Nusselt number

Fig. 5. Comparison of the computed Nusselt number distributions on the lower wall with theoretical results [20]

3- 4- Validation of numerical scheme For further verifying the accuracy of the present analysis,

The present numerical simulation was validated first with the plane solar air heater which was investigated experimen-
the numerical findings by Ansari and Nassab [20] and then tally by Chabane et al. [21] is numerically simulated, and the
with experimental results reported by Chabane et al. [21]. In findings are compared with experimental data. The analyzed
Ref. [20], laminar forced convection of radiating gas in a duct SAH is exactly similar to what it is in the present work but
with an inclined backward step was simulated numerically. In without any ribs on the absorber plate and with different geo-
that study, the set of governing equations, including conser- metrical dimensions. At two different air mass flow rates, the
vations of mass, momentum, and energy, was solved by the SAH efficiency is calculated during the sunny day of the ex-
finite volume method using the blocked-off technique. The periment, and its distributions are plotted and compared with
radiation computations were based on the solution of RTE an experiment in Fig. 6. This figure illustrates that the thermal
with the DOM. The distribution of the Nusselt number, which efficiency increases with an increase in air mass flow rate, and
is the sum of convective and radiative parts, is plotted in Fig. the maximum value of this parameter takes place at 1 PM.
5, and a comparison is made with the present theoretical re- However, there is a good consistency between the present nu-
sults. As seen, the trend and value of the computed Nusselt merical findings with the experiment. It should be mentioned
number in the present work are closed to those reported in that in this test case, the working gas was considered as a
Ref. [20]. This consistency can validate the present convec- nonparticipating medium due to the very low radiative effect
tion and radiation computations. of airflow (g, = 0).
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Fig. 6. Comparison of the computed thermal efficiency with experimental data [21]
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Fig. 7. Gas temperature variation along the heater and comparison with experimental data [22],
Re=3.84x10%q_ =700 W/m’

In the third test case, the plane solar air heater which was
analyzed both theoretically and experimentally by Aissaoui et
al. [22] was simulated for validation. The SHA in that study
is similar to the present simulated clean solar heater (without
ribs). Different values of the gas absorption coefficients in-
cluding the non-radiating case were considered in the simula-
tion and the variations of gas flow along the heater are drawn
in Fig. 7 in comparison to the experimental data reported in
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Ref. [22] for airflow. It should be mentioned that the compari-
son was made only for the zero value of the gas absorption
coefficient,t as the working gas (air) is non-radiating. Fig.
7 reveals an increasing trend for the gas temperature along
the heater, such that the rate of gas temperature increase gets
higher values for more radiating gas flows. Satisfactory quali-
tative and quantitative agreement is seen between the present
numerical findings and experimental data.
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Fig. 8. Vlocity magnitude contours and streamlines in turbulent convection gas flow inside the SGH

4- Results and Discussion

After validation of the numerical procedure, from the grid
generation to the model adoption and convergency, numerical
simulations in steady-state turbulent forced convection of ra-
diating gas in a planar SGH at the presence of airfoil-shaped
ribs are presented in this section.

In Fig. 8, the hydrodynamic characteristics of the gas
flow field are discussed by plotting the contour of velocity
magnitude. The zoomed view of the velocity field and also
streamlines are provided for better demonstration. The effect
of attached ribs can be seen easily, such that the gas veloc-
ity increases as it passes from each of the airfoil bodies such
that the ribs act as nozzles to accelerate the flow locally. This
behavior augments the heat transfer rate from the absorber
surface to the core of cold gas flow. As an important finding,
one can recall that there is not any recirculated domain down-

stream of the ribs, which is known as a low heat transfer zone.
This phenomenon is seen in the streamline plot downstream
of the rib.

In Fig. 9, the pressure contours in the duct of SGH are
plotted. As the convective gas flow passes over each airfoil
which provides positive and negative accelerations in the
axial direction, similar to flow in the converging-diverging
nozzle, the gas pressure varies along with the heater with a
wavy form distribution as seen in Fig. 9. The distribution of
gas pressure along the duct mid-line shown in Fig. 10 also
reveals the wavy form of gas pressure variation.

