CHAPTER 6

Effect of Channel Designs and Its Optimization for Enhanced
Thermo-hydraulic Performance of Solar Air Heater

Rising future energy demands can be met with solar-based devices such as solar air heaters
(SAH) only if the efficiency of these devices is enhanced with suitable design changes. Flow
channel design of a SAH is an essential aspect for enhancing its thermo-hydraulic performance
for a wide range of Reynolds numbers. In this chapter, a systematic approach has been adopted
to investigate various non-rectangular channel designs numerically, and results are compared
with the conventional rectangular design. The energy input to all designs is kept constant. The
channel design that gives the best performance was further investigated by incorporating a si-
nusoidal wavy absorber having variable wavy roughness parameters. The flow and heat trans-
fer characteristics have been evaluated in terms of friction factor (f) and Nusselt number per
unit friction factor (Nu/ f), temperature factor [@J, thermal effectiveness (&), Nusselt num-
ber (Nu). The results show that the SAH duct having a semi-ellipse cross-section offers the
best thermo-hydraulic performance and has maximum augmentation in temperature factor of
about 10% compared to conventional SAH. Moreover, semi-ellipse SAH with sinusoidal wavy
absorber has a maximum value of f/f,and Nu/Nu; at A/Dy = 0.12 and A/Dj = 0.8 for the
range of Reynolds numbers used. Here, A is the amplitude and A is the wavelength of the ab-
sorber plate. New empirical relationships for Nu and f are established as a function of flow and

geometric parameters that agree well with numerical results.
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6.1 Introduction

With rising population, demand for energy use is also increasing exponentially. Since the hu-
man race has been utilizing energy from conventional fuels such as crude oil, coal, etc., foralong
duration of time, therefore, those recourses are depleting dynamically[115, 141]. Alternative en-
ergy sources such as solar energy is complementing conventional sources of energy, nonethe-
less, low efficiency of these devices comes in the way of wide applicability of these solar-based
devices. One of the versatile solar based devices is SAH, which is used for crop drying [41], space
heating([88, 143], laundry drying [55] etc. Previous researchers have made various attempts to
increase the efficiency of the SAH. Since design plays a significant role in enhancing the thermal
efficiency of the SAH, most of the previous investigations have focused on changing the designs
(see Table 6.1 ). In general, SAH consist of a rectangular cross-sectional shape flow channel with
its top surface as absorber plate (i.e. conducting material) and the insulated bottom through
which the air flows. The solar radiation that falls on the absorber surface heats the plate, and
consequently, the airflow gets heated during interaction with the hot absorber surface. The
availability of high intense solar radiation is approximately 4 to 6 hours/day; in this short pe-
riod, the SAH device must be thermally more effective to utilize substantial portion of available
solar energy.

There have been many ideas proposed in the literature to augment the thermal performance
of the SAH devices. These ideas were observed generally in terms of change in the design of
cross-section shape [56, 100, 128], absorber surface[61, 87, 90, 111, 124, 130, 138] and flow pas-
sage [2, 74, 104] of SAHs. Various forms of extended bodies such as fin, rib and groove have
been implemented on the smooth plate of the absorber to promote turbulence in the airflow.
The thermal performance augmentation of the SAH device is generally observed with increased
pressure drop. The power needed to pump the fluid in the flow channel of SAH increases with in-
crease in hydraulic (frictional) losses, due to hindrance offered under the existence of extended

surfaces (ribs, fins, etc.) in the flow channel.

Table 6.1: The list of previous studies to augment thermal performance using different cross-
sectional shape and corrugated shape of absorber surface in the flow channel.

Cross-
Investigator sectional Absorber shape Finding

shape
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Table 6.1: The list of previous studies to augment thermal performance using different cross-
sectional shape and corrugated shape of absorber surface in the flow channel.

Karim and Hawlader

Rectangular
(68] BY

Singh and Negi [131]  Rectangular

Lin et al. [86] Rectangular

Pehlivan et al. [106] Rectangular

Singh|[128] Semicircular
and

triangular

The flat plate SAH is
5—11% and 10 - 15% less
efficient in double and
single-pass mode than
V-corrugated SAH.

PCM integrated with
corrugated finned SAH
has 64% more thermal
efficiency than flat-plate
SAH with PCM.

Surface absorptance and
opening angle were the
most crucial design
variable on which
thermal efficiency of
corrugated SAHs
depends.

Corrugated channel SAH
should be used in high
heat flux applications or
more efficient heat
exchange devices. For Re
= 1500 - 8000and
NufNu,=1.50 - 4.30.
Model-II with recycling
has 3 - 17% lesser
thermal efficiency than
Model-1
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Table 6.1: The list of previous studies to augment thermal performance using different cross-
sectional shape and corrugated shape of absorber surface in the flow channel.

