Frontiers in Heat and Mass Transfer (FHMT), 19, 7 (2022)
DOI: 10.5098/hmt.19.7

Global Digital Central
ISSN: 2151-8629

Frontiers
in Heat and
Mass Transfer

Frontiers in Heat and Mass Transfer

Available at www.ThermalFluidsCentral.org

ANALYTICAL STUDY OF THERMAL PERFORMANCE OF A JET
PLATE SOLAR AIR HEATER WITH THE LONGITUDINAL FINS UNDER
THE CROSS FLOW AND NON-CROSS FLOW CONDITIONS

Rajen Kumar Nayak®", Ravi Shankar Prasad®', Ujjwal Kumar Nayak?, Amit Kumar Gupta®

@ Department of Mechanical Engineering, B.1.T. Sindri, P.O.: Sindri Institute, Sindri, Dhanbad, Jharkhand PIN 828123 India
b Department of Chemical Engineering, B.I.T. Sindri, P.O.: Sindri Institute, Sindri, Dhanbad, Jharkhand PIN 828123 India

ABSTRACT

This analytical study has been carried out on inline and staggered hole jet plate solar air heater with longitudinal fins attached underside the absorber
surface under the cross flow and non-cross flow conditions of air through the channels for varying mass flow rate of air, rhi (50-300 kg/hm?), jet hole
diameter, D (6 mm-10 mm) and distance between the absorber and jet plate, Z2 (5 cm-10 cm) with fixed number of jet holes, N (480 and 1008 for inline
and staggered hole respectively) and pitch of the fins, p (3 mm). The result shows the performance of staggered hole jet plate solar air heater with
longitudinal fins under non-cross flow is better than cross flow condition. The increment of T, and hp;j are found higher in non-cross flow staggered
hole jet plate solar air heater with longitudinal fins at smaller jet hole diameter, D (6 mm) than larger jet hole diameter, D (8 mm and 10 mm) for fixed
11 (50 kg/hm?). For fixed mass flow rate of air, 1 (50-300 kg/hm?), the outlet air temperature (To) and collector efficiency (nc) are obtained higher at
lower Z> (5 cm) with respect to larger Z> (6 cm-10 cm). For the fixed Reynolds number (Reja2), the required pumping power may be less or high in
non-cross flow staggered hole jet plate than non-cross flow inline hole jet plate air heater with longitudinal fins attached underside the absorber surface.

Keywords: cross flow, non-cross flow, inline hole, staggered hole, jet plate, fins, solar energy.

1. INTRODUCTION

Presently, the utilization of renewable and non-conventional sources of
energy is one of the most discussed, contemporary and prevalent issues
around the world. In many parts of the world, the shortage of fossil fuel
has become a matter of serious concern and the prices of fossil fuels have
been increased sharply and it is clear indication that the reserves of fossil
fuel or nonrenewable resources of energy (oil, coal and natural gas) is
gradually coming to the end. So, this realization has triggered the urgent
need for alternative sources of energy.

Out of many alternative energy sources, solar energy is one of the
most promising options to make extensive use of renewable sources of
energy, which is derived from the sun. The power from the sun
intercepted by earth is approximately 1.8 x 10'' MW, which is many
thousand times larger than present consumption rate on the earth from all
the commercial sources of energy. The potential availability of this
energy is about 20 MW/sq. km, but presently only 1.74 MW/sq. km is
potentially exploited through present technology (Sukhatme, S.P., 1996).

Solar energy is used for water heating, cooking and crops drying etc.
The most important component of solar energy utilization systems are
solar collectors. Conventionally, flat plate solar air heaters are used for
space heating and drying of agricultural products. However, non-
conventional jet plate solar air heater is being used extensively for space
heating and agricultural products drying due to its high convective heat
transfer coefficient and collector efficiency.

Perry (1954) studied the convective heat transfer from a hot gas jet
to a plane surface and suggested that the heat transfer coefficient is higher

in non-conventional jet impingement solar air heater than the
conventional solar air heater. Gupta and Garg (1967) presented an
extensive performance study on solar air heaters. Kercher and Tabakoff
(1970) studied the heat transfer by a square array of round air jets
impinging perpendicular to a flat surface including the effect of spent air
and presented the heat transfer correlation, which is most applicable for
the configuration of jet concept solar air heater. Metzger et al. (1979)
studied the heat transfer characteristics for inline and staggered arrays of
circular jets with cross flow of spent air. Heat transfer characteristics
were measured for the two-dimensional arrays of jets impinging on a
surface parallel to the jet orifice plate. Florschuetz et al. (1981) have
observed the behaviour of heat transfer coefficient in inline and staggered
hole jet plate for various pitch of the jet holes. Garg et al. (1983)
performed a study on the effect of enhanced heat transfer area in solar air
heaters. Prasad and Saini (1988) analyzed the effect of artificial
roughness on friction factor and enhancing heat transfer in a solar air
heater. Garg et al. (1989) presented the performance studies on a finned
solar air heater. Garg et al. (1990) made a theoretical analysis on a new
finned type solar air heater.

