Chapter

Curved vs. Flat SAH analysis under diverse

ambient conditions

The present chapter evaluates and compares the performance matriz of a curved and flat solar air heater (SAH) under
diverse environmental conditions using an experimentally validated numerical model. Firstly, the optimum curvature
angle for curved SAH that offers optimum thermal performance (i.e. 25°) under wide range of parameters such as
Reynolds numbers (2200 —6000), mass flow rate (0.0172 —0.0472 kg/sm?) and solar radiation inclination angle (0—60°)
has been determined. The enhancement factor (i.e. Nucurved/Nugiar ) is in the range 1.5 — 2.2 which show that curved
SAH is thermally much better than flat design. Secondly, the optimized curved SAH is then compared with flat design for
0 to 60° tilt angles (0 ), under tranquil and windy conditions (wind velocity range:0.5—4 m/s), respectively. Under windy
condition the heat loss from SAH 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. In the extreme case 0 = 60° and wind speed of 4 m/s, , the
percentage change in average differential pressure coefficient ACp is about 2% higher for curved SAH under windward
while it is about 19% less in leeward condition compared to flat SAH.

9.1 Introduction

Efficient conversion of solar energy into useful energy is going to be the biggest challenge for the human race as
other non-renewable resources of energy are getting scarce day by day. At the same time, it provides a unique
opportunity to improve the designs to meet the future growing needs. For low- and moderate-temperature
applications such as active building heating, air conditioning, drying process [126] etc., solar air heater (SAH)
is the best suited device [163, 95, 104, 51]. Apart from high thermal efficiency, proper integration of SAH with
the heating, ventilation, and air conditioning (HVAC) system is also considered as an important critical factor
[11, 20, 130, 134, 46].

A recent study [140] demonstrated that curved SAH shows significant improvement in terms of thermal
efficiency. The authors presented various avenues for thermal efficiency improvement such as using internal
ribs of various shape and sizes [129]. However, there remains many questions to be answered. Some important
questions that needs to be addressed are: (a) what is the optimum curvature angle for which the thermal
efficiency is maximized?, (b) How the optimized curved SAH perform vis-a-vis conventional flat SAH under
various environmental condition? and (c) How the efficiency of SAH depends on different environmental wind
conditions. Scientific literature addressing above issues are scarce.

The curved solar panel shown in Fig. 9.1(a), showed significant increase in the outlet air temperature and
hence Nusselt number compared to flat plate SAH [145, 102, 141]. The authors [102] used the curved panel with
curvature angle of 30.94° to enhance the thermal characteristics of SAH. We first developed a computational
fluid dynamics (CFD) model of this design and validated the results for various heat fluxes and mass flow rates.
In the second stage, we optimized the curvature angle for best efficiency. The modification in the curvature
angle in the range of 22° —40° with an increment of 1° in curvature angle have been reported. For a curved SAH,
19 different curvature angles were studied. The objective is to investigate the best curvature angle and effect
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of various design changes on thermal performance under different mass flow rate (m) and solar radiation angle
w.r.t. normal to the absorber plate (6;). We have also reported the transient thermal performance to determine
how quickly the SAH respond before attaining the steady state condition. This is important especially in the
design selection when a new curved design is compared with the traditional flat plate design.

v

Horizontal plane
N

Heating foils e L\
A\
~ARN.'
Testing plate

Insulation

Bottom edge

1

1(b)

Figure 9.1: (a) Experimental set up [102]; (b) Experimental set up [158].

Although there have been several studies that reports performance evaluation of a flat plate SAH under
different environmental conditions [158, 149], however, scientific literature that evaluate and compares the
performance of a curved SAH with the flat SAH under various conditions are scarce. These important issues
have been addressed in the chapter. The second and third issue we have addressed here is that how the optimized
curved solar air heater performs under environmental wind conditions and its assessment with conventional flat
SAH. Wind induced heat loss significantly affect the efficiency of the solar components [158]. Since the geometry
of curved and flat plate air heaters are different, it is expected that wind induced heat loss from different
directions would vary significantly and hence the thermal performance. Dominant mode of heat transfer from
the surface is convection heat transfer. Hence, heat loss from the surface is generally investigated in terms
of heat transfer coefficient or the non-dimensional Nusselt Number (i.e. ratio of convective heat transfer to
conductive heat transfer, Nu = hD,/k ). In this chapter, we have reported the local Nusselt number variation
along the surface of both curved and flat plate under environmental wind conditions. To study this, we first
developed the computational model of the experimental setup (see Fig. 9.1(b)) for a flat panel reported by Wu
et al. [158]. Results were validated with the reported data under environmental wind conditions. Other details
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have been presented in the subsequent sections.

Apart from thermal efficiency, aerodynamic characteristics of the solar collectors also plays a vital role in
making decisions during its installation [12, 167, 36, 35, 13]. Drag and lift forces resulting from aerodynamic ef-
fects caused by maneuvering winds acting on the stand-alone solar panels can cause substantial damage, thereby
reducing their operational efficiency and possibly creating the need for costly maintenance or replacement unless
properly accounted for during the design process [35, 13, 118, 165, 59, 25]. Hence, it is imperative to investi-
gate aerodynamics loading of the design. Which type of collector performs better: Curved or flat? Scientific
literature is also scarce on this aspect of solar collector performance study. Pressure coefficient under windy

conditions have been reported and compared in detail.

Data reported in this chapter would help in making informed decisions on the selection of type of solar
collectors for different applications. The chapter is organized as follows: In section 2, details of computational
model with boundary conditions has been presented. The section 3, comprises of details about incident solar
radiation on the curved SAH and its thermal efficiency. Section 4, explains the selection of turbulence model
and validation of CFD (computational fluid dynamics) model. The results and discussion is described in section

5 followed by conclusions in section 6.
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Figure 9.2: Design description of the curved SAH model. (a) solar insolation on a curved SAH at different angles, (b)
dimensions of the curved SAH geometry, (c) wind direction representation w.r.t. tilt angle (6 ) of SAH.
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9.2 The computational model

Figure 9.2 shows the designs of SAH indicating different solar inclination angle, various parts, and the direction
of wind for windward and leeward orientation. Mesh generation and suitable boundary conditions were imposed

on the domain as discussed in the following subsections.

