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ABSTRACT

In this study, the performance of a 3D curved solar air heater was simulated using fluent software. Then based on
the available data an equation is presented to estimate the efficiency of heaters with different curves as well as the
corresponding constraints. Increasing the curvature of the heater increases the thermal efficiency, but this is
compounded by the cost of building the machine and the pressure drop. The higher the pressure drop the stronger
the compressor will require to pump the air to the desired flow rate.
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1. Introduction

Nowadays, the need to supply the energy needed in
different parts of the industry is felt by using solar energy
and increasing its production. The efficiency of the devices
used in this area is a key parameter that determines
whether solar energy is efficient in the sector or not.

The efficiency determined for these types of devices is
defined by the amount of energy received by the carrier
system as well as the amount of energy loss.

The higher the energy supply to the converter and the
lower the heat loss, the efficiency is greater. [1]

Among heaters used in the solar industries, air-heaters
are suitable for low and medium temperatures. [2]

Its applications include air conditioning and drying
processes. [3], [4], [5]

An important problem with this is that the thermal
properties of the air are lower than other fluids.
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This is why most of the limitations in the design of
these heaters are due to the need for specific designs and

special raw materials that incur high manufacturing costs
on both sides. [6]

Since the conductivity of the absorbent plates and the
corrosion resistance have little effect on the performance
of solar air heaters, the improvement of the material
properties have used is limited to the optical properties,
surface texture, electrolytic and chemical methods. [7]

However, the performance of these heaters is very
sensitive to other complex phenomena observed through
the heat transfer in the flow channel.

Studies show that the roughening of the inner surface
of the heater improves the performance of the heater due to
an increase in the turbulence of flow followed by an
increase in Nusselt number which increases the forced
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convection heat transfer between the air and the adsorbent
surface.

Of course, pressure drops occur along with this. The
best type of roughness heater interior is the V-shaped.

The results show that the narrower flow channel,
increases the spectral absorption component of the glass
coating on the adsorbent surface, as well as decreasing its
emissivity, determining the inlet flow rate at amounts
greater than 0.1 kg / s, and keeping the inlet temperature
close to the set at about Ambient temperature are some of
the factors that improve performance. [7], [8]

The optimum curve for the heater is determined in the
actual model is 3 m and the inlet flow rates are 0.0472,
0.029 and 0.0172 kg / s.

The result of the experimental study shows that
increasing the curvature, in addition to increasing the
surface area of the adsorbent relative to the occupied area,
increases the centrifugal force to the fluid and reduces the
amount of pressure drop, especially when artificial
roughness on surfaces are created.

In terms of the type of material used for making this
type of heater, the same materials can be used in common
flat heaters, so there will be no additional weight or cost of
manufacture.

Energy and exergy analysis shows that increasing the
mid-level porosity increases the heater efficiency by 30%
and also by the second law increases the pressure drop.
Therefore, the cost of manufacturing the device as well as
the power required in the air pump system is increased and
economically limited. [10]

In air-heaters that use phase-shifting materials to store
energy, the geometry of the two substrates with circular
capsules increases storage capacity. [12] In a typical air-
heater, paraffin is used as a phase-shifting material and air
as a heat-absorbing fluid. The findings show that the mean
thermal efficiency in summer is significantly higher than in
other seasons. [13] Paraffin is inexpensive and easy to
access; it is easy to use and has good chemical stability.
[14] In an air-heater with a mechanism based on free
convection heat transfer, the use of cherry kernel as a
Sensible heat storage source increases the thermal
efficiency. [15] Baffle placement on the heater surface
increases energy and exergy efficiency. [16]

Under windy condition the heat loss from SAH (Solar
air-heater) to surrounding is lower for curved SAH at 6=0°,
60° in windward, 30° in leeward and 30° in tranquil-
condition in comparison to flat SAH. [17]

half-trapezoidal and quarter-circular shape ribs on the
absorber surface, shows maximum increase in thermal
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performance i.e. 17% and 16%, respectively, however
frictional loss for quarter-circular ribs is less by about 10%
when compared to trapezoidal shape ribs. [18]

2. Computational Model Description

The actual model span is 1.6 m long, 40 mm thick and
80 cm deep, and its longitudinal curve is part of the circle,
resulting in a heater span of 1.28 m? (Ac = 1.28 m?). The
central angle of the arc is about 30.5 degrees. The inlet
temperature of the heater is approximately equal to the
ambient temperature (Ti =& Ta) and the floor surface and
the side walls are insulated. Figures 1 [9] and 2 [6] show
the body of the model in question.
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Figure 1. A schematic of the heater
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Figure 2. Heater details