Chaudhury and Garg (1991) evaluated the temperature increment
and performance efficiency of jet concept air heater over that of flat plate
solar air heater. With a duct depth of 10 cm and length of 2.0 m, the rise
in temperature is 15.5°C to 2.5°C and rise in efficiency is around 26.5%
to 19.0%, respectively, for air flow rate in the range 50 to 250 kg/hm?.
Garg et al. (1991) performed a theoretical analysis on a new finned type
solar air heater. Verma et al. (1991) performed parametric studies on the
corrugated solar air heaters with and without cover. Gupta et al. (1993)
studied heat and fluid flow in rectangular solar air heater ducts having
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transverse rib roughness on absorber plates. This experimental
investigation was carried out in the solar air heater ducts with absorber
plates having transverse wire roughness in transitionally rough flow
region. Thombre and Sukhatme (1995) studied turbulent flow heat
transfer and friction factor characteristics of shrouded fin arrays with
uninterrupted fins and developed the correlation for determining the
values of the convective heat transfer coefficient and the pressure drop
on finned solar air heater experimentally.

Sahu and Bhagoria (2005) made augmentation of heat transfer
coefficient by using 90° broken transverse ribs on absorber plate of solar
air heater. Irfan and Emre (2006) performed an experimental
investigation of solar air heater with free and fixed fins and estimated the
efficiency and exergy loss. Jourker et al. (2006) studied the heat transfer
and friction characteristics of solar air heater duct using rib grooved
artificial roughness. The conditions for best performance were found and
correlations for Nusselt number and friction factor was presented.
Kurtbas and Turgut (2006) made an experimental investigation of
efficiency, energy loss and performance of solar air heater with free and
fixed fins and compared the heat transfer coefficient and output air
temperature. Singh (2006) analyzed heat transfer enhancement in a
continuous longitudinal fin solar air heater at different pitches. Karsli
(2007) made a performance analysis of new design solar air collectors
for drying applications. Romdhane (2007) made a comparative study of
the air solar collectors and studied the heat transfer with the introduction
of baffles to favor the heat transfer. Belusko ez al. (2008) discussed the
improvement of thermal efficiency of an unglazed solar air heater by
using the jet impingement. Aharwal ez al. (2009) studied the heat transfer
and friction characteristics of solar air heater ducts having integral
inclined discrete ribs on absorber plate. The use of artificial roughness in
a solar air heater duct was proposed to enhance the heat transfer from the
absorber plate to the air. An experimental investigation on heat transfer
and friction characteristics of solar air heater ducts with integral repeated
discrete square ribs on the absorber plate was presented. The effects of
geometrical parameters like the gap width and gap position were studied.
Akpinar and Kocyigit (2010) made an experimental investigation of
thermal performance of solar air heater having different obstacles on
absorber plates. Xing et al. (2010) performed an experimental and
numerical investigation of heat transfer characteristics of inline and
staggered arrays of impinging jets. The heat transfer coefficient was
calculated by measuring the local jet temperatures at several positions on
the impingement plate.

Chabane ef al. (2013a) analyzed the collector efficiency by single
pass of solar air heaters with and without using fins. Chabane et al.
(2013b) performed a thermal efficiency analysis of a single flow solar air
heater with different mass flow rates in a smooth plate. Chauhan and
Thakur (2013) carried out an experimental investigation on heat transfer
and friction factor characteristics by using impinging jet solar air heater.
Chabane et al. (2014) made an experimental study of heat transfer and
thermal performance with longitudinal fins of solar air heater. Nayak and
Singh (2016) studied the effect of geometrical aspects on the
performance of jet plate solar air heater. Aboghrara et al. (2017) made a
performance analysis of solar air heater with jet impingement on
corrugated absorber plate. Hasan et al. (2017) made an experimental
investigation of jet array nano-fluids impingement in photovoltaic
thermal collector. Nadda et al. (2017) analyzed the heat transfer and
friction loss in an impingement jets solar air heater with multiple arc
protrusion obstacles. Rajaseenivasan et al. (2017) made an experimental
investigation on the performance of an impinging jet solar air heater. Soni
and Singh (2017) made an experimental analysis of geometrical
parameters on the performance of an inline jet plate solar air heater.
Vinod and Singh (2017) analyzed the thermo-hydraulic performance of
jet plate solar air heater under cross flow condition. Aboghrara et al.
(2018) performed a parametric study on the thermal performance and
optimal design elements of solar air heater enhanced with jet
impingement on a corrugated absorber plate. Matheswaran et al. (2018)
performed an analytical investigation of solar air heater with jet
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impingement using energy and exergy analysis. Sivakumar et al. (2019)
performed an experimental thermodynamic analysis of a forced
convection solar air heater using absorber plate with pin fins. Kumar et
al. (2020) developed the new correlations for heat transfer and pressure
loss due to internal conical ring obstacles in an impinging jet solar air
heater passage. Singh ef al. (2020) utilized the circular jet impingement
to enhance thermal performance of solar air heater. Yadav and Saini
(2020) made a numerical investigation on the performance of a solar air
heater using jet impingement with absorber plate.