9.2.1 Design procedure for optimum curvature angle

The SAH comprises of an inlet and outlet section, top glass surface and insulated bottom [140]. The surface
areas of curved and flat SAH were kept same. The curved length is 1600 mm and the opening height (i.e.
distance between top glass surface and insulated bottom) is 40 mm. These dimensions also same for flat SAH.
The experimental analysis of a curved SAH having same dimensions with 30.94° curvature angle was reported
(shown in Fig. 9.1(a)) [102]. The effects of different curvature angle in the range of 22° — 40° of a curved SAH
on the thermal characteristics i.e. outlet air temperature (7',) and Nusselt number (Nu) (i.e. ratio of convective
heat transfer to conductive heat transfer, Nu = hD,/k ) at different values of solar radiation angle (refer Fig.
9.2(a)) are reported numerically in the present study. Here, D,is the equivalent diameter of the cross-section.

Table 9.1 shows the range of parameters for the SAH performance investigations.

The details of parameters considered in the present study are mentioned in Table 9.1.

Table 9.1: Range of parameters.

S. No. Parameters Parametric values
1 Reynolds number 2209, 3722, 6058
2 Mass flow rate (kg/s.m?) 0.0172, 0.029, 0.0472
3 Curvature angle 22° to 40° (step size 1°)

4 Solar radiation angle (6 ;) and tilt angle (6 ) 0°, 15°, 30°, 45°, 60°

5 Wind velocity (m/s) 05,1,2, 3,4

9.2.2 Procedure for environmental wind effect study on curved SAH

The model of a curved solar air heater having an optimum curvature angle has been placed inside the wind
tunnel. The wind tunnel is designed in such a way not to interrupt the flow by the walls of the tunnel. The
length, width and height of the wind tunnel considered in the present study is shown in Fig. 9.3(a). Inside the
wind tunnel, a curved SAH having 25° i.e. optimum curvature angle comprises of a glass glazing (3 mm thick)
placed at 20 mm distance above the absorber plate and distance between absorber plate and bottom insulation
is 40 mm [102] as shown in Fig. 9.2(b). The heat transfer analysis of curved and flat SAH have been performed
at various tilt angle ‘9’ whose values are 0°, 15°, 30°, 45°, and 60° at both windward (X*OY plane) and leeward
(XOY plane) orientation as shown in Fig. 9.2(c) and Fig. 9.3(b), 9.3(c). The Nusselt number for the considered
cases have been calculated at the surface of the top glass plate of the SAH. The Nusselt number (Nu) (i.e. ratio
of convective heat transfer to conductive heat transfer, Nu = h L./k , where L. is the length of the glass plate)
at different values of SAH tilt angle. The results of curved SAH have been further compared with the flat SAH.

9.2.3 Mesh generation and grid independence study

Figure 9.4 shows the meshed region of the curved SAH. Fine meshed regions near the surfaces are also shown.
Since the boundary layer formation, swirl motion and secondary flow vortices are confined near to the SAH

surfaces, very fine meshes were necessary around these regions.
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Figure 9.3: Design description of various geometric parameters to determine the effects of environmental wind conditions
on SAH. (a) wind tunnel design specification, (b) windward orientation, (c) leeward orientation.
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Figure 9.4: Mesh of computational flow domain of the curved SAH in a wind tunnel.
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9.2.4 Grid independent test of a curved SAH for thermal performance

The optimum number of mesh elements were considered after performing grid independence test. In the grid
independent test, curved SAH having 25°curvature angle has been tested for number of elements in the range of
10923 to 32004 under same set of boundary conditions. The percentage variation in Nusselt number (Nu) are
calculated and shown in Table 9.2. It is 0.0038%, 0.036%, and 0.023% when number of elements increases from
10923 to 13937, 13937 to 20489 and 20489 to 32004, respectively. Since the variations in results is insignificant,

the number of elements selected as 32004 for all further simulation.

Table 9.2: Grid independent test of a curved SAH.

S. No. Number of elements Percentage variation in Nusselt number (Nu)
1 10923 -
2 13937 0.0038
3 20489 0.036
4 32004 0.023

9.2.5 Grid independent test of a curved SAH for environmental wind condition

In the grid independent test, the tunnel comprises of a curved SAH having 25°curvature angle has been tested
for number of elements in the range of 66422 to 86759 for environmental wind velocity of 2 m/s under constant
heat flux of 800 W/m? assigned to top absorber surface and boundary conditions were same for all cases. The
percentage variation of Nusselt number (Nu) were calculated are shown in Table 9.3. The percentage variation
of Nusselt number (Nu) were 0.474% , 0.519% , and 0.298% when number of elements increases from 66422
to 66439, 66439 to 72596 and 72596 to 86759, respectively. Since the variations in results is insignificant, the

number of elements selected as 86759for all further simulation.

Table 9.3: Grid independent test of environmental wind effect on the curved SAH.
S. No. Number of elements Percentage variation in Nusselt number (Nu)

1 66422 N
2 66439 0.474
3 72596 0.519
4 86759 0.298

9.2.6 Boundary conditions
9.2.6.1 Boundary condition to find best curvature angle of a curved SAH

The inlet of SAH was assigned to mass flow inlet (mass flux of air, kg/s.m?) and pressure outlet (i.e. standard
surroundings pressure chosen as reference) condition at outlet section. Top wall (curved absorber plate) of
domain was exposed to uniform heat flux at different solar radiation inclination angle (6;) i.e. 0°, 15°, 30°, 45°,
and 60°w.r.t. normal to plane of the absorber plate (sce Fig. 9.2(a)). All other surfaces were kept as adiabatic
i.e. assuming ideal conditions to mimic experimental situation [140]. Simulations were performed for unsteady
case and value of variables such as Nusselt number, outlet temperature etc. were extracted when their values

become invariant with time.