As the working gas has a radiative effect, before discuss-
ing the thermal behavior, it is first required to illustrate the
incident radiation distribution clearly. A study about this pa-
rameter will then help us better interpret temperature distribu-
tion within the SGH.
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Fig. 10. Gas pressure variation at the mid-line along the x-direction

With this short introduction, Fig. 11 shows the distribu-
tion of incident radiation, G, within SGH for three different
absorption coefficients and non-radiating gas. It is seen that
the non-radiating gas does not have any capability of absorb-
ing incident solar radiation. Hence, the intensity of the in-
coming beam remains fixed across the gas layer. But in the
cases of radiating gas, especially with a high absorption coef-
ficient, a decreasing trend is seen for incident radiation by di-
rect absorption of solar heat flux by the participating gas. This
behavior is enhanced for the thick medium, o, = 10m™?. .
The molecules of gas adjacent to the transparent surface com-
pletely dampen the incoming irradiation, and the incoming
irradiation is not allowed to penetrate the heater duct. The
zoomed view of the incident radiation is also presented for
each case for better observation.

Fig. 12 indicates the temperature pattern inside the
whole parts of the heater by plotting the isotherms. The
maximum temperature happens on the absorber, which is
under the incidence of solar heat flux. It is seen that the
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thermal energy penetrates from this element towards the in-
sulation layer by pure conduction and into the gas flow by
all of the three heat transfer mechanisms. Fig. 12 shows how
the convective gas flow is heated as it passes along the duct
of the heater by both convection heat transfer via the hot ab-
sorber pate and by direct absorption of incoming irradiation
from the glass cover. As the ability of working gas in ab-
sorbing radiation increases, the temperatures of the absorber
and insulation layer get decreasing trends because the more
rate of heat transfer happens into the gas flow with the help
of the gas radiation effect. This behavior leads to consider-
able improvement in the SGH performance. If one compares
the zoomed isotherm plots in the cases of non-radiating gas
and strongly radiating gas (o, = 10 m™1), it can be seen that
more thermal energy is penetrated from the absorber into
the core of convective flow due to radiative heat transfer
that leads to the increase of gas outlet temperature. For the
SGH application, a higher outlet temperature is always in-
terpreted as better thermal performance.
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Fig. 11. The incident radiation contour plots inside the radiating gas flow
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Fig. 12. Isotherm plots inside the whole SGH

To demonstrate the thermal behavior of the proposed
SGH more, the temperature variations along the y-direction
side of the whole parts, including the insulation layer, absorb-
er plate, gas flow, and glass cover, are drawn in Fig. 13 at the
axial section x=L/2. This figure can help the readers to have a
good image of SGH thermal characteristics. As expected, the
maximum temperature belongs to the absorber. It is seen that
the minimum value of glass temperature and maximum value
of insulation temperature take place for non-radiating gas. In
this case, the glass is hotter than the gas flow because of the
glass’s radiative absorption, and a small part of energy trans-
fer into the gas flow is due to convection with the glass cover.
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But, for radiating gas, more energy transfer happens into gas
flow by all heat transfer methods, including conduction, con-
vection, and radiation that causes higher outlet temperature.
The radiation heat transfer can be categorized into two parts;
direct absorption of short wave incoming solar radiation and
longwave radiation emitted by the hot surfaces. However,
Fig. 13 shows a better performance for SGH due to the gas
radiation effect because of more heat penetration from the ab-
sorber into the core of convective gas flow. This factor leads
to a considerable decrease in the maximum heater tempera-
ture and resulted in less heat transfer irreversibility and pre-
vented high exergy destruction and using thick insulations.
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Fig. 14. Gas mean bulk temperature distribution along the heater

The gas mean temperature distributions along the axial
direction at different values of the radiative absorption coef-
ficient, including the non-radiating case, are plotted in Fig.
14. The positive role of gas radiation effect on heat transfer
enhancement is seen again. The higher gas outlet temperature
is achieved for strongly radiative gas with Tmour = 320 K,
while this temperature for non-radiating gas is 310 K. The
wavy form of the gas temperature in the x-direction is due to
the existence of ribs such that a higher rate of heat transfer
from the absorber plate takes place in the vicinity of throat-
ing areas of the heater duct where the gas flow is accelerated.

The positive effect of gas radiation is also shown in Fig.
15, in which the variation of gas outlet temperature with ab-
sorption coefficient is plotted. This figure shows the higher

gas temperature at the outlet section in the case of using radi-
ative working gas. As it is seen, the gas outlet temperature in-
creases from Tou: = 310K for nonradiative gas to Tour = 319K
that happens for high radiative working gas with ¢, = 10 m™.
It shows about a 60% increase in the amount of energy con-
version from thermal radiation into gas enthalpy due to the
gas radiation effect.