Farahani and Shadi (2021) suggested an optimization-decision
making of roughened solar air heaters with impingement jets based on
efficiency of energy and exergy as well as costs analysis. Hassan and
AboElfadl (2021) made a heat transfer and performance analysis of solar
air heater having new transverse finned absorber of lateral gaps and
central holes. Kumar et al. (2021a) studied the heat transfer and
developed the friction factor correlations for an impinging air jets solar
thermal collector with arc ribs on an absorber plate. Kumar ez al. (2021b)
made a comprehensive review of performance analysis of with and
without fins solar thermal collector. Maithani et al. (2021) made a
thermo-hydraulic and exergy analysis of inclined impinging jets on
absorber plate of solar air heater. Moshery et al. (2021) studied the
thermal performance of jet-impingement solar air heater with transverse
ribs absorber plate. Pazarlioglu et al. (2021) made a numerical analysis
of the effect of impinging jet on cooling of solar air heater with
longitudinal fins. Salman et al. (2021a) made an exergy analysis of solar
heat collector with air jet impingement on dimple shaped roughened
absorber surface. Salman et al. (2021b) performed an experimental
analysis of single loop solar heat collector with jet impingement over
indented dimples. Shetty ef al. (2021) made a numerical analysis of a
solar air heater with circular perforated absorber plate.

Das et al. (2022) made a numerical analysis of a solar air heater with
jet impingement and compared between the performance of different jet
designs. Flilihi ef al. (2022) studied the effect of absorber design on
convective heat transfer in a flat plate solar collector through a CFD
modeling. Salman et al. (2022) studied the utilization of jet impingement
on dimple shaped protrusion on heated plate to improve the performance
of double pass solar heat collector. Yadav and Saini (2022) made a
thermo-hydraulic CFD analysis of impinging jet solar air heater with
different jet geometries.

The several researchers including Chaudhury and Garg (1991),
Singh (2006), Kercher and Tabakoff (1970) studied the heat transfer
characteristics for impinging jet air solar heaters of single and two-
dimensional array of circular air jets.

However, the critical search of the literatures shows there only a
very few literatures are available about the jet plate solar air heater. There
a very few analytical research papers are available on the performance of
nonconventional jet plate solar air heater with longitudinal fins so far. So,
the present analytical work is aimed to investigate experimentally the
performance of inline and staggered hole jet plate solar air heater with
longitudinal fins attached underside of the absorber surface under cross
and non-cross flow conditions.

2. THEORETICAL ANALYSIS

Fig.1 shows the schematic diagram of the jet plate solar air heater, which
consists of blower, bottom plate, jet plate with inline and staggered hole
(shown in Figs. 2 and 3 respectively), black painted absorber plate with
attached fins underside the absorber surface (o = 0.95), toughened glass
cover plate (t = 0.90), jet plate inserted between absorber and bottom
plate, two flow channels, bottom and side insulation (ki = 0.034 W/mK)
of thickness 5 cm and thermocouples imbedded to each plate. In case of
cross flow condition, mass flow rate of air (1) between bottom plate and
jet plate impinges out of the jet holes on the jet plate and mixes with iz
in the upper channel as shown in Fig. 4 and subsequently the same comes
out from the upper channel exit. Similarly, for non-cross flow condition,
since inlet of upper channel is closed so air (1) from the bottom channel
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passes through the jet holes and strikes the lower surface of the absorber
plate, finally air (rh1) comes out from the upper channel exit as shown in
Fig. 5. The sectional view of the absorber plate with and without fins
attached to the absorber plate is shown in Fig. 6. The supply air rin and
iz may be regulated or controlled with the help of a voltage regulator,
which is integrated with the air blower. Similarly, the absorber plate
temperature (Tp), jet plate temperature (Tj) and bottom plate temperature
(Tv) can be measured with the help of thermocouples which are
embedded on the plates separately, whereas the ambient temperature (Ta)
and wind velocity (Vw) can be recorded with the help of hot wire
anemometer. The solar intensity is recorded with the help of a
pyranometer. The whole structure is supported on a movable steel frame.
The specification of the setup is tabulated in the Table. 1.