9.2.6.2 Boundary condition to study the effect of environmental wind condition

The curved SAH has been placed inside the wind tunnel, the tunnel inlet section was set to air velocity (m/s) at
inlet and outlet section as pressure outlet (standard ambient pressure taken as reference). The no-slip boundary
condition was assigned to top and bottom wall of the wind tunnel. The top absorber plate of curved SAH was
exposed to constant heat flux and rest surfaces were kept as adiabatic wall which is similar to the experimental
conditions where these surfaces are insulated to avoid heat exchange with the surroundings. The SAH tilted to
different tilt angles ‘6 > whose values are 0°, 15°, 30°, 45°, and 60°, each case has been tested under wind velocity
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of 0.5, 1, 2, 3, and 4 m/s, respectively for both windward and leeward orientation under steady state condition
(see Fig. 9.3c). All thermophysical properties of air is assumed to be constant as rise in air temperature is
insignificant and listed in Table 9.4.

Table 9.4: Thermo-physical properties of air at 300 K.
Properties name Value
Dynamic viscosity (1) 1.855 x 10 Ns/m?
Thermal conductivity (k) 0.026 W/m K

Prandtl number (Pr) 0.71
Specific heat (Cp) 1003.62 J/kg K
Density (p) 1.184 kg/m?

9.2.7 Physical models and sets of governing equations

Finite volume technique (FVM) has been used to discretize the two-dimensional computational flow domain
for further analysis using commercial HyperWorks software. The flow domain has been exposed to necessary
boundary conditions as mentioned before. The continuity, momentum and energy equations for the flow domain
were solved using time marching technique. The pressure and velocity field have been solved using SIMPLE
(semi-implicit method for pressure linked equations) algorithm. The convergence criteria were of the order of
10-® order for velocity component and momentum equation and 103 for energy equation.

Continuity equation,

du  Ov
% + 6_y =0 (9.1)

Momentum equations,
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where i is the turbulent viscosity, k is the kinetic energy of turbulence and Pr; is the turbulent Prandtl

number.

Reynolds number,

_Inertia force  pv D,

- = 9.5
Viscous force 1 (9:5)
Dean number,
D
D, = Re R_I; (9.6)

where, Dy = % i.e. half opening height of the SAH duct. Other constants in the equations have usual

meaning.

In our case, since the values of D,, and Re are of the range 180 — 494 and 2209 — 6058 respectively, which
falls under turbulent flow range [102, 113], and hence turbulent flow models are used for the investigations.
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9.2.8 Comparative assessment of globally received solar radiation on flat and
curved SAH

It has been shown by the same authors [140, 141] that for small curvature angles, incident solar radiation
received by a curved and flat plate SAH are of the same order. Hence, curvature effect on the received global
solar radiations would not be affected. Hence, same heat flux is imposed on the curved and flat SAH for the
investigation. It has also been shown experimentally [102] that similar conditions prevail in the curved and flat
SAH.

9.3 Thermal efficiency

Same expression for thermal efficiency, 7, is used for curved and flat SAH performance comparison. The
parameters for thermal efficiency calculation requires solar insolation, heat gained by the flowing air and various

heat losses to environment. Expression for n, is given by [39, 150],

Qu = FrA, I (ta)) = U, (T, — T)] (9.7)

Here, Fr is the collector heat-removal factor, A is the absorber plate area, Uyis overall heat loss coefficient,

(Ta) is transmittance-absorbent product of glass cover. Expression for Fg is given by,

mC, F'UA
Fr = P 1—ex B iy 9.8
T, { G, } ©8)
where F’ is the collector efficiency factor.
, U\t
F=(1+— 9.9
(1+%) (99)
where expression for bottom loss (Up), side loss (Us) and top loss (Uy) coefficients are given as:
ks (L+W)Hk;
U, == d Ug=-—"—"—+-"7" 9.10
T o LWt (9.10)
~1
M ]- o (Tz'rn + Taz) (Tpm + Ta)
U, = e B - O (9.11)
(Tpm) (}}\T/In—_i_fa) ep+0.05M (1—e,) e
where f = (1—0.04h, + 0.0005h2) (14 0.091M)
C =365.9 (1 — 0.008834 + 0.0001298(?)
M = number of glass covers
Overall heat loss coefficient (U;) is given below.
U =Us+ Uy + U (9.12)

In this chapter results are presented for U; = 0, which corresponds to ideal condition where heat losses are
negligible [140].
Final 7, is expressed below as,

Y — Fp (9.13)

77th=I—Ap

Heat flux applied at the absorber plate, ¢; is reduced by a factor cosf; from the direct solar radiation ¢4

and given as,

q; = qq.cosb; (9.14)



9.4. VALIDATION OF NUMERICAL MODEL

9.4 Validation of numerical model

344

3424 _ a0 e
2 '/
3404 ’ P
WL g 751 "
< 338 A - >
@ -' = 2
= ~ 704 .,
3 rd =
T 3364 e Pl
(1]
Q v o L &
£ 651
§ 334 - %
= yed 3
@ E
B 3324 g 60
= A=
3 L /
L p — —&— - Exp.(Mahboub et al. 2015) @ = :
328 4 ;
# 501
. &
3264 &
. 1 Y —— . . ; 45 . . : . . 5
800 850 900 950 1000 1050 1100 002 0025 003 0035 004 0.045
Solar insolation, | (W/m?) Mass flow rate (kg!s.mz)
(a) (b)

161

Figure 9.5: (a) Variation of outlet air temperature (T,) of a curved plate SAH w.r.t. constant value of absorber heat
flux (W/m?) at mass flow rate m = 0.0172 kg/s.m?; (b) Variation in thermal efficiency at mass flow rate in the range of
0.0172-0.0472 kg/s.m? at constant heat flux of 800 W/m?.

The computational model has been validated with the experimental data from the literature’s for two different
cases are: (a) curved SAH for thermal performance [102] and (b) curved and flat SAH to study the effect of
environmental wind condition [158]. Different turbulence models such as K-Epsilon, K-Omega, Spalart-Allmaras
and Reynolds-Stress are compared with the experimental data of the literature [102]. The numerical results
obtained using K-Epsilon turbulence model shows close match with the experimental data. Interested reader can
refer the reference [140] for further details. K-Epsilon turbulence model has been used for further investigation
in this chapter.