Gao et al.[34] Rectangular SAH with wavelike shape

ARSI FLATL

of absorber
perpendicular to flow

direction and that

—=d bottom plate along the
flow direction has more
thermal performance as
compare to SAH with just
opposite corrugation of
absorber and bottom
plate along the flow
direction.

Kareem et al.[66] Circular Smooth spiral

= corrugation has 2.4-3.7

times more heat transfer

than smooth tube. For Re
=100 -1300 and
Nufnu,=24-3.7

Kumar et al.[82] Triangular Triangular

o g s of | 008 Wan™

cross-sectional duct SAH

with a chamfered ribbed

absorber plate has
Nusselt number 3.52
times more than without
rib triangular
cross-sectional duct SAH.
For Re = 4000 - 18000 and
Nufnu,=1.74 - 2.48.
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Table 6.1: The list of previous studies to augment thermal performance using different cross-
sectional shape and corrugated shape of absorber surface in the flow channel.

Nidhul et al.[99] Triangular

Kumar and verma [84] Rectangular

Manjunath et al.[91] Rectangular

Semi-
Present study 1
ellipse

=Sy

For a higher mass flow
rate, the ribbed
triangular duct has better
performance over the
exact configuration of the
ribbed rectangular duct.
For Re = 5000 - 20000 and
Nufnu,=1.45 - 2.41.

SAH with sinusoidal rib
on absorber surface has
20.06% and 33.31%
higher thermal-hydraulic
performance than the
same SAH with triangular
and square ribs on the
absorber surface. For Re
= 4000 -15000 and
Nufju,=2.25 - 2.48.
Sinewave corrugation
SAH has higher and
lowers effective efficiency
than conventional SAH
for lower and higher air
mass flow rates. For Re =
4000 - 24000 and
Nufnu,=1.39 - 2.78.

The value of Nu/ f is
maximum at 4/D;=0.4 and
A/p,=0s. For Re =11000 -
19000 and Nu/Nu,=1.42 -
3.20.

It can be observed from Table 6.1 that plenty of research has been performed on the rect-

angular cross-sectional shape of SAH (conventional SAH) with artificial ribs, fin and various

configuration of corrugation. For a same energy input, how a non-rectangular channel de-
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Table 6.2: Range of geometrical and flow parameters.

S.No Parameters Parametric values
1 Relative roughness 0.8,1.2andl.6
wavelength (1/Dy,)
2 Relative roughness 0.04,0.08 and 0.12
amplitude (A/Dy)
3 Reynolds number (Re) 11000 — 19000
4 Heat flux (g) 500 W/ m?

sign affects the thermal performance of a SAH is still not yet explored in detail. The use of non-
rectangular channels such as trapezoidal, isosceles triangular and semi-ellipse designs are novel
design ideas. When the energy input to a given SAH design remains the same, which type of
channels design would show better thermal performance is still an open question that should
be investigated. This paper explores the stated question. The aim of this paper is multifold:
First, to develop a validated numerical model to study the various channel designs of a SAH;
second, to examine the thermal performance of various channel designs for a large range of gov-
erning parameters; third, to further optimize the best channel configuration that significantly
enhances the flow mixing and thermal performances of the SAH; and fourth, to develop corre-
lations forNu and f as function of flow and geometric parameters to facilitate the prediction of
thermal and hydraulic performances of the optimum design. The systematic investigations and

results illustrated in this article would assist investigators in developing efficient designs of SAH.

6.2 Description of problem

The 3-D geometry of forced convection SAH has been studied for different cross-sections with
smooth absorber (Fig.6.1a). After studying their performance, the best design was further op-
timized and avenues for additional increase in efficiency was explored as illustrated in Fig.6.1b
The area of the absorber surface was kept constant for all the designs to keep the same energy
input to the system.

The computational flow domain comprises the top surface (absorber plate) and bottom sur-
face, inlet and outlet section. Constant heat flux was imposed on the absorber plate. The work-
ing fluid passes through the inlet section at a particular Reynolds number, heat from the hot
absorber plate and exits from the outlet section. In the case of the best cross-section SAH with
a wavy absorber, the corrugation parameters are defined by wavelength (1) and amplitude (A4).
Wavy parameters are presented in the form of dimensionless numbers as relative roughness
wavelength (1/Dy,) and relative roughness amplitude (A/Dy,). Each SAH design has been inves-
tigated for Re in the range of 11000 — 19000. The flow and geometrical parameters are listed in
Table 6.2.
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1 - Rectangular cross-section
2 - Trapezoidal cross-section
3 - Semi-ellipse cross-section
4 - Triangular cross-section
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Figure 6.1: Schematic diagram of (a) Cross-sectional view (b) 3D view with wavy absorber plate.