Table 1 Specifications of the set up

Nomenclature Specification
Length of collector L=20m
Width of collector W=10m
Total channel depth Z=14cm
Depth of lower channel Z1=7cm,8 cm
Depth of upper channel Zx=6cm, 7 cm

Diameter of jet holes D=6 mm, 8 mm and 10 mm

Hydraulic diameter for flat — plate
solar air heater

Dn = 0.246m

Hydraulic diameter of the upper
channel in jet plate air heater

D2 =0.12m (for Z> = 6 cm)
D2 =0.13m (for Z> =7 cm)

Hydraulic diameter of the upper | De=0.12m
channel in jet plate with longitudinal
fins air heater

Number of inline holes N=561
Number of staggered holes N=1173
Stream-wise pitch X =43 mm
Span-wise pitch Y=6cm
Absorber plate t=1mm
Jet plate t=4 mm,
Glass cover t=4 mm
Air thickness d=2.54cm
Length of fins L=2m
Height of fins Lr=12 mm
Thickness of fins, Or=3 mm
Number of fins Ne=20
Tilt angle 0=22.6°
Base and side insulation t=25mm
Thermal conductivity of the fins kas=237 W/mK
Fins Ax flow
Absorber
Pll“ — ”
Cover
plate
Dnll holes for msertng

Hot wire anemometer

"“”"& by i

Fig. 1 Schematic diagram of the jet plate solar air heater with
longitudinal fins attached underside the absorber surface along
with elemental section of the absorber plate
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Fig. 4 Sectional view of cross flow jet plate solar air heater with
longitudinal fins underside the absorber surface
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Fig. 5 Sectional view of non-cross flow jet plate solar air heater with
longitudinal fins underside the absorber surface
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Fig. 6(a) With fins Fig. 6(b) Without fins
Fig. 6 Sectional view of absorber plate with and without fins

2.1 Energy balance equation for jet plate solar air heater with
longitudinal fins attached underside the absorber surface
under steady state condition (Chaudhury and Garg,
1991)

For computing the performance of jet plate with longitudinal fins
attached underside the absorber surface, the following equations are used
under steady state condition.

For the cover plate,
hes (Tc — Ta) = hec (Te — Tc) )]

For absorber plate,
Ira = hpc (Tp—Tc) + hepaz (Tp—Ta2) + hepj (Tp — Tj)

+2L¢E hfa2 (Tp — Ta2) / p 2
For jet plate,

hipj(Tp—Tj) = heja2 (Tj~Ta2) + heja1(Tj=Ta1) + hujp (Ti=Tb) 3)
For bottom plate,

hijo (Tj — Tb) = hebat (To — Tat) + Up (To — Ta) 4)

For air stream between jet plate and bottom plate,

miC (Tol - TA) = hcjal(Tj - Tal) + hcbal(Tb - Tal) (5)
The rate of useful heat gain (Qu) in air stream between absorber plate and
jet plate be,

Qu = l’i’lle (To - Tol) + I'hZCp (To - TA) = hcjaZ (TJ — TaZ) + thaZ (TP - TaZ)
+2L¢& he2 (To — Ta2) / p (6)
Similar, to jet plate air heater in equations (1) to (6),

Tar=(Ta+Ta)/2

Ta2=(Ti+To)/2

and Ti = (1 Tol + m2TA) / (1 + rh2)

Hence, the collector efficiency (1) be,

Ne = (1 + 12) Cp (To—Ta) / ITA )
where, 1 = p(WZ1) Vi and mhz = p(WZ2) V2

Now, the convective heat transfer coefficient between absorber plate-to-
air stream in the upper channel can be computed from,

hej = (tin + 1h2) Cp (To— Ti) / A (Tp — Ta2) (8)

Similarly, the Nusselt number ((Nupj) and Reynolds number (Rej2) in the
upper channel can be calculated from,

Nup; = hpj De/ ka = F1F2 (Rep)™ (Z2/D)*%! ©)
Reja2=pV De/p (10)
where, V. = (Vav + Vo) / 2, Vav = (AjVj + A2V2) / (A2 + Aj),

Rep = pV;D/p, V;j = 4rii/ NpnD? and De = 4[pZ2 — L¢ 8¢] / 2[ (p + L¢]
(Sukhatme, 1996)
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The friction factor (fs) can be calculated from the Blasius equation as,
Js=0.085(p v D2/p) %% = 0.085(Reja2) 0> (11)