9.4.1 Validation of curved solar air heater model

In the present study, the heat loss from the top surface of SAH is considered by assigning convection heat
transfer, and value of convection heat transfer coefficient has been calculated using equation h = 5.7 + 3.8V
(W/m?K) [150], where atmospheric wind velocity V,, has been taken as 3 m/s. Rest surfaces of SAH were kept
as adiabatic in the investigation, consequently marginally higher values of the average outlet air temperature
have been found compared to experimental data in the literature [102]. The numerical heat transfer analysis
has been conducted to predict the impact of flow behavior on heat transfer characteristics. The percentage
deviation of temperature difference between outlet air temperature (7T,) and inlet air temperature (7};) from
numerical model (i.e. AT, umericar ) Of curved plate single pass flow (CPSP) SAH with respect to experimental
data (i.e. AT,zp. ) of the literature [102] have been seen in the range 1.11—10.19% , 0.5—-1.42% , and 6.25—11 %
for the mass flow rate of 0.0172 (refer Fig. 9.5(a)), 0.029, and 0.0472 kg/sm?, respectively. Figures for other
mass flow rates has not been shown for brevity. The variation of thermal efficiency of a SAH at different mass
flow rates are also compared and range of percentage deviation was found of the order 0.6 — 9.5 % is shown in
Fig. 9.5(b). All simulation results that have been discussed above are in good agreement with the experimental
results described in the literature [102].

9.4.2 Validation of computational model of SAH under environmental wind con-
ditions
The computational model was designed exactly same as the dimensions of experimental setup (see Fig. 9.1(b))

which has been considered in the literature [158]. Similar boundary conditions were opted to analyze the wind
effects on the solar collector model to check the authenticity of CFD model. The results were obtained under
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Figure 9.6: Nusselt number variation of CFD model (designed dimensionally same as the experimental set up [13]) and
literature [13] (see Fig. 9.1(b)) w.r.t. different tilt angles () of the flat solar collector.

constant heat flux of 1200 W/m? under different wind velocities for windward position. The values of Nusselt
number (Nu) obtained from the simulation found to be more than the experimental results of the literature
[158], due to ideal condition of adiabatic walls which does not allow heat loss to surroundings. The numerical
results shows good agreement with the experimental data has been shown in Fig. 9.6. The minimum and
maximum error incurred are 1.98% and 21.04% , respectively.

9.5 Results and discussions

9.5.1 Curved Vs. Flat SAH: Thermal performance

In this subsection, we first find the optimum curvature angle for which solar heater gives higher thermal efficiency.
We then compare the thermal performance of this optimum curved SAH with traditional flat air heater. The
internal heat transfer characteristics of curved SAH geometries having curvature angle in the range of 22° — 40°
were obtained for the three different mass flow rate i.e. 0.0172, 0.029, and 0.0472 kg/s.m? at different solar
radiation angle (¢;). The effect of curvature angle of SAH on non-dimensional Nusselt number (Nu), outlet air
temperature (T,) and friction losses (pressure drop) have been discussed in this section. The results have been
obtained for all cases and comparisons were made to determine optimum curvature angle of curved SAH. The
various effect of environmental wind conditions on SAH were also discussed further in detail in the next section.
The air enters at the inlet of curved SAH, air flow smoothly follows the curved passage and finally exit from the
outlet section. The centrifugal and centripetal forces comes in picture and plays a very vital role in enhancing
heat transfer rate to the air flowing in the SAH duct. At low mass flow rates, centrifugal forces are less intense
which does not effects the main velocity profile and consequently formation of small secondary vortices near the
absorber plate wall. The increase in the value of mass flow rate i.e. for higher value of Dean number results in
increase of centrifugal force, which manifest more velocity gradients and rapid mixing of air near the surface of
hot absorber plate [102, 113].
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Figure 9.7: Major variation of T, of curved SAH for different curvature angle when the absorber surface exposed to
constant heat flux of 800 W/m?, at fixed value of mass flow rate i.e. 0.0472 kg/sm?.

9.5.1.1 Optimum curved angle

The variation of outlet air temperature (T,), Nusselt number (Nu) and pressure drop for all curvature angles in
range of 22°—40° of curved SAH have been discussed. Among these results, the parametric variation for different
curvature angles which exhibit major variation were shown for the sake of clarity and proper visualization. As
mentioned earlier, assessing the transient thermal performance is critical as a SAH has to perform under various
conditions such as varying solar radiation. Figure 9.7 shows the transient variation of air temperature at the
outlet section under constant absorber heat flux of 800 W/m? at fixed mass flow rate of 0.0472 kg/s.m?. During
initial seconds, the rate of increase of T', is maximum for 30°curvature angle but once the steady state attained,
the maximum 7', found to be maximum for 25° curvature angle. The pressure drop variation for all curvature
angles of curved SAH in range of 22° — 40°at three different values of mass flow rate, when the absorber surface
exposed to constant heat flux of 800 W/m?. The minimum value of pressure drop is seen to be associate with
25° curvature angle among the range of 25° — 40° for each three different values of mass flow rate, which is an
advantage in terms of less power consumption. The pressure drop increases with increasing value of curvature
angle of curved SAH due to rise in centrifugal forces results in more resistance to air flow near the absorber wall.
The Nu variation of a curved SAH having curvature angle in range of 22° — 40° at different values of mass flow
rate, when the absorber surface exposed to constant heat flux of 800 W/m?2. The maximum value of Nu has
been found to be maximum for all curvature angles at the mass flow rate of 0.0472 kg/sm?, followed by 0.029
kg/sm? and minimum for 0.0172 kg/sm?. At lower values of mass flow rate Nu is maximum for 25°curvature
angle in the range of 22° — 33° curvature angle, but after 34° the value of Nu increases slightly up to 40° in
comparison to 25°. The maximum 7T, and minimum friction losses have been observed for curved SAH having
25° curvature angle, and hence chosen for further analysis and evaluation.