Since the energy loss from SAH takes place via the glass
cover and insulation layer, the temperature distributions of
these elements on their outer surfaces adjacent to the ambient
are plotted in Fig. 16. As expected, both of these tempera-
tures have an increasing trend along the x-direction, such that
the gas radiation effect has two opposite effects on the tem-
perature of these elements. As seen, the glass temperature in-

305



S. A. Gandjalikhan Nassab, AUT J. Mech. Eng., 6(2) (2022) 293-312, DOI: 10.22060/ajme.2021.20440.6003

319 .
318 .
317 .
316 .
315 .
314 .
313 .
312 .
311 .

310} .
I I I I I I

0 2 4 i} a8 10
Gas absorption coefficient (1/m)

Gas outlet temperature (K)

Fig. 15. Variation of outlet temperature with the gas absorption coefficient.

308~ T .
— Non radiating gas
306 (. abs. coef.=1 (1/m) 1
< -e- abs. coef.=5 (1/m)
v 3041 & abs. coef.=10 (1/m) il
3
® 302- ]
]
S L R L
£ 300 7 e e ]
L - R S
2987 ................................. )
2964 1 . w ‘ .
0 0.2 0.4 0.6 0.8 1
x (m)
a) Glass temperature
318~ . . .
316 _
g
v 314~ i
2
@ 3120 ]
] B N —
Q ..
E 310+ — Non radiating gas
0
= - abs, coef.=1 (1/m)
308F -e-abs. coef.=5 (1/m) ||
—4-abs. coef.=10 (1/m)
306 L L ! . |
0 0.2 0.4 0.6 0.8 1
x (m)

b) Insulated temperature

Fig. 16. Distributions of the glass cover and insulation temperatures on their outer surfaces along the heater

306



S. A. Gandjalikhan Nassab, AUT J. Mech. Eng., 6(2) (2022) 293-312, DOI: 10.22060/ajme.2021.20440.6003

360 . .

355}
350}
345} T

340}
335
330l A
325}
320}
315}
310

Temperature (K)

— Non radiating gas
------- abs. coef.=1 (1/m)
-0~ abs. coef.=5 (1/m)
-4 abs. coef.=10 (1/m)

0 0.2 0.4

0.6 0.8 1
X (m)

Fig. 17. Absorber surface temperature distribution in the axial direction

creases due to the gas radiation effect, and the opposite trend
is seen for the temperature of the insulation layer. This is be-
cause the direct absorption of radiating gas and more heat
transfer from the absorber surface into the convective flow
causes a temperature decrease in the absorber plate and insu-
lation layer. But as the temperature of radiating gas is higher
than the non-radiating one, the glass cover which is in contact
with the gas flow is affected and acts in the same manner.

In SGHs, the maximum temperature belongs to the ab-
sorber, which is an important part of these thermal systems.
The temperature distributions along the surface of this ele-
ment at different values of the gas absorption coefficient and
for non-radiating gas are drawn in Fig. 17. The local jumps
in temperature occur at the leading edge of ribs, where the
working gas is stagnant. It is seen that the absorber tempera-
ture has an increasing trend along the flow direction, such
that the minimum temperature of the absorber takes place for
high radiating gas flow. As noted before, this behavior has a
positive effect on the performance of SGH.

Up to this part of the paper, most of the findings were
about the gas radiation effect. For illustrating the role of ribs
and their airfoil-shaped geometry on heat transfer enhance-
ment, the gas temperature contours in the clean SGH (without
rib) are plotted in Fig. 18. If one compares this figure with
Fig. 12, it can be found that more energy transfer from the
absorber surface into convective gas flow occurs because of
ribs. The ribs cause mixing in convection flow and breaking
the thermal boundary layer and have the role of the extended
surface. Both of these factors lead to heat transfer enhance-

ment and higher performance in SGHs. Otherwise, forming
a thick thermal boundary layer in clean SGH in the absence
of ribs decreases the heat transfer rate from the absorber into
the gas flow. This factor also leads to considerable increases
in the absorber and insulation temperatures, resulting in more
energy loss from the SGH. If one compares the isotherm con-
tours in Fig. 18 with each other, the positive effect of gas
radiation on the heater’s performance is §till seen as it was
observed before in the ribbed SGH.

One of the main reasons for choosing the airfoil-shaped
rib in constructing a solar heater is its acrodynamic profile
that leads to small pressure drops and pumping power. To
verify this fact, the pressure variations along the centerline
of the heater’s duct in both clean and ribbed SGHs are drawn
in Fig. 19 for comparison. The wavy form of pressure distri-
bution due to the ribs was observed and discussed before in
Figs. 9 and 10, but if one compares the pressure drop along
with the heater for ribbed SGH ((Ap =0.68 Pa) and clean
SGH (Ap = 0.4 Pa), the low blockage effect of airfoil-shaped
ribs can be seen.