Since, the fins are attached underside the absorber surface. So, it is need
to find the performance of the fins. The fin efficiency (nr) and fin
effectiveness (&) of the rectangular fin are defined as,

Nt = [(Actual heat transfer rate from the fins) / (Ideal heat transfer rate
from the fin if the entire fins are at base temperature)]

or, Nr=(Qr/ Qmr) = (hpj Prkai Ac)"? (Tp — Ta2) / hpj A¢ (Tp — Ta2)

or, nf= tanh (m’ Lc) / (m Le) (12)
where, m’ Lc = Le [(2 hej) / (ka1 80]"2,

Lc (Corrected length) = L¢ + 8¢ /2

and m’ = [(hpj Pr/ (kai Ac)]"?

2.2 The Fin Effectiveness

The effectiveness of the fin, &= (Qr / Qnr)

or, &= (hpj Prkai Ac)"? (Tp — Ta2) / hpj Ab (Tp — Ta2)

or, & = [(kai Pp) / (hw; Av)]"2 (13)
where, Pr= (2Ls + 6r) and Ab =L x ¢

The value of 12 is zero (i.e., 2 = 0) for non-cross flow condition.

In the present work, the collector efficiency (nc), instantaneous
efficiency (ni), heat transfer coefficient (hpj), Reynolds number (Rejaz),
friction factor (fs) and fin efficiency are determined from the above
equations (1) to (12) respectively, for cross flow and non-cross flow jet
plate with longitudinal fins solar air heater whereas the fin effectiveness
is calculated from equation (13).

2.3 Heat Transfer Coefficients (Chaudhury and Garg, 1991)

The convective heat transfer coefficient, 4, for air flowing over the outer
surface of the glass cover depends on wind velocity Vi (McAdams,
1954). Thus, the obtained results are,

hes = hy + hyes (14)
where, h,, = 5.7 + 3.8V}, (15)
hyros = eco(T¢ = T (Te = Ts) (16)
where Ty = 0.0552(T,)'S (17)

The coefficient of heat transfer, ~pc from absorber to the cover plate is
obtained from,

hpc = hepe + hepe (18)
where the convective heat transfer between absorber plate to cover,

hepe = Nug =2 (19)
Nu, = 0.093(Gr.)%3! (20)
or, = LT (Tf/’_TC) @1

The radiative heat transfer between absorber plate to cover,

TE+T2)(Tp+T
hope = o( Pic)l( P+Tc) 22)

The average plate-to-jet air heat transfer coefficients (Chaudhury and
Garg, 1991) are,

k
hpj = Nup; 7“ (23)

Where, Np] = Fle(ReD)m (Zl/D)0.0gl (24)
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. pV;D
The jet Reynolds number, Rep = T (25)

For, 1 <Z1/D<5,300<Rep<3x10*

The parameters m, F, > are evaluated for two Reynolds number
ranges; 300 < Rep < 3000 and 3000 < Rep <3 x 10 In case of non-cross
flow (12 = 0) is considered as F2 = 1, which decreases with an increasing
cross flow velocity.

The forced convective coefficients for heat transfer from jet plate to
air above (heja2) be as,

AE ka

hcjaZ = 7 Nujaz D_z (26)

My+my)LD
where, Nijq = 0.0293(Rejq2)"%, Rejaz _ (1 +mz)LDy Zz:) 2 and
A, = A—NnD? + 2N, /N

The radiative heat transfer coefficient between the absorber and jet plate
be as,

o(TE+T})(Tp+T))
ey = T @7
Ep & ]
Similarly, the radiative heat transfer coefficient between jet plate and
back plate is,

o(TF+T3)(Tj+Tp)
O S P (28)
Ej €p
The bottom loss heat coefficient is calculated by using,
k .
Up=7 29)

l

The friction factor for a rectangular smooth duct is given as, modified
Blasius equation as,

fs = 0.085(Rejqp) "% 30)
The jet air velocity can be calculated from,

o amy 31
J 7 pNmD?2 @)

In the present study, the iteration process has been used for finding
the numerical values of the natural convective and radiative heat transfer
coefficient for each operational and geometrical parameter, whereas the
measured values 1.3 m/s, 30°C and 650 W/m? of wind velocity (Vu),
ambient temperature (74) and solar intensity (/1) are taken for finding the
values of To, 7c, hw, Nupj, Reja2 and fs.