9.5.1.2 Performance comparison: curved vs. flat

The comparison between curved (25°curvature angle) and flat plate SAH under different solar radiation incli-
nation angle (;) in range of 0° — 60° w.r.t. normal to the absorber surface (see Fig. 9.2(a)), for three different
values of mass flow rate i.e. 0.0172, 0.029 and 0.0472 kg/sm?, respectively have been presented in this sub-
section. The transient variation of T, was determined for 0°, 15°, 30°, 45° and 60° solar radiation inclination
angle and found to be higher for curved SAH compared to flat plate SAH in all cases under same set of boundary
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Figure 9.8: (a), (b), (¢), and (d) shows the variation of outlet air temperature with time when solar radiation inclination
angle in range of 6 ;=0° -60° of curved SAH (25° curvature angle) at different values of mass flow rate (i.e. 0.0172, 0.029
and 0.0472 kg/sm?).



9.5. RESULTS AND DISCUSSIONS 165

conditions as shown in Fig. 9.8. The air temperature at the outlet section was more for lower mass flow rates
due to more exposure time of air with the hot absorber plate of SAH and vice versa for the higher values of
mass flow rate.

The heat transfer enhancement factor (EF) is a factor to represent the heat transfer enhancement of a
curved SAH w.r.t. flat plate SAH. The term heat transfer enhancement factor ‘EF’ is defined as the ratio of
Nusselt number of curved SAH to Nusselt number of flat plate SAH. Figure 9.9 shows the variation of EF when
the absorber surface has been exposed to constant heat flux at specific solar radiation inclination angle. After
steady state, the value of EF was found to be slightly more effective for mass flow rate of 0.0172 kg/sm? followed
by 0.029 kg/sm?and minimum for 0.0472 kg/sm?, for the range of solar radiation inclination angle of 0° — 60°.
It can be noticed that curved SAH is thermally more efficient in comparison to conventional SAH under same
operating conditions.

An economic analysis was performed to estimate the production cost of hot air using flat and curved SAH.
The productive cost of per kg energy gain of hot air obtained by curved SAH is 0.012 USD ($) per kWh, however
it is 0.017 USD ($) per kWh for flat plate SAH. Therefore, per kg production cost of hot air using curved SAH
device is about 24% cheaper than flat SAH device. For brevity, detailed economic analysis is not presented here.

* Conversion rate as per 2" July 2019, 1 USD = 69.0108 INR
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Figure 9.9: (a), (b), (c), and (d) shows the variation of heat transfer enhancement factor (EF) with time when solar
radiation inclination angle in range of 6; = 0° — 60° of curved SAH (25° curvature angle) at different values of mass flow
rate (i.e. 0.0172, 0.029 and 0.0472 kg/sm?).
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9.5.2 Curved Vs. Flat SAH: Heat loss characteristics under environmental wind
effect

The steady state Nusselt number variations extracted along the length of a curved SAH at windward and leeward
orientation of wind i.e. X*OY and XOY-plane (see Fig. 9.2(c) and Fig. 9.3(b), 9.3(c)), respectively, when wind
blows over SAH oriented at different tilt angles in the range of 0° to 60° under diverse wind velocities. The
variation trend obtained for Nusselt number under the environmental wind velocity of 0.5, 1, 2, 3 and 4 m/s
is directly influenced by air flow pattern adjacent to outer surfaces of solar air heater. The variation trend for
Nusselt number are similar for all wind velocities at specific tilt angle ‘0 > under constant value of absorber heat
flux. The variation of Nusselt number for flat solar collector are in good agreement with experimental results of
the literature [158] (see Fig. 9.6). The maximum values have been associated with the wind velocity of 4 m/s
and minimum values for 0.5 m/s. The aim is to find Nu at the top surface of glass (glazing) along the length
of SAH associated with blowing air that surrounds the surfaces of air heater, in order to explore the venues of
heat loss from top glass surface of SAH to surroundings. The Nu variation directly depends on the flow velocity
of air and vortices formation adjacent to top surface of glass (glazing) of SAH. The observations for windward

and leeward orientation have been captured and discussed in the sub-sections below.

The Fig. 9.10, shows the variation of Nusselt number along the length of a curved and flat SAH placed
horizontally (0° tilt angle) inside the wind tunnel at wind velocity of 3 m/s. The velocity of air adjacent to top
glass (glazing) is gradually decreasing along the length of SAH (see vector contours of curved SAH in the same
figure) and the same decreasing trend has been followed by Nu (see vector contours of flat SAH). An increase in
the values of Nu at the mid length is observed in case of flat plate SAH because of more flow velocity. The Nu
of curved SAH near the trailing edge is less when compared to flat one due to earlier flow separation because of
curvature effect. The variation of parameters for 0°tilt angle of SAH were same for both windward and leeward
position due to symmetry. The results shown above, revealed that higher values of Nu represents more heat loss
to surroundings, which abruptly decreases thermal performance of SAH. In above case (0° tilt angle), the Nu
values for flat SAH are more in comparison to curved SAH, which shows that curved SAH is thermally more

efficient under same sets of operating conditions.
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Figure 9.10: Nu variation for the tilt angle 6§ = 0° of curved and flat SAH at wind velocity of 3 m/s.
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9.5.2.1 Windward orientation

The Nu variation directly influenced by movement of air flow at the top glass surface of SAH. The magnified
view of velocity contours have been shown in each case for both windward and leeward position. In windward
position (see Fig. 9.3(b)), the similar variation of Nu along the length of curved and flat SAH when oriented
to tilt angle of # = 15° (Fig. 9.11) and 30° (Fig. 9.12) located inside the wind tunnel at wind velocity of 3
m/s. The value of Nu for a curved SAH continually increases along the length because of higher flow velocity
(refer Fig. 9.11 & 9.12). The length span of -100 to -650 mm on the negative X-axis (left portion w.r.t. mid) of
the curved SAH, a sudden increase has been observed due to curvature effect and hence, higher velocity of air
adjacent to the top glass (glazing). A slight decrease in the Nu at the first half (negative X-axis) and increasing
curve at the second half (positive X-axis) has been observed in case of flat SAH due to ahsence of curvature
effect.
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Figure 9.11: Nusselt number variation for tilt angle § = 15%f curved and flat SAH at wind velocity of 3 m/s in
windward position.

Figure 9.13 shows the variation of Nu along the length of the curved and flat SAH when set to a tilt angle of
0 = 45° inside the wind tunnel at wind velocity of 3 m/s. A sudden drop was observed at the first half in both
curved & flat design because flow directly splashed and splits to up and down stream, which results in a small
passive (stagnation) zone and lowers the Nu value. The increasing trend of Nu has been seen on the positive
X-axis, as flow accelerates towards trailing edge.