The dimensions of the simulated model for
"validation”, as shown in figure 1, are exactly similar to
the actual model; also, the arc span of the floor of the
heater is 1.6 m in length, not the absorption surface arc.
Subsequent simulations assume a constant length of 1.6
correspondings to the aperture surface. This makes the
heater edge not to exceed from the considered area on the
ground as the curvature of the heater increases, and the
analysis results are completely focused on the adsorbent
surface. Simulation is performed for 9 different "central™
angles of the arc (from 10 to 90 degrees).
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3. Boundary Conditions

Simulation and validation are performed for three mass
fluxes of 0.5375, 0.90625 and 1.475 kg / s.m? (equivalent
to0 0.0472, 0.029 and 0.0172 kg / s) and various heat fluxes
(based on experimental study [6]). In the experimental
data, the unit of heat flux analyzed is watts per unit area of
the heater span. Curving the heater increases the
absorption surface. It is like having an increase in flat plate
heater length. Because the heater curvature (center angle is
approximately 30.5 degrees) is low and the heater is
approximate to the flat case, the constant heat flux
boundary condition for the absorber wall can be used
instead of the radiation. The following boundary
conditions are used to validate empirical data:

w ) kg
1 =800— ,Ti, =298.15K ,1h = 0.0472—
m S

The incoming flux is in watts per unit area of the
“heater span”. In the present study, only the mass flow rate
of 1.475 kg / s.m? (mass flow rate of 0.0472 kg / s) is
considered. The heat flux is generated using the sun's
radiation perpendicular to the heater span (in line with the
normal vector of the span of the plate); Therefore, in this
case, the direction of heat flux applied at each point of the
arc is not perpendicular to the arc. The direct heat flux size
is 900 watts per unit area of the heater span and the diffuse
solar irradiation is 200 watts per unit area of the heater
span. The spectral transmission component of the glass is
0.8 and the spectral transmission component is 0.1.

4. Mesh Analysis

Fluent software is used for analysis. Before proceeding
to the results, the mesh independence analysis must be
done for the desired geometry so that the results do not
change as the mesh becomes finer. For this purpose, the
average output temperature of the heater is set. The mesh
independence analysis and mesh shape are shown in
figures 3 and 4, respectively. Because each heater with its
central angle requires a separate mesh independence
analysis, the volume of computation will increase; so a
study is performed for the heater with a 10 degrees angle
and is Generalized to the other angles. The method is
examined at each step of the analysis is considering the
maximum element size, rather than the number of nodes.
In the present analysis, calculations were made for
maximum sizes of 2.5, 3, 3.5, 4, 5, 6, 7 and 8 mm. Finally,
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according to figure 3, all calculations are done with a
maximum size of 3 mm (2 million nodes for a 10 degrees
arc).
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Figure 3. mesh analysis diagram; the average output
temperature of the heater versus the number of mesh
nodes (Central angle of the arc: 10 degrees)

Figure 4. Heater mesh with 10 degrees central arc angle

5. System Analysis

The following equations are used to calculate the heater
practical thermal efficiency and the error percentage:

_ m Cp (Tout - Tin)exp
Nen 1.4,

)

m Cp (Tout - Tin)num - I-Aabs

x 100 (2)
I-fqabs

Error =

Ac and Aabs are the aperture surface area and heater
absorbent surface area, respectively. Based on these
correlations, the relationship between the flow rate and the
temperature parameter ((ATexp / 1), the flow rate and the
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efficiency variations, as well as the difference between the
software responses and the exact answer can be measured.
Theoretical thermal efficiency is also obtained from the
following relation: [6]

Tou _Ta
Nen = Fo(ta) — FyUy, + ©)

Fo is the heat removal coefficient based on the output
air temperature, ta the result of multiplying the spectral
absorption and transmission component and Up Overall
heat dissipation coefficient in W / m2.K. As the flow rate
increases, the pressure drop in the air pump system
increases, reducing the effective efficiency of the system.
Effective efficiency is:

, P
m Cp (Tout - Tin)exp - rCr‘Lch (4)

Nerr = LA,

Pmec = (5)

Pmech is the mechanical power and the conversion
factor, C, is considered to be 0.18.

The main cause of the increase in efficiency in this
study is the increase in heater curvature and consequently,
the increase in adsorption surface and the thermal
efficiency is defined accordingly. According to the law of
energy conservation:

rlthI.Aabs =1 C,AT, (6)
ATa is The theoretical (analytical) temperature
difference.

mC, (Tou —T;

p ;”; Ln)exPl.Aahs = 11 C,AT, @

. c
Agp

AT, ALCS = AT, ®)

As can be seen in this equation ATexp and ATa are equal
when the area of absorption and span are equal.