3. RESULTS AND DISCUSSION

3.1 Variation of outlet air temperature and collector efficiency
with mass flow rates of air and jet hole diameter

Figs. 7(a-c) and 8(a-c) show the effect of mass flow rates of air (1, and
r2) and jet hole diameter, D on the outlet air temperature (7,) and
collector efficiency (7.) respectively in a jet plate solar air heater with
longitudinal fins attached underside the absorber surface for fixed pitch
of the jet holes, X (60 mm) and depth of the upper channel, Z> (80 mm).
For all range of the jet hole diameter, D (6 mm-10 mm) under cross flow
and non-cross flow conditions of air, it has been observed that the outlet
air temperature (7,) decreases with increase mass flow rates of air (7
and m2), whereas collector efficiency () increases with increase in mass
flow air rates of air (21 and 72).

Fig. 7 (a-c) shows that the outlet temperature is found higher in case
of non-cross flow than cross flow condition of air for fixed mass flow
rates of air (721 and s2) and jet hole diameter, D. This higher value of
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outlet air temperature in case of non-cross flow is due to the higher value
of cross flow degradation factor (F2 = 1) which is expressed in eqn. (23)
for hpj. The value of F» varies from 0 to 1. It becomes maximum 1 for
non-cross flow condition and starts decreasing with increase of cross
flow of air through the channel.

However, Fig. 8 (a-c) shows that the collector efficiency (7c) is
higher in case of cross flow condition with respect to non-cross flow
condition for fixed mass flow rates of air (n11 and ) and jet hole
diameter, D. Under cross flow and non-cross flow condition of air, the
curves clearly indicate the outlet air temperature (7,) is higher in
staggered hole jet plate as compared to inline hole jet plate solar air heater
with longitudinal fins, whereas the collector efficiency is found higher in
cross flow inline and staggered hole jet plate with respect to non-cross
flow inline and staggered hole jet plate solar air heater with longitudinal
fins for fixed mass flow rates of air (s121 and 712) and jet hole diameter, D
due to mixing of two flows of air in the upper channel of the air heater.
For fixed mass flow rate of air riz1 (50 kg/hm?) and jet hole diameter D (6
mm), the increment of outlet air temperature (7o) is found as 1.9%, 10.2%
and 16.97% in non-cross flow staggered hole as compared to cross flow
staggered hole, non-cross flow staggered and non-cross flow inline hole
jet plate solar air heater with longitudinal fins respectively, whereas the
increment of collector efficiency () is obtained 6.52%, 11.23%, 15.87%
in cross flow staggered hole with respect to cross flow inline hole, non-
cross flow staggered hole and non-cross flow inline hole jet plate solar
air heater with longitudinal fins. The results show the outlet air
temperature (7,) and collector efficiency (7c) are found higher at lower
jet hole diameter, D (6 mm) than higher jet hole diameter, D (§mm and
10 mm) for fixed mass flow rates of air (721 and #22) under both cross flow
and non-cross flow conditions. These higher values of outlet air
temperature (7o) and collector efficiency (7c) is due to high jet air
velocity (Vj) strikes the lower surface of absorber surface which results
to higher outlet air temperature (7o) and collector efficiency (7c).

3.2 Effect of jet hole diameter (D) on the collector efficiency
(Mc) and absorber plate to jet air heat transfer coefficient

(hpj)

The effect of jet hole diameter on the collector efficiency (7c) and the
absorber plate-to-jet air heat transfer coefficient (4p;) are presented in
Figs. 9 (a-c) and 10 (a-c) respectively for fixed pitch of the holes, X (60
mm) and depth of upper channel, Z> (8 cm). Under both cross flow and
non-cross flow cases, /p; and 7. increases with decrease in jet hole
diameter, D. The examination of the curves reveals that both /p; and n
are increased with decreasing the size of the jet hole in jet plate for fixed
mass flow rate (r21) and the highest value of /p; and 7. are found at lowest
jet plate hole diameter, because of getting higher jet velocity of air, V;.
This result is similar to the results found by Chaudhury and Garg (1991).
For all range of mass flow rates of air (721 and r12) and jet hole diameter,
D (6mm-10mm), the collector efficiency (7c) is found higher in case of
cross flow staggered hole jet plate, whereas the heat transfer coefficient
(hpj) is observed higher in case of non-cross flow staggered hole jet plate
solar air heater with longitudinal fins due to higher value of outlet air
temperature (7). At fixed value of mass flow rate of air, s = 50.0
kg/hm? and X/D = 10, the increment of collector efficiency (7c) are found
as 4.92%, 9.49% and 13.98% higher in cross flow staggered hole jet plate
as compared to cross flow inline hole jet plate, non-cross flow staggered
hole and non-cross flow inline hole jet plate solar air heater with
longitudinal fins respectively. Similarly, the heat transfer coefficient (4r;)
in non-cross flow inline hole jet plate solar air heater is found as 11.6%,
12.28% and 32.19% higher than cross flow inline and staggered hole jet
plate and non-cross flow inline hole jet plate solar air heater with
longitudinal fins under same geometrical and operational parameters. It
is also observed that the collector efficiency (7¢) and heat transfer
coefficient (/p)) increase with increase in mass flow rates of air (771 and
ri2) in inline or staggered hole jet plate air heater with longitudinal fins
for fixed jet hole diameter, D for both the flow conditions of air through
the channel.
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3.3 Effect of distance between jet plate and absorber plate (Z2)
on outlet temperature and collector efficiency