6.3 The numerical model

6.3.1 Grid generation and independence test

Figure 6.2 shows the mesh generated for the rectangular cross-section SAH. Very fine mesh was
created across the domain, including on the solid surfaces, to capture the thermal and veloc-
ity gradient effect. The same procedure of mesh generation was adopted for other designs. In
computational fluid dynamics (CFD) modelling, the number of grids in the domain effects the
solution accuracy and computational time, especially when the model is 3D. Hence, it is nec-
essary to use optimum grids and report the results that are not dependent on grid sizes. A grid
independence test was conducted using a different number of grid sizes. Five different number

of grid elements was adopted with the same combination of boundary condition and model. As
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Figure 6.2: View of mesh generated for the rectangular cross-section SAH.

grid element changes from 2.07 = 10° to 2.96 * 10°, 2.96 * 10° to 4.34 % 10°, 4.34 * 10° t05.50 # 10°
and 5.50 * 10° to 7.32 * 10%, the percentage variation in Nusselt number and air outlet temper-
ature observed 1.88%, 1.04%, 1.0% and 0.89% and 0.3%, 0.12%, 0.11% and 0.005% respectively.
Based on the above outcomes, the optimum number of elements has been chosen as 5.5 * 10°

for the entire study.

6.3.2 Boundary conditions

A fixed value of heat flux (I = 500W /m°) was applied to the top surface of SAH[4]. The veloc-
ity inlet condition was set at inlet section (i.e. at a specific value of Re). The outlet section of
the SAH was assigned as pressure outlet condition (i.e. atmospheric condition). All cases were
studied in the range of Re values of 11000 — 19000. The air is modelled as an ideal gas. Physical
properties air was assumed constant at 27°C temperature. The values of the properties used as
thermal conductivity(k) : 0.026W/m K, dynamic viscosity () : 1.855 # 10°Ns/m?, and specific
heat (Cp):1003.62 J/ kg K.

6.3.3 Governing equations and turbulence model

SIMPLE (semi-implicit method for pressure-linked equations) algorithm with finite volume method
was used to solve the following governing equations for mass, momentum and energy. Realiz-
able k- ¢ turbulence model was employed to resolve the turbulent stresses in terms of the mean
flow velocity gradient. Readers can refer to the previous paper [74, 123] by the same group on
selecting various turbulence models and their accuracy in predicting thermal behavior in SAH
application. Radiation losses from the glass are taken care by applying suitable boundary con-

ditions.
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Continuity equation

V.(pV)=0 (6.1)
Momentum equations
ap T
?.[puV}l~—§+pv{?.u}—v[u V') 6.2)
?.[pui.-’}:—a—p+pv[?.u]—?[U'V’J+pg (6.3)
ay 4
dap T
V.[pwb’]———a+p?{?.w]—?[w V) 6.4)
Energy equation
V.pVT)=V.V(T+T)T) (6.5)
Where,
ri= 2 gngro 8 6.6)
Pr; Pr

The turbulent dissipation rate (¢£) and turbulent kinetic energy (k) are determined by using

the Realizable k — ¢ turbulence model and given as

V.(oKV) = V.V (K(p+ EL) + G+ Gy 6.7)
Ok
And
He 3 £
VipeV)=V.V|e(u+ —) |- pCoy —————— - C1,—=C5:G 6.8
{P ) {F G’E}J 2 dt[K‘i‘\f\"E} ]:EK 3eTh (6.8)
The turbulent dynamic viscosity is determined as:
K2
He= PCP? Lk

where Cye, Cz: , C3: and C, are turbulence model constants and given as Ci- =1.44, , Cz¢
=1.92,, C3. =-0.33,C, =0.09,04,=1.0,0.= 1.3

Reynolds number
- In;ertiafarce . (pUDy,) (6.10)
Viscousforce H

6.3.4 Performance parameters

To analyze the thermo-hydraulic performance of each SAHs, average absorber plate tempera-

ture (Tp), mass flow average outlet temperature of air (1) and pressure loss through the SAHs
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duct are determined. With the help of these parameters, five performance parameters such as
temperature factcr{z‘?;—]r"-], thermal effectiveness (¢), Nusselt number (Nu), Nusselt number per
unit friction factor (Nu/ f) and friction factor (f) are calculated and performance of various de-
signs are compared. Above parameters are defined below.