Figure 9.14 demonstrate the variation of Nu along the length of a curved and flat SAH when set to a tilt
angle of # = 60°inside the wind tunnel at wind velocity of 3 m/s. The reason for decrease in Nu for SAH at the
mid span is same as discussed above in the case of § = 45°. The heat loss from the curved SAH to environment
being less due to lower values of Nu compared to flat SAH.

In windward position for tilt angle of 0° and 60°, curved SAH is associated with less heat loss to surroundings

as the Nusselt number values are lower as compared to flat SAH.

9.5.2.2 Leeward orientation

In the leeward position (see Fig. 9.3(c)), the vortex formation over the top glass surface (glazing) of a curved
SAH has a significant impact on heat transfer [158, 149, 36]. The variation of Nu and velocity contours were



168 CHAPTER 9. CURVED VS. FLAT SAH ANALYSIS UNDER DIVERSE AMBIENT CONDITIONS

630 B — \WW curved 30" tilt angle
- gg—— - — - — - = VWW flat 30° tilt angle
600 =
550
500
T C flow direction 1 =2
'g 450 = wind veloeity, V=3 m/s
2
© 400
B -
= -
< 350
300 -
250 =
B e
2OO:|I\IIIIIIII||!II!IlIII[-I-\-I.-l.\.l-:-l_\.l-l-l.l-l.!-:.\‘i-].|[IIIEI\]I

-750 -600 -450 -300 -150 0O 150 300 450 600 750
Length (X) inmm

Figure 9.12: Nusselt number variation for tilt angle # = 30°0f curved and flat SAH at wind velocity of 3 m/s in
windward position.
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Figure 9.14: Nusselt number variation for tilt angle § = 60°0of curved and flat SAH at wind velocity of 3 m/s in
windward position.

obtained for each ‘0’ values i.e. 15°, 30°, 45° and 60°, of the curved and flat SAH placed inside the wind tunnel.
At 6 = 15° (see Fig. 9.15), the Nu values for curved SAH suddenly drop near mid span due to adverse velocity
gradients. The increasing values of Nu in case of curved SAH can be seen as the flow accelerates towards trailing
edge at the negative X-axis.

In case, § = 30°(see Fig. 9.16), the Nu for curved SAH has been found to be lower in comparison to flat
SAH after some distance from the leading edge because of flow separation which is reflected in less heat loss
associated with curved SAH to surroundings. In case, 6 = 45° (see Fig. 9.17), vortex formation starts from the
leading edge itself and sustained up to mid of curved SAH which finally rejoins with the air flowing adjacent
to top glass at the middle. This phenomenon accelerates the flow from the mid span towards trailing edge (i.e.
negative X-axis). The Nu follows the same trend, decreasing at the first half and increasing at the second half
in both the cases (6 = 30° & § = 45°) as discussed above.

In case of 8 = 60° (see Fig. 9.18) for curved SAH, the flow velocity is increasing from the leading edge up to
one-fourth portion, due to intense mixing in the swirl region and, consequently increasing values of Nu can be
seen. The swirl flow past the latter half portion of curved SAH and around one-third distance from the leading
edge in case of flat SAH, flow splits into two streams (refer Fig. 9.18) moving opposite to each other. The
point where the flow splits into two streams creates a slow moving zone whose effect can be seen in the sudden
drop in the values of Nu in the zone near trailing edge (i.e. on negative X-axis) in case of curved SAH and
one-third portion from the leading edge in case of flat SAH. The Nu increases at the later (second) half portion
up to trailing edge in all cases of flat plate SAH for leeward position. The increasing values of Nu is basically
due to vortex formation which consequently enhances the mixing of air adjacent to the top glass surface. Fig.
9.15,9.16,9.17, and 9.18 for the case of flat SAH for leeward position, flow of air adjacent to top glass surface is
accelerating due to vortex generation which provides scope of good mixing of air in the flow for all values of ‘0.

In leeward position for tilt angle of 0° and 30°, curved SAH is associated with less heat loss to surroundings

as the Nu values are lower as compared to flat SAH.

9.5.2.3 Performance under natural convection (standstill air environment)

There are situations when the environmental air velocity over the solar air heater is extremely slow. In the

extreme limit of no flow condition (natural convection), thermal characteristics at various tilt angle of curved vs.
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Figure 9.15: Velocity contours: (a) curved and (b) flat SAH. (¢) Nusselt number variation for tilt angle § = 15° of
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flat SAH is not well documented in the scientific literature. Figure 9.19 demonstrates the variation of average
Nusselt number for a curved and flat SAH at various tilt angle under natural convection. The tilt angle 15°,
act as an inversion point as the average Nu values increases on the either side for both curved and flat SAH.
The average Nu values for curved SAH have been found to be slightly higher than the flat SAH, except for
30° tilt angle. This happens due to the area of passive zone (slow moving flow) formation near the extreme
right end of flat SAH is more than the curved SAH, which can be seen in velocity contours in Fig. 9.20. The
curved geometry of curved SAH offers more exposure to air flow and possess more velocity at the top glass
surface compared to flat one (refer Fig. 9.20). At extreme ends of curved SAH where flow vortices frequently
formed and interact with the top glass surface, consequently increases the Nusselt number. The average Nu is
maximum for tilt angle 60°due to more flow velocity and frequent mixing in the flow at the top glass surface
of SAH. The heat loss associated with curved SAH has been slightly higher than flat SAH. Hence in case of
standstill or tranquil wind condition, flat SAH losses less heat to surroundings in comparison to curved SAH.
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Figure 9.19: Average Nusselt number variation of curved and flat SAH at constant absorber heat flux for various tilt
angle under natural convection condition.

9.5.3 Curved Vs. Flat SAH: Aerodynamic characteristics
9.5.3.1 Longitudinal pressure distribution

The pressure force exerted by the environmental wind on the solar air heater is a very important factor to
study while installing solar collectors for the sake of device structural integrity [12, 167, 36]. The expression
for coefficient of pressure (C'p) is the relation among dimensionless coefficient and the dimensionless number to
study the fluid flow. The expression is provided below:

P—P.)