As can be seen in this respect ATexp and ATa are equal
when the area of absorption and span is equal. Therefore,
the above equation is incomplete due to its definition of
efficiency and is modified as follows:
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A
N, 5 Aabs = 1 C,AT, 9)
Aabs

The other result is that since the efficiency is
considered to be 1 in the software, the latter relation is
used to compare the data obtained from the present
simulation and experimental study. Thus the error
percentage can also be calculated from the following
relation:

A

Nep K:;SATnum - ATexp

ATGXP

(10)

Error = x 100

The area of the adsorbent surface is calculated as
follows:

8 L (11)
sm2 =R
R= f = 2asin—
' 12
Zsing R (12)

Where L is the length of the heater span, R the radius of

curvature of the absorption surface and 0 the
corresponding arc angle in radians (Figure 1).
So d (absorption surface span) is:
d=R.0 (13)
Thus:
A L f = 2w R asi L
ps = W—F5b =2wRasin —
o 2 sinE 2R (14)
2
6. Governing Equations
Continuity equation:
0
a_[t) LV.(V) =0 (15)
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Momentum equations include k-g equations:

d
(;tp) + V.(peV) = V. (ﬁ Vs)
Je (16)
& &
+Cop 2By Eij — Coeh 3
d(pk
00K | v vy = v. (ﬁ Vk)
at Ok 17)

+2u,E. Ej — pe

V The velocity component in the desired direction, Ejj
the strain rate tensor, it represents the eddy viscosity, ok ¢
o¢ «Cu1. «Cz are the adjustable coefficients.

Energy equation:

dT
pCy (E + V(TV)) = V2(kT) (18)
In this relation, k represents the conductivity.
Reynolds number:
_ Inertia force _pV Dy

= Viscous force (19)
P1 radiation model governing equation:
V. (FaaVR)) + a(40T* = R) = 0 (20)
6 Stephen Boltzmann constant, a the spectral

absorption component, R incident radiation, Trad is defined
as:

-1

Lrea = (3(a+s) —Cys) (21)

s represents the dispersion coefficient in m™* and Cq4

represents the symmetry coefficient for the dispersion
function of the material phase.

7. Global Solar Radiation
The heater surface is considered to be a countless

element of the surface area dA with each other and the
angle of each horizon equal to Bi; Therefore:
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Ig, = Ipp(cos f; + tan 8, sin §; cos(ys — v))
1+ cos f5; 1—cosf;
2 Ih pg 2

(22)

Ine Direct beam solar radiation on a horizontal surface,

(W/m?)

Ino Sky diffuse solar radiation on a horizontal surface,
(W/m2)

In Global solar radiation on a horizontal surface,
(W/m?)

0z Solar zenith angle, (°)

v Surface azimuth angle, (°)

vs Solar azimuth angle, (°)

pg Ground reflectance

It is integrated From the above relation around the
heater absorption area, as can be seen below so that

B-o < Bi< pto:
(23)

And B is the angle of deviation of the heater in the
middle of the surface.

Ig = I,p(cos B + tan 8, sin B cos(ys — ¥))

1+7cosf 1—rcosf (24)
+1p 5 h Pg 5
sing
r= 25
q) (25)

In the validation model, the value of ¢ is relatively
small (approximately 0.267 radians), so the value of r
equals one and eq. (24) becomes identical to that of
incident solar radiation on a plane surface tilted with an
inclination angle f. [6]

Therefore, the constant-flux simulation does not differ
much from the radiation and specific solar radiation
directions with the curved heater surface elements.

8. Results & Discussions

In the case of the curved heater, the k- model provides
the closest answers to the experimental data. [9]

The error percentage for low mass flux is 5.16, medium
flux is 5.6 and high flux is 6.1%. The central arc angle is
30.5 degrees and the experiments are conducted from 10
am to 3 pm with a half-hour interval.
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Table 1 regarding to mass fluxes of 0.5375, 0.90625
and 1.475 kg / s.m?, respectively. In the set of figures A5,
B5 and C5, as can be seen, from 10 o'clock the sun rises at
about noon and decreases from hour to hour. As the
ambient temperature flux increases, the heater performance
increases. the output temperature also increases so that the
difference between the inlet and outlet temperatures
increases. Increasing the flow rate increases the turbulence
of flow and the Nusselt number. This means that at higher
flow rates the heat transfer between the heater surface and
the indoor air is increased and the heat absorption is
increased which means an increase in the efficiency.