Temperature factor is the ratio of change in temperature of air at outlet and inlet of the duct

per unit solar radiation fall on the absorber surface, i.e., [73]

(6.11)

TP:(T”_T"]

Thermal effectiveness is the measure of thermal characteristic associated with SAH device.

Itis defined as [122] T _T
. [L] (6.12)
Tmp e Tr'

The useful energy gain by air in SAH is calculated as
Q=mC(Ty-T;) (6.13)

As fluid flow over the absorber surface the velocity boundary layer changes in the flow direc-
tion. Consequently, local heat transfer coefficient varies along the absorber surface and is given

das

L

qs

h,=
. {Tsurfm:e..r i Tbu!’k.x]

(6.14)

The total convection heat transfer rate ‘Q’ is the integral of the surface heat flux [q;] over the

whole absorber surface area (Aeff):

Aesy
Q= f q, d A (6.15)
1]

Thus the average heat transfer coefficient can be calculated as[132]

Tl
h= 6.16
Iﬂeff{Tmp_Tm} [ )

Which is also related to h, by

Aefy
hedAs (6.17)

where T}, is the bulk mean temperature of fluid which is the average of outlet air temperature

(Ty) and inlet air temperature (13).
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Local Nusselt number Nu .,

_ hy Dy,

Nu, = 6.18
Ly T ( )

Average Nusselt number is represented as

= hDh
Tk

Nu (6.19)

where Dy, is characteristic diameter of SAH, which is defined as [93]
Dy =—— (6.20)

Darcy friction factor is determined by using Darcy-Weisbach equation as [93]

_ 2APD,

f==Ir (6.21)

At inlet boundary condition, turbulent intensity is determined as [96]

TI=0.16 Rel-#) (6.22)

Results from numerical model are also used to compared the values of Nusselt number and
friction factor for the smooth duct of SAH using Dittus-Boelter equation and Blasius equations,
respectively as:

Dittus-Boelter equation|[145]

Nu=0.023Re"? pr®™* (6.23)

Blasius equations[145]
f=0.0791Re 0% (6.24)

6.3.5 Validation of computational model

The present numerical results are compared with an experimental[35] and theoretical correla-
tion (Dittus-Boelter and Blasius correlations) results to ensure the precision of numerical model.
For this same geometrical and operating boundary conditions (g = 1000 W/m?) were used as
mentioned in the experimental study of Gawande et al.[35]. The present numerical results have
an average absolute standard deviation of about 4.24% and 2.98% for Nu and f, respectively,
from experimental results (Fig. 6.3 and Fig.6.4). When it is compared with the theoretical study,
the average absolute deviation is 6.73% and 3.78% for Nu and f, respectively. Hence, present

numerical work can be applied to further studies.
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Figure 6.3: Comparison among numerical, experimental and predicted results of Nusselt num-
ber for smooth duct.

6.4 Results and Discussion

6.4.1 Results of different cross-sectional SAHs

Figure 6.5 represents the variation of temperature factur(I'-'?—T"-J , with Reynold number(Re).
With increase in Re, the residence time of fluid inside the duct also declines. Therefore, tem-
perature factor decrease with increase of Re. The maximum percentage rise of 9—10% in tem-
perature factor has been seen for SAH duct having semi-ellipse cross-section compared to the
rectangular cross-section. While the next maximum is 4 — 5% increase for the trapezoidal cross-
section. The triangular cross-section is inferior to conventional rectangular SAH duct. The or-
der of hydraulic diameters has been found to be in descending order as: semi-ellipse > trape-
zoidal >rectangular > triangular. Consequently, the inlet velocity of fluid is lower in semi-ellipse
cross-section as compare to other cross-sectional SAHs. Therefore, working fluid has a larger
residence time in semi-ellipse cross-section than other cross-sections of SAHs.

Figure 6.6 shows the distribution of local heat transfer coefficient (h, ) along the length of ab-
sorber (Y/L= 0, X/L = 0.05 and Z/L) of SAH with different cross-section for two case of Reynolds
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Figure 6.4: Comparison among numerical, experimental and predicted results of friction factor
for smooth duct.

number (14000 and 19000). The highest values of h, are seen at duct inlet where the thickness
of the boundary layer is minimum and diminishes gradually to fully developed values. More-
over, largest and smallest values of l1,, are found in triangular and semi-ellipse cross-sectional
SAHs. This is because, among all cross-sectional SAH and for same Reynolds number, the high-
est and lowest magnitude of velocity are observed at the inlet of triangular and semi-ellipse
cross-sectional duct, respectively, as their corresponding characteristic diameter are different.
In addition, it is evident from the Fig. 6.6 that with the rise of Re, the values of h, are also in-
creasing in all cross-sectional SAHs due to enhanced turbulent intensity inside the duct of SAHs
(see in Fig.6.7).