(
Cp = 9.15
T (9.15)

where P is the static pressure at the point where C'p is being measured, p, is the fluid density of the free
stream, P, is the static pressure of free stream, and V. is the velocity of free stream.

In fluid dynamics, the Mach number (M) is a dimensionless quantity, which is the ratio of the flow velocity
past a boundary ‘V’ to the local speed of sound ‘¢’ (i.e. M = % ). In the present study, the wind velocity is
in the range of 0.5 — 4 m/s, the corresponding value of Mach number always be less than 0.3 (M < 0.3) . The
flow is treated as incompressible throughout the study as the M is less than 0.3. Hence, the above coeflicient
of pressure formula is valid for our analysis.

The streamwise differential pressure coefficient i.e. A C'pplays vital role in wind loading given as:
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Figure 9.20: Velocity contours of curved and flat SAH at various tilt angle (0 = 15°, 30°, 45°and 60°) under natural
convection condition.
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Figure 9.21: Pressure coefficient (Cp) variation at the top and bottom surface of flat and curved SAH for various SAH
tilt angle at wind velocity (v) of 4 m/s: (a) flat SAH at windward position (b) curved SAH at windward position; (c)
flat SAH at leeward position; (d) curved SAH at leeward position. Insert in the figures shows wind direction and net
force acting on the SAH, F'1,denotes net lift force and Fp denotes net downward force.
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where Py and Ppare pressure at the top glass surface and bottom insulated surface, respectively.

The zero value of Cp indicates the pressure is same as the free stream pressure. The value of Cp is one
corresponds to stagnation pressure and indicates the stagnation point. The zero and negative values corresponds
to cavitation state or low pressure zone, while non-cavitation state for positive values of Cp. The range of
pressure coefficient for all cases along the length of the curved and flat SAH have been determined at the top

(glass) and bottom (insulation) surfaces for five different wind velocities i.e. 0.5, 1, 2, 3 and 4 m/s, respectively.

Table 9.5: Range of CP for curved and flat SAH in windward position.

Curved SAH Cp range on top glass at windward position

wind velocity 0° 15° 30° 45° 60°
(m's) &

0.5 2.15-2.49 2.23-3.89 3.85-6.52 520-829 | 6.72-10.69

1 2.09-2.48 1.42-3.92 -2.67—-7.12 248-926 | -0.30-10.01

2 -1.74--005 | -032-136 | -410-1.79 | -1.29-3.11 | -1.88-2.52

3 -3.99-258 | -2.11-1.93 | -6.14—-1.56 0.03-148 | -1.89—-0.19

4 -191--020 | -024-1.19 | -5.62—-157 | -2.53-216 | -3.05-1.72

Cp range on bottom surface at windward position

wind velocity 0° 15° 30° 45° 60°
(m's) ¥

0.5 2.28-2.67 2.41-3.52 4.10-5.49 522675 6.34 —9.68

1 2.30 —2.69 -1.09-1.85 | -3.02-5.70 1.99 —7.33 -1.18 - 8.21

2 -1.33-041 | -3.06—-0.06 | -3.40-024 | -3.24-0.60 | -2.37—-1.52

3 -1.48-027 | -295-0.11 | -5.80—-0.24 | -4.35—--1.25 | -5.01 —-141

4 -149-026 | -2.62—--0.15 | -483-036 | -448—--1.64 | -3.64—-2.35

Flat SAH Cp range on top glass at windward position

wind velocity 0° 15° 30° 45° 60°
(m/s) 4

0.5 2.21-2.57 232421 3.88-6.78 4.47—8.59 7.21 —10.53

1 0.60—-2.19 2.32-488 1.98 -7.22 1.52-828 | -0.89-11.62

2 -0.66—-005 | -040—-146 | -1.38—-1.87 | -146—-2.86 | -3.18-3.77

3 -1.61-0.01 -041-138 | -132-147 | -149-213 | -2.71-231

4 -1.62-0.002 | -042-139 | -1.03—-148 | -1.75-2.29 | -2.92-221

Cp range on bottom surface at windward position

wind velocity 0° 15° 30° 450 60°
(m's)

0.5 2.22-2.71 231-3.74 411 -6.44 3.98 -7.47 3.86-7.09

1 041-2.34 -0.59 —2.57 0.66 —4.91 0.78 -5.40 -2.59-8.89

2 -0.79-0.07 | -0.14—-3.52 | -3.66—-0.83 | -3.81-048 | -5.07—--0.77

3 -1.92-0.02 | -3.80--0.07 | -2.94—--130 | -3.62—-135 | -439--2.54

4 -1.94-0.006 | -4.11 —-0.003 | -3.24—-1.09 | -3.77—-0.74 | -4.27—-3.04

At windward position (refer Fig. 9.21 (a) and (b)), the pressure force is more at the top glass surface when

compared to the bottom insulated surface of solar air heater. The air flow directly strikes the top glass surface
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and formation of flow vortices at the extreme edges (leading and trailing edges) continues towards downstream.
The adverse pressure gradient (negative pressure) zone has been created at the bottom surface. Consequently,
the values of streamwise differential pressure coefficient (A C'p) will be positive, it means the net pressure force
exerts in the downward direction which increases the stability against blowing wind [12, 36].

The values of C'p ofthe top glass surface and insulated bottom surface of curved and flat SAH in windward
position is shown in Table 9.5. The values of C'p ofthe top glass and insulated bottom surface of flat and curved
SAH in windward position at wind velocity of 4 m/s have been shown in Fig. 9.21 (a) and (b), respectively.
Please refer the Table 9.5 for C'p values for other wind velocities. In windward position, the value of ACp
increases with increasing values of tilt angle of SAH, since the pressure exerted by the air is more at the top
glass surface compared to insulated bottom surface. This phenomenon increases the net downward force (Fp)
which becomes more advantageous from the stability point of view.

Table 9.6: Range of Cp for curved and flat SAH in leeward position.