When the flow rate is low, the fluid has more
opportunity to absorb heat, so the outlet temperature is
higher at lower flow rates. But due to less turbulence the
heat received is lower than the dissipation, so the
efficiency is lower.

Table 1. Comparison of numerical and experimental
data for three different mass fluxes

Heater air temperature

differences

(°C)
Mass Incident Experime Present Error
flux heat ntal study simulation percentage
(kgls.m?)  flux result [6]  result (%)

(W/m?)
1.475 820.5 13 13.79441  6.110816

0.90625 800 16.5 17.42504 5.606282
0.5375 810.3 175 18.40288  5.157398
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numerical and experimental data for the mass flux of
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Figure A6 shows the efficiency versus the temperature
parameter. The results show that the efficiency increases
with an increasing flow rate.

If these data come together and fitted to a line, the
resulting line equation is:

AT
1= -19.54—+09 (26)

If the heater is a flat plate, the equation for this line is
as follows: [11]

AT
n=-8—+0.56 27)

1
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Figure A6. Efficiency versus temperature diagram;

Comparison and analysis of numerical and experimental
data (The side numbers are the mass fluxes in kg/s.m?)

The two lines are intersecting at a point (Figure B6) On
the other hand, according to figures A6 and B6, the effect
of heater curvature on increasing thermal efficiency
decreases with decreasing flow rate; Therefore, if the flow
rate is too low, the curvature generally loses its effect on
thermal efficiency. In turn, the effect of curvature increases
with increasing flow rate and the efficiency increases
more; because curved and flat heater lines diverge due to
the increasing flow rate (To the left).
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Figure B6. Comparison between curved and flat heater in
efficiency versus temperature diagram

Figures A7, B7, and C7 show temperature difference
variations versus heat flux for low, medium and high mass
flow rates, respectively.

According to the results, as the applied heat flux
increases, the temperature difference between inlet and
outlet increases. Although increasing the amount of
radiation increases the ambient temperature, the heater
performance due to its efficiency is such that it increases
the temperature difference. But sometimes because of low
efficiency, improper heater geometry or other factors, the
temperature difference stays or decreases as the heat flux
increases.

y=0044x-16.196

750 BOD B50 500 950 1000 1050 1100
1(Wim'2)

Figure A7. Temperature difference versus heat flux with a
linear fit for the mass flux of 0.5375 kg/s.m?
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Figure B7. Temperature difference versus heat flux with a
linear fit for the mass flux of 0.90625 kg/s.m?
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Figure C7. Temperature difference versus heat flux
with a linear fit for the mass flux of 1.475 kg/s.m?
AT =al+b (28)
Where a is the slope of the lines in the above diagrams
and b is the width of their origin; On the other hand:

M Cp (Taut - Tin)exp — m Cp(a[ + b)

29
I.A, A, (29)

New =
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Given that at constant heat flux due to solar radiation,
increasing curvature and increasing heat flux give the same
result, then the two can be equated.

IcteAvar = IvarActe (30)
I..,A
lyar = < (31)
cte

cte index means constant, var index means variable, lvar
equivalent to | in later relations, and Avar previously
computed in the system analysis section, as Aaps, SO
according to the "validation" model:

. T
Ape = 08| ———=——+0.04 | (30.5 deg) —
2sin (—3%5 deg) 180

=1312m% R =3.082m

. L
3 2w ImRasmﬁ

— (32)
ACtE
Consequently:
oL
1 =1524w I, Rasmﬁ (33)

By placing the above relation in the efficiency formula
as well as dimming the radius of curvature as R /L:

m Cy(a(1.524 w L Icte%asin-z-lR-) +b)
T
R 1 (34)
(1524w L Imrasm-zj-)./lc
L

Ner =

If the desired heat flux value and the radius of
curvature of the heater are to be estimated according to the
mass flow rate, it is sufficient to calculate the a and b
values from the set of figures A7, B7 and C7 for the three
corresponding flow rates and linearly fitted. To graph the
efficiency in terms of flow rate. From here we can estimate
the heater efficiency in different flow rates. The same can
be done for heat flux by considering the flow rate constant
and determining the efficiency at different heat fluxes. It
should be kept in mind, however, that based on the
analysis of the radiation flux, as was done in the preceding
sections, it should be possible to consider the effect of the
sun's radiation at approximately constant-heat flux case.
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In general, since AT is a function of I and I is also a
function of the radius of curvature of the heater, we can
write:

. R
m Cp f(z)
Nen =
1.524 w Ll T asinHg A,
L

Accordingly, more precise results can be reached by
obtaining a more precise relationship between the
temperature difference and the heat flux. In different parts
of the world, if a curved heater is to be used, a heater with
certain parameters is first constructed and tested, and the
performance of other types of curved heaters is estimated
based on the recent relation.