In order to show the effect of cross-section on the thermal performance, the variation of tur-
bulent intensity (TI) at the center of SAHs along the axial length is depicted in Fig.7. The values
of Tl decrease with an increase of the length of the duct due to increased hindrance along the
fluid flow. It is clear from Fig.6.7 that the descending order of Tl in different cross-sectional
SAHs are triangular > rectangular > trapezoidal > semi-ellipse. Higher values of turbulent inten-

sity mean a more significant mixing between cold and hot fluid. Consequently, the local heat
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Figure 6.5: Variation of temperature factor, [I”I—T'-J of various cross-sections of SAH duct for the
range of Re 11000 — 19000.

transfer coefficients are found in descending order as triangular > rectangular > trapezoidal >
semi-ellipse (see in Fig.6.6).

The term thermal effectiveness, € = {%J 1s a measure of thermal characteristics associ-
ated with SAH device. The higher effectiveness value represents the higher thermal performance
of SAH. Fig. 6.8 shows the variation in thermal effectiveness with temperature factor, [I'%T'-] of
various cross-sections of SAH duct for the range of Reynolds number 11000 - 19000. The ther-
mal effectiveness values of SAH increases with increasing the value of temperature factor. With
an increase of Re, the heat transfer coefficient between the absorber surface and working fluid is
enhanced due to an increase in turbulence intensity inside the duct, leading to reduced thermal
boundary layer thickness. Therefore, absorber surface temperature of SAH decline, and conse-
quently outlet temperature of air increase. Enhancement in heat transfer coefficient signifies
the improvement in the rate of heat transfer occurring from the absorber plate to the flowing
fluid. However, the heat transfer rate improvement in the semi-ellipse cross-section design is
more compared to other cross-section design (see Fig.6.9). The maximum percentage enhance-

ment in thermal effectiveness for SAH duct having semi-ellipse, rectangular and trapezoidal
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Figure 6.6: Variation of local heat transfer coefficient along the length of absorber plate of dif-
ferent cross-sectional SAHs for given values of Re.

cross-section are approximate 17%, 15% and 8%, respectively more as compared to the isosce-
les triangular cross-section.

Figure6.9 displays the variation of Nu with Re. The values of Nu have been found manxi-
mum for semi-ellipse and rectangular cross-sections shape of SAH duct. Higher values of Nu
depict a higher heat transfer rate associated with the airflow. The turbulence generation in the
air flow also plays a very crucial role in the augmentation of the heat transfer rate. Besides, the
cross-section of the duct also plays a significant role, as the flow behaviour varies according to
the duct’s cross-sectional shape. The values of local heat transfer coefficient have been found in
descending order as triangular > rectangular > trapezoidal > semi-ellipse cross-sectional shapes
of SAH, however, the average values of Nu have been observed maximum in semi-ellipse shape
as compared to other shape. This is due to semi-ellipse cross-section duct has larger value of
characteristic diameter for same cross-sectional area condition. The percentage enhancement
ranges in the values of Nu in SAH duct having for semi-ellipse, rectangular and trapezoidal
cross-section are approximate 18 — 13%, 15— 12% and 9 — 6%, respectively more as compared

to isosceles triangular cross-section.
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Figure 6.7: Central turbulent intensity distribution along the length of SAH with different cross-
section for given values Reynolds number.

Figure6.10 illustrate the variation of wall y+ values along the length of absorber plate (Y/L =
0.0, X/L=0.05 and Z/L) of SAHs with different cross-section for given values of Reynolds number
(14000 and 19000). It is observed that wall y+ values are less than one along the whole length
of the absorber plate of SAHs, which accurately capture the viscous sub-layer and transition
boundary layer. Moreover, the ascending order of wall y+ values in different cross-sections of
SAHs are semi-ellipse < trapezoidal < rectangular < triangular. Higher value of wall y+ means
more values of wall shear stress. Consequently, more pressure drops occur across the duct of
SAHs (see in Fig.6.11). It is also found that with the rise of Reynolds number, the values of wall
y+ increase.