To predict the thermal performance of SGH, thermal ef-
ficiency is defined to measure the heater’s ability to convert
solar irradiation into gas enthalpy as follows:

out ];n ) - Wim
q;un A

3 n'u:p(Tm

@n
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In the definition of thermal efficiency, the pumping power
(Wrqn = mAp/p), which is needed to compensate for the gas
pressure drop along with the heater due to the friction loss,
and also the ribs blockage effect is considered into account. In
Fig. 20, the last figure, the thermal efficiency of SGH for both
ribbed and clean heaters is quantitatively presented. At the
same time, the radiative properties of working gas vary from
weak (0, =0m™1) to strong (o, =10 m~?!) values. This
figure illustrates the comparison between clean and ribbed
SGHs at different values of the gas absorption coefficient.
The increasing trend of the absorption coefficient for both
types of heaters reveals the positive effect of gas radiation
on the performance of energy conversion from solar radia-
tion into gas enthalpy. This behavior was also seen in many
previous figures. But, the main results that can be extracted
from the curves in Fig. 20 are the positive effect of ribs in heat
transfer enhancement and in increasing the thermal efficiency
of SGH, especially under the presence of the gas radiation
effect. Based on Fig. 20, about a 7% increase in thermal effi-
ciency is seen because of the airfoil-shaped ribs. In addition,
this type of rib causes a small pressure drop and low blockage
effect with minimal intake pumping power. It can also be seen
from Fig. 20 that the SGHs can reach the interesting maxi-
mum efficiency of 86% in the present test cases by simultane-
ous gas radiation and ribs effects, which makes the proposed
SGH more efficient and productive.

5- Conclusion

This study was dedicated to a sustainable solution for the
exploitation of renewable energy facilities through the ther-
mal performance enhancement of SGHs by proposing the ra-

diative gas and the airfoil-shaped ribs. After detailed thermo
hydrodynamic analysis of extensive numerical experiments
on the considered solar gas heater in steady-state turbulent
forced convection regime with different amounts of gas ab-
sorption, peculiar and special characteristics of radiating gas
is revealed under the presence of airfoil-shaped ribs. Through
the presented results, radiative gases proved their full poten-
tial to serve as the future working gas in the solar gas heater.
It also reveals its innate merit to be invested in SGHs applica-
tion by showing magnificent 88% thermal efficiency because
of simultaneous effects of gas radiation and airfoil-shaped
ribs. Numerical findings show that for the normal test cases,
equal to 66% increase in thermal efficiency is due to the gas
radiation effect and a 7% increase by the attached ribs on the
absorber surface, whose aerodynamic profiles cause a low
blockage effect and provide minimal value for the pumping
power. The present numerical findings reveal that, although
most of the efficiency increase is due to the using participat-
ing gases in comparison to the ribs, but both of these factors

are useful and cause an improvement in the performance of
SGH.

Declaration of Competing Interest

The author declares that he has no known competing fi-
nancial interests or personal relationships that could have ap-
peared to influence the work reported in this paper.

Funding
This research was not supported and funded by any orga-
nization.

309



Nomenclature

S

3}
=

R NQENS T

=
Q

Nw S

V
x, )
Subscript
b

c

eq

amb
Greek symbols

ag lass
b glass
7:g lass

Abbreviations
DOM
FEM
RTE

S. A. Gandjalikhan Nassab, AUT J. Mech. Eng., 6(2) (2022) 293-312, DOI: 10.22060/ajme.2021.20440.6003

Height of the air duct (m)
Specific heat (kJ/kg K)
Airfoil chord (m)
Diameter (m)
Convection coefficient (W/m?K)
Thermal conductivity (Wm™K™1)
Length of heater (mm)
Incident radiation (W/m?. st)
Radiation intensity (W/m?)
Pressure (Pa)

Heat flux (W/m?)

pVDp

Reynolds number =

Position vector (m)

Radiation beam direction
Temperature (K)

Velocity (m/s)
Coordinates (m)

black body
collimated
equivalent
hydraulic
radiation
wall

turbulent
diffuse
bulk

ambient

Glass absorptivity
Glass reflectivity
Glass transmissivity
Turbulent dissipation (m?/s*)
Fluid Viscosity (Pa.s)

Fluid density (kg/m”)
Gas scattering coefficient (1/m)

Gas absorption coefficient (1/m)

Surface radiation emissivity
Stefan—Boltzmann constant (W/m?K*)

Solid angle
Turbulence kinetic energy (m®/s*)

Discrete Ordinate Method
Finite element method

Radiative Transfer Equation

SAH Solar Air Heater
SGH Solar Gas Heater
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