The variation of outlet air temperature (7o) and collector efficiency (7c)
with depth of upper channel (Z2) for fixed jet hole diameter, D (6 mm)
and pitch of holes, X (60 mm) under cross flow and non-cross flow
conditions of air are shown in Figs. 11(a) and 11(b) respectively. For
fixed mass flow rates of air (#21 and 712), the results show the outlet air
temperature (7,) and collector efficiency (#c) decrease with increase in
distance between absorber plate and jet plate (Z2). The higher outlet air
temperature (7o) and collector efficiency (7c) are found at lower Z2 (5
cm) with higher mass flow rate of air, riz1 (100 kg/hm?) for each air heater.
The outlet air temperature (75) is found 17.8% higher in non-cross flow
staggered hole jet plate solar air heater with respect to cross flow
staggered hole jet plate solar air heater with longitudinal fins, whereas
the collector efficiency is obtained 2.1% higher in cross flow staggered
hole jet plate solar air heater with longitudinal fins for fixed mass flow
rate of air, i1 (100 kg/hm?) and depth of upper channel, Z2 (5 cm).
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Fig. 11 Variation of outlet air temperature (7,) and collector
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3.4 Effect of distance between jet plate and absorber plate
(Z:2) on heat transfer coefficient between absorber plate
and jet plate (hpj)

Figs. 12(a) and 12(b) show the heat transfer coefficient (Ap;) and Nusselt
number (Nup;) respectively, decrease with increase in depth of upper
channel (Z2) for fixed mass flow rates of air (771 and 712), jet hole diameter
(D) and pitch of the jet holes X (60 mm). However, both the heat transfer
coefficient (4p;) and Nusselt number (Nup;) increase with increase in
mass flow rates of air for all range of depth of upper channel, Z> (5 cm-
10 cm). As per the above discussed result, the high outlet air temperature
(T,) results to high heat transfer coefficient (/p;) and high heat transfer
coefficient (/pj) corresponds to high Nusselt number (Nup;) for higher
rates of air mass flow through the channel. For all range of mass flow
rates of air (711 and i2), the results show the heat transfer coefficient (4r;)
and Nusselt number (Nup;) are higher in non-cross flow staggered hole
as compared to cross flow staggered hole jet plate solar air heater with
longitudinal fins. The increment of heat transfer coefficient (hp;) and
Nusselt number (Nup)) are found as 12.7% and 15.23% in non-cross flow
staggered hole with respect to cross flow staggered hole jet plate solar air
heater with longitudinal fins for fixed mass flow rate, 7iz1 (100 kg/hm?).
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Fig. 12 Variation of heat transfer coefficient (%, and Nusselt number
(Nupj) with depth of upper channel (Z2) for fixed jet hole
diameter, D (10 mm)
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3.5 Variation of Nusselt number (Nup;) with jet hole diameter
(D) for fixed depth of upper channel, Z> (8 cm) and pitch
of the jet holes, X (60 mm)

The effect of jet hole diameter (D) on the Nusselt number (Nug)) for fixed
depth of upper channel, Z> (8 cm) and pitch of the jet holes, X (60 mm)
is presented in Fig. 13. The curves show the Nusselt number (Nup))
increases with decrease in jet hole diameter (D) for fixed mass flow rate
and constant values of X, Zi and Z>. The value of Nusselt number (Nup;)
in non-cross flow condition is higher as compare to cross flow condition
for fixed mass flow rates of air, 771 (50 kg/hm?). For fixed mass flow rates
of air (m1 and m2) and jet hole diameter (D), the present result also
complies the above result in which heat transfer coefficient (/p)) is higher
at lower Z2 due to presence of fluid friction. This higher value of heat
transfer coefficient (/1)) resulting to higher Nusselt number (Nup)) in non-
cross flow staggered hole jet plate solar air heater with longitudinal fins
is observed.
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Fig. 13 Variation of Nusselt number (Nup;) with jet hole diameter, D
(6mm-10mm) for fixed depth of upper channel, Z> (8 cm) and
pitch of the holes, X (60 mm). For m1 = 50 kg/hm?, X/D = 6-
10, X=60mm, Z1=Z>=8cm,L=2m, W=1m