Figure6.11 shows the variation of AP for the range of Re 11000-19000 for different cross-
sections of SAH duct. The AP indirectly represents the hydraulic performance of SAH. Higher
the values of AP, the greater would be the hydraulic losses. Consequently, more pumping power
requirement would enhance the operating cost of SAHs. From Fig.6.11, it is clear that AP in-

creases with arise of Re. The maximum percentage increase of AP for SAHs having the isosceles
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Figure 6.8: Variation in effectiveness (g) with respect to temperature factor,
cross-sections of SAH duct for the range of Re 11000 — 19000.
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triangular, rectangular and trapezoidal are approximately 40%, 30% and 8%, respectively more
as compared to semi-ellipse cross-section. Thus, it is established that SAH with ellipse cross-

section would have lower operating cost as compared to other cross-sectional shapes of SAHs.

6.4.2 Results of the best cross-section shape with corrugated SAH

In the previous section, it was observed that semi-elliptical cross-section shows comparatively
higher thermal performance than other cross-section designs investigated. In SAH designs,
cross section alone is not sufficient to enhance the performance significantly. In this section,
we present further design avenues to improve the thermal performance. The wavelength of
waviness and amplitude are optimized for higher thermal performance.

The heat transfers rate from the wavy absorber plate to working fluid for the constant heat

flux in the best cross-section shape (semi-ellipse) SAH is depicted in the form of Nusselt num-
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Figure 6.9: Variation of Nu with respect to Re in the range of 11000 — 19000, at the fixed value
heat flux of 500 W/ m®.

ber (Nu) and Nusselt number enhancement ratio (Nu/Nu,) in Fig.6.12 and 6.13 respectively.
The Nu/Nu;, is the ratio of the Nu for SAH with wavy absorber surface to the Nu for smooth
absorber surface of SAH [35]. It is seen from Fig.6.12 that Nu increase with an increase of Re
for all relative roughness amplitudes (A/D;,) and relative roughness wavelengths (A/Dy). This
is due to increase in turbulent intensity inside the duct, enhancing the mixing of cold and hot
fluid and reducing the thermal boundary layer thickness. Subsequently, rate of heat transfers
from wavy absorber to working fluid increases. It is noticed that Nu increases with the rise of
relative roughness amplitude (A/Dj) and achieve maximum value at A/ Dy, = 0.12 for all A/Dy,.
The Nu values acquired by the A/Dj = 0.04,0.08 and 0.12 at A/Djy = 0.8 are respectively in the
range of38 — 45%, 149 - 181% and 211 — 220% larger than that of smooth semi-ellipse cross-
section. [tis also observed that Nu decline with increase of the A/ Dy, and at A/ Dy, = 0.8 yield
maximum value of Nu. This is because that smallest A/ Dy, creates more number of impinge-
ment point and produces more turbulence near the hot absorber, which rupture the boundary

layer and consequently increase the rate of heat transfer. It can also be seen from Fig.6.13 that
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Figure 6.10: Wall y+ distribution along the length of absorber plate for different cross-sectional
solar air heater at given values of Reynolds number

Nu enhancement ratio decline with increase of Re for all combination of A/ Dy and A/Dy. The
maximum value of the Nu enhancement ratio has been observed at optimum wavy roughness
parameters, i.e., relative roughness amplitude and relative roughness wavelength of 0.12 and
0.8, respectively, for the range of Re 11000 — 19000.

The effect of wavy geometrical parameters i.e., relative roughness amplitude (A/Dy) and
relative roughness wavelength (1/Dp) on thermal effectiveness of corrugated SAH with semi-
ellipse cross-section for given values of Re are depicted in Fig.6.14. It is clear that both thermal
effectiveness and temperature factor increase with increase in A/Dy and decline in A/ Dy, re-
spectively. Since increase in A/Dy and diminish in A/Dj, facilitates increase in flow passage
area and generates strong vortex flow near the wavy wall boundaries, it produces more direct
impingement zones. Due to improved heat transfer rate, the temperature of the absorber plate
decreases and outlet air temperature increases. This phenomenon can also be seen from the
contour of temperature, as shown in Fig.6.15. Designs with 1/ D} = 1.6 and 0.8 show maximum

and minimum temperature respectively. A close view of Fig.6.14 discloses that for A/ Dy =0.12
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Figure 6.11: Variation of AP for the range of Re 11000-19000 for different cross-sections of SAH
duct.

augmentation in thermal effectiveness is about 180 — 189%, 160 — 172% and 124 — 135% for
Al Dy, =0.8, 1.2 and 1.6 respectively, over smooth semi-ellipse cross-section of SAH.