Curved SAH Cp range on top glass at leeward position

wind velocity 0° 150 30° 450 60°
(m's) ¥

0.5 2.15-249 0.99 -3.27 4.38-542 549-746 | 542-10.20

1 2.09-248 -0.77 - 3.06 2:59 =525 2.09-5.63 2.52-6.59

2 -1.74--0.05 | -3.64-001 | -5.03-031 | -1.71-0.03 | -2.69—-0.60

3 -3.99-258 | -4.79--0.11 | -423--048 | -3.77—--285 | -4.77—--1.92

4 -191--020 | -544—--0.05 | -495—--043 | -3.90—-1.58 | -543—-2.20

Cp range on bottom surface at leeward position

wind velocity 0° 15° 30° 45° 60°
(m's) &

0.5 2.28 —2.67 2.59-3.45 4.78-6.11 5.93-8.06 7.14—10.55

1 2.30-2.69 3.46-4.14 580-7.14 4.14-6.98 6.47-9.61

2 -1.33-0.41 0.31-1.71 0.73 -2.37 0.92-3.28 -1.31-2.00

3 -148-0.27 0.00—-1.22 -036-182 | -191-1.33 | -2.12-236

4 -1.49—0.26 0.03—-1.35 -098-1.74 | -1.09-2.18 | -1.57-245

Flat SAH Cp range on top glass at leeward position

wind velocity 0° 15° 30° 45° 60°
(m's) ¥

0.5 221 -2.57 1.27-2.02 4.41 -6.26 548 -741 7.14 —9.55

1 0.60—-2.19 0.14-2.20 2.03-4.56 -1.37-830 | -2.79-8.08

2 -0.66—-0.05 | -882-0.01 | -299—-0.58 | -1.80—-0.18 | -5.57—-0.77

3 -1.61-0.01 | -2.56—-0.71 | -2.88—-1.88 | -3.84—--2.74 | -7.08—-1.66

4 -1.62-0.002 | -8.39-2.70 | -3.86—-0.75 | -4.18—-1.65 | -5.05—-1.81

Cp range on bottom surface at leeward position

wind veloeity 0° 15° 30° 45° 60°
(m's) ¥

0.5 222-271 1.76 -2.18 4.82-640 5.68 —7.83 7.49 —10.04

1 041-2.34 2.24-250 4.36 -6.40 3.22-952 1.31-9.37

2 -0.79—-0.07 0.50—-3.23 -0.11—-1.69 0.87-3.28 -3.00—4.15

3 -1.92-0.02 | -006-696 | -145-129 | -1.81-133 | -4.80-2.85

< -1.94-0.006 | -3.06—-643 | -0.56—-1.68 | -0.74-2.19 | -3.39-2.69
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In Fig. 9.21 (c) and (d), represents case for leeward position, the pressure force is more at the bottom
insulated surface than the top glass surface of solar air heater. The air flow directly strikes the bottom insulated
surface and flow vortices at the extreme edges (leading and trailing edges) continues to downstream. The adverse
pressure gradient (negative pressure) zone has been created at the top glass surface of SAH. The streamwise
differential pressure coefficient (ACp) will yield negative values, it means the net uplift force exerts by the
blowing wind in the upward direction (against gravity) which needs more firm clamps to gain enough rigidity
to hold the SAH at desired position [12, 36].

The values of Cp of the top glass surface and insulated bottom surface of curved and flat SAH for wind
velocity of range 0.5 — 4 m/s in leeward position is shown in Table 9.6. The values of local pressure coefficient
(Cp) for the top glass surface and insulated bottom surface of flat and curved SAH in leeward position at
wind velocity of 4 m/s have been shown in Fig. 9.21 (¢) and (d), respectively. In leeward position, the
value of ACp decreases with increasing values of tilt angle of SAH, since the pressure exerted by the air is
more at the insulated bottom surface compared to top glass surface. This phenomenon increases the net lift
force (F1) in upward direction as tilt angle increases, which needs additional clamps and supports to keep
the SAH in its position against generated lift force. The percentage change in average ACp is calculated as
[(AC(p,w,,‘,Ued) — AC(p,flat))/AC(p,flat)]. In the extreme case of 60° title angle, wind speed of 4 m/s, and
windward condition, it is 2.18 % higher in curved SAH while it is 18.5% less in leeward condition. This may
be due to lower projected area in case of curved SAH and same solar collector surface area for curved and flat

heaters.

9.6 Conclusion

In this chapter, we have reported the performance of an optimized curved solar air heat and systematically
compared its various characteristics such as thermal performance, environmental heat loss and aerodynamic
characteristics with the conventional flat plat SAH. The parameters range investigated are: curvature angle
(22 — 40°), tilt angle of SAH (0 — 60°), environment heat loss characteristics for both windward and leeward
(velocity range: 0 — 4 m/s) and acrodynamic characteristics (0.5 —4 m/s). In the range of parameters used,
curved SAH was observed to more efficient than convectional flat SAH. We hope that the data reported in the
chapter would be beneficial to the scientific community in design and development of better solar air heaters

for harnessing sun’s energy in efficient ways. Some specific observations are enumerated below:

1. A curved solar air heat with curvature angle of 25° shows higher thermal efficiency associate with lower
pressure drop. It was observed that heat content in terms of outlet air temperature is maximum for the
curved SAH with 25°.

2. For a given mass flow rate at different solar inclination angle, the value of heat transfer enhancement
factor, EF (ratio of Nucyrved 250 t0 Nujfiq¢) was observed to always greater than unity in the range of
parameters used.

3. For 0°, 60° (for windward condition) and 30° (for leeward condition) during windy condition, heat loss to
surrounding is less for curved SAH compared to flat SAH. For rest of the tilt angle, flat plate SAH shows

less heat loss characteristics and hence, better than curved SAH.

4. Under natural convection condition, environmental heat losses are higher in curved SAH in comparison to
flat plate heater except for one tilt angle. Clearly, curved SAH performs poorly under natural convection.
However, this higher heat losses are compensated by its better thermal performance in comparison to flat
plate SAH.

5. Aerodynamic performance is compared between the two SAH with same solar collector areas. In the
extreme case of 60° title angle, maximum wind speed of 4 m/s, flat plate performs slightly better than
curved SAH in windward condition, while in leeward condition, curved design experiences comparatively

less lift forces.
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