In the following, a numerical investigation of the effect
of the central arc angle of the heater on several important
parameters is discussed. These parameters include the
overall rate of heat transfer, pressure drop, temperature
differences and finally a dimensionless parameter called
TEF that incorporates the above parameters.

TEF is the coefficient of performance of the heater,
which is the rate of heat transfer relative to the coefficient
of friction:

F= Dy Ap
=11, (36)
2PV
TEF = Q(L)_% (37)
Qo \fO

In flat heaters, L is considered to be the heater length,
but in the curved heater, the increase in length is not a
positive effect on performance because the increase in
length is due to the increase in arc length and practically
causes an increase in cost.

Figures 8, 9 and 10 show the above parameters as well
as the thermal efficiency of the heater in terms of the
central angle of the heater.
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Figure 8. Diagram of thermal efficiency and overall heat
transferred versus central arc angle of the heater
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Figure 9. Diagram of pressure drop and overall
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Figure 10. Diagram of TEF versus central arc angle of
the heater

As the central arc angle increases, the radius of
curvature decreases, so recent figures show that the "slope”
of the graphs is inversely related to the radius of curvature.
This indicates that in a relationship in which the thermal
efficiency is expressed in terms of the radius of curvature,
the temperature function in terms of the radius of curvature
will have a downward concavity (or more generally, a
negative slope).
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[ T @ = LA (38)

The right-hand side of the equation is similar to the
previous one except that for the convenience, Act iS
considered the area corresponding to the flat heater. The
angle between the vector lcte and dAvar is always 90 to 180
degrees. So the cosine of the angle between them is
negative; On the other hand, the direction of the vector Icte
is downward and is defined as follows:

.

Icte = _ICtEE (39)

So the left-hand side of the equation is simplified as
follows:

a a
2z [} 2z (7]
r‘; Iore dA oS (E) =1l r; R.w cos (?l) de,
2 5 2 (40)
f.\\3
=2R.w.l 4, (sin (?1))29
3z
Here we have:
6
4R.w. I, Sin (Z) = L,q, (L.w) (41)
R 6
I = Ivar = 4zlcte sin (Z) (42)
R
_ m Cr’ (Tnut - Tin)ax‘n _ m CF’ f (r)
Nen = I.A - R ] 9 (43)
e 4I Io¢e SIN (E) (L.w)
. R
G, f (1)
Nop = ———————" 5 (44)
4R.w. I, sin (Z)
Here R is the radius of curvature of the arc

corresponding to the absorbent surface.

The limitation of this method is that it is assumed to
direct the sun's radiation along the normal vector of the
aperture plane.

Figures 11 and 12 show several important simulation
contours. Contours belong to the model with a central
angle of 40 degrees.
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Figure 12. Static pressure contour in Paskals, the heater
with 40 degrees central angle ( The left side is the flow
inlet.)

9. Conclusions

The use of the curved heater increases the thermal
efficiency due to the occupied surface. Increasing the flow
rate not only increases the efficiency but also increases the
"rate" of the efficiency increase. This means that with the
increase in flow rate the effect of the heater curvature is
greater and with the flow rate decreasing from time to time
the curved heater will be almost no different from the flat
heater which is not economically feasible. According to
the extracted relation, it is possible to estimate the heater
efficiency in different flow rates by considering a certain
amount of heat flux (eg heater analysis at a particular hour
of the day), or vice versa, for a given flow rate, What
effect do the different heat fluxes have on efficiency of the
heater. In the final equation presented for calculating the
efficiency, the sun's radiance is assumed to be along the
normal vector of the aperture plane, but this relation is
general and does not a necessity to the central arc angle be
small. ( The curved heater is estimable by the flat plate
case.) At larger angles, the difference between the effect of
the sun's radiation and the constant heat flux boundary
condition is sharp, but the first relation is simpler and more
functional if the conditions are present, not needed to the
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solar radiation be perfectly perpendicular to the aperture. If
the curved heater is to be used in different parts of the
world, first a heater with specified parameters will be
constructed and tested and the performance of other types
of curved heaters is estimated based on the proposed
method. Constantly increasing heater curvature increases
the coefficient of performance, heat transfer, output
temperature, efficiency and pressure drop. However, these
parameters must be included along with the cost of
construction.
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