Figure. 6.16 illustrate the contour plots of turbulent kinetic energy (TKE) for corrugated
SAH with semi-ellipse cross-section for distinct values of relative roughness amplitude (A/Dp,)
and constant values of relative roughness wavelength (A/ D) and Reynolds number. It can be
seen that strength of turbulent kinetic energy regime increases near the wavy absorber surface
with increase of relative roughness amplitude. Maximum TKE is observed at A/Dy = 0.12. The
strength of turbulence in the flow filed is proportional to turbulent kinetic energy. This can also
be observed from Fig.6.12 as Nu increase with increase in A/ Dy,

To demonstrate the influence of wavy roughness parameters on the flow filed, the contour
plots of velocity magnitude are presented in Fig 6.17 at a fixed value of Re = 11000. Itis observed
that maximum magnitude of velocity is shifted towards the centre of duct due to wavy absorber
and breaking of boundary layer near the troughs due to direct impingement. Moreover, the

magnitude of velocity increases toward the centre of duct as well as near the trough of wavy
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Figure 6.12: Variation of Nu vs Re for different values of A/ Dpand A/ Dy,

surface with increase of relative roughness amplitude. This is because a wavy surface creates
obstacle in flow due to increased amplitude and produces more TKE inside the duct (as shown
in Fig.6.16).

The influence of Re on the friction factor (f) and friction factor enhancement ratio( f/ f;) for
corrugated SAH with semi-ellipse cross-section is presented in Fig 6.18 and 6.19, respectively.
Thef/, is the ratio of friction factor for duct with wavy absorber plate to the friction factor for
smooth duct [18]. As anticipated, f decline with increase of Re for all combination of A/Dy,
and A/Dj,. This decrease is due to reduction in recirculation zones near upstream and down-
stream of the trough and diminished boundary layer thickness with increase in Re. Therefore,
the pressure gradient effect around the wavy absorber surface is lowered with the increase of Re
and hence friction factor also reduces. From Fig. 6.18 it is clear that friction factor increase
with increase of A/ Dy, for all A/Dj, and decrease with increase in 1/ Dy, for all A/Dy,. The major
losses are due to the higher flow obstruction and the large contact area with higher A/Dy, and

the lower A/Dy,. For the constant duct length, a small A/D;, means large wave cycle in the duct
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Figure 6.13: VariationNu/nu,vs Reoffor different values of A/Dpand A/Dy,

and hence, higher flow blockage. The friction factor values for A/Dj, = 0.8 at fixed A/Dy =0.12
are approximately 18 — 22% and 74 — 81% higher than those A/Dj = 1.2 and A/Dy, = 1.6 respec-
tively. Fig. 6.19 shows that using a wavy absorber leads to a significant rise in f compared to a
smooth absorber by 1.25 to 3.19 times. For A/Dj, = 0.8, the increase in f over smooth duct are
about 1.38—-1.44,2.49-2.80, and 3.11-3.19 times for A/ D, =0.04, A/ D;, =0.08 and A/ Dy, =0.12
respectively. It is also noticed that an increase in A/ Dy, corresponds decline in both Nu and f,
thus diminishing A/ Dy may not be an effective technique to decrease the pressure drop across
the corrugated SAH with semi-ellipse cross-section.

Figure 6.20 indicates that Nu/ fvariation with Re for different values of relative roughness
amplitude (A/Dy) and relative roughness wavelength (A/Dy). The Nu/f indirectly represents
thermo-hydraulic characteristic of SAH, higher the value, greater would be the heat capturing
capability of the flowing air with minimum possible friction losses. The values of Nu/f in-
creases with increase of Re for constant value of wavy roughness parameters. This increase is
due to decrease of friction factor across the duct. It is worth noticing that Nu/f decrease with rise

in A/ Dy The maximum and minimum values of Nu/fis observed at A/ Dy, =0.04 and A/ D;,=0.12
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Figure 6.14: Variation of thermal effectiveness with temperature factor for different values of
Al Dy, and fixed value of A/ Dy, for a range of Re 11000 — 19000.

respectively for all A/ Dy, in the range of Re 11000-19000.

To understand the hydraulic performance of corrugated SAH having semi-ellipse cross-section,

Fig.6.21 depicts the contour plot of static pressure for distinct values of A/Dy,. The increase in

Al Dy, increase the disturbance of flow structure at crest and troughs due to sudden expansion

and contraction of cross-sectional area of flow passes throughout the whole length of duct. This

interruption of flow causes additional momentum loss which lead to develop high static pres-

sure drop. The maximum static pressure drop occur at A/Djp, = 0.12 . The static pressure drop

at A/Dy = 0.12 is approximately 4 and 2.5 times more as compared to A/Djy = 0.04 and 0.08

respectively. The higher static pressure drop causes higher frictional losses, consequently more

pumping power required but higher heat transfer comes at the cost of higher losses. Therefore,

optimise wavy roughness parameters (A/Dj = 0.04 and A/Dj, = 0.8) is a preferred design. This

can be noticed from the overall thermohydraulic performance (Nu/AP) shown in Fig 6.20.
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0.08 and (c) A/ Dy, =0.12.
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Figure 6.17: The contour plots of velocity magnitude at Re = 11000 and A/Dy, = 0.8 for (a)
Al/Dp=0.04(b) A/Dp=0.08 and (c) A/Dp=0.12.

Figure.6.22 illustrates the local wall shear stress variation with respect to duct length of cor-
rugated SAH with semi-ellipse cross-section for different values of A/Dy,. It can be seen that
significant fluctuations of higher magnitude in shear stress is observed for higher A/Dy, =0.12
even in the downstream troughs, suggesting significant fluctuations in flow field and turbulence
generation. However, for A/ Dy, = 0.08, fluctuations in shear stresses are of nearly uniform mag-
nitudes, suggesting uniform heat transfer across the duct length near the troughs. For further
low A/Dy ratio, shear stress magnitude is small and thus offers low heat transfer from heated

plates to the flowing air. It is to be noted that, higher heat transfer comes at the cost of higher
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Figure 6.18: Plots of fwith Re for distinct values of A/Dj, and A/Dy, in corrugated SAH with
semi-ellipse cross-section.

losses which may finally increase the cost of pumping power. Observation in shear stress varia-

tion described above corroborates the findings in the local velocity variations (see Fig.6.17).

6.4.3 Empirical correlation development for Nu and f

Multi-variable regression analysis method is used to develop the empirical correlation for SAH
with semi-ellipse cross-section integrated with wavy absorber by relating CFD data of Nu and
fin term of Re, A/Dy and A/Dy. The estimated relationships for Nu and f are display in
Eqs.6.25 and 6.26 respectively. The predicted data from developed relationships are compared
with CFD data and found the absolute average percentage deviation of 3.68 and 9.84 for Nu and
[ respectively. Considering this reasonable variation, these relations can be used to predict the

thermo-hydraulic performances for various geometrical parameters.
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Figure 6.19: Plots of f/ f; with Refor distinct values of A/ Dy, and A/Dy, in corrugated SAH with
semi-ellipse cross-section.
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6.5 Conclusions

Flow interaction of the heated fluid in the flow channel of the SAH affects both its hydraulic and
thermal performance. To enhance the thermal performance of this device, a systematic inves-
tigation has been performed numerically for a large range of flow and geometric parameters.

In the first stage, conventional rectangular channel design performance was compared with the
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Figure 6.20: Plots of Nu/f with Re for distinct values of 4/p, and 4D, in corrugated SAH with
semi-ellipse cross-section.

non-rectangular designs and results are discussed in terms of temperature far:tDr[L;Tf-J, ther-
mal effectiveness(e), Nusselt number(Nu), Nusselt number per unit friction factor (Nu/ f) and
friction factor(f). In the second stage, best configuration channel design was further investi-
gated to enhance its performance by introducing sinusoidal wavy absorber with relative rough-
ness wavelength (A/Dy) and relative roughness amplitude (A/Dy,). Two new correlations were
proposed to predict the thermal and hydraulic characteristics of the device. Following are some

of the important observations:

* The maximum percentage increase of 10% in temperature factor has been found for SAH
duct having semi-ellipse cross-section compared to conventional SAH (rectangular cross-
section), while the next maximum was 5% increase for the trapezoidal cross-section. For
unit pressure drop or losses, semi-ellipse cross-section design is the best choice consider-

ing the compromise between thermal and hydraulic performance.
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* The value of Nu/Nu, and f/f; have been observed maximum at wavy roughness pa-
rameters, i.e., A/ Dpand A/Dy of 0.12 and 0.8, respectively for the 11000 — 19000 range of
Reynolds number.

* The value of Nu/ f flattens at higher Reynolds number and decreases with increase in

relative roughness amplitude.

* Two empirical correlation have been developed for Nu and f for best cross-section with
sinusoidal wavy absorber SAH. The predictions from these relationships agree well with
numerical data and have absolute average percentage deviation of 3.68 and 9.84 for Nu

and f, respectively.

The designs and data presented in the paper would help the scientific community in developing

thermally efficient designs of solar air heaters to harness the solar energy.
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Figure 6.21: The contour plots of static pressure at Re = 11000 and A/Dy = 0.8 for (a) A/Dy, =
0.04 (b) A/Dp =0.08and (c) A/ Dy =0.12.
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