3.6 Variation of friction factor (fs) as a function of Reynolds
number (Reja2)
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Fig. 14 Variation of friction factor (fs) with Reynolds number (Reja2).
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Sem,L=2m, W=1m
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Fig. 14 shows the variation of friction factor (fs) with respect to the
Reynolds number (Reja2) under both cross flow and non-cross flow of air
through the channel. It is observed that the friction factor decreases with
increase in the Reynolds number (Reja2) in both cross flow and non-cross
flow of air conditions. The curves show the friction factor is higher in
case of non-cross flow staggered hole jet plate as compared to cross flow
staggered hole jet plate solar air heater with longitudinal fins for all range
of Reynolds number (Reja2). This also complies the above results in
which Nusselt number (Nup)) is higher at lower jet hole diameter, D (6
mm) and depth of upper channel, Z2 (5 cm) for given Reynolds number
due to presence of fluid friction. This higher value of friction factor
results high pressure drop in non-cross flow staggered hole jet plate solar
air heater with longitudinal fins. The high pressure drop means the cost
of pumping power is more in non-cross flow staggered hole jet plate with
respect to cross flow staggered hole jet plate solar air heater with
longitudinal fins.

3.6 Variation of fin efficiency (1r) and fin effectiveness () of
jet plate solar air heater with mass flow rate of air (1) for
fixed pitch of the fins (p)
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Fig. 15 Variation of efficiency and effectiveness of fin with mass
flow rates of air in longitudinal fin staggered hole jet plate
solar air heater at fixed jet hole diameter, D (6 mm)

Fig. 15 shows that the variations of the fin efficiency () and
effectiveness of the fin (&) with mass flow rates of air s and 7 in
longitudinal fin jet plate solar air heater. It is observed that the fin
efficiency (#¢) and effectiveness of the fin (&) decrease with increase in
mass flow rates of air 721 and 72 for fixed jet hole diameter, D ( 6 mm).
For all range of the fin efficiency (#r), the value of effectiveness of the
fin (¢) has been found greater than 1 (i.e., £> 1) indicating the importance
of attaching the fins with the absorber plate.

4. CONCLUSIONS

The present analytical work is based on the performance of jet plate solar
air heater with longitudinal fins attached underside the absorber surface
under cross flow and non-cross flow of air through the channel. From the
present study, the following conclusions are made.

1. The outlet air temperature (7o) and collector efficiency (7c) are found
higher at lower jet hole diameter, D (6 mm) than larger jet hole diameter
D (8mm and 10mm) in each air heater for fixed mass mass flow rate of
air (7i11) and depth of upper channel Z> (8 cm).

2. For fixed mass flow rate of air (s21) and jet hole diameter (D), the outlet
air temperature (75), heat transfer coefficient (%p;) and Nusselt number
(Nupy) are found higher in non-cross flow staggered hole jet plate solar
air heater with longitudinal fins than other air heaters.
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3. For fixed mass flow rates of air (r11 and ri2), the outlet air temperature
(To) and collector efficiency (7c) decrease with increase in depth of upper
channel (22).

4. For fixed mass flow rate of air, 721 (50-300 kg/hm?), the outlet air
temperature (7o) and collector efficiency (#.) are obtained higher at lower
Z> (5 cm) with respect to larger Z2 (6 cm-10 cm).

5. For 711 (50-300 kg/hm?), X/D (6.0-10) and Z2 (8.0 c¢m), the friction
factor (fs) is obtained higher in case of non-cross flow staggered hole than
cross flow staggered hole condition.

6. For all range of Reynolds number (Rej.2), the friction factor (fs) is
higher in case of non-cross flow staggered hole jet plate as compared to
cross flow staggered hole jet plate solar air heater with longitudinal fins.
The cost of pumping power of the proposed non-cross flow staggered
hole jet plate with longitudinal fins air heater is more as compared to
cross flow staggered hole jet plate solar air heater with longitudinal fins.

NOMENCLATURE

A surface area of absorber plate, m?

Av base area of the fin, m?

Ac cross-sectional area of the fin, m?

Aj area of jet hole, m?

A2 cross-sectional area of upper channel, m?
Cp specific heat capacity of air, kJ/kg°K

d air thicness between absorber and cover plate, m

D» hydraulic diameter of upper channel in cross flow air heater, m
Dy=4WZ/2(W+2Zy)

D diameter of jet hole, m

De equivalent hydraulic diameter of upper channel in jet plate with
longitudinal fins solar air heater, m
De=4[pZ>— Lt 6r] / 2[(p + L1]

Fi dimensionless constant

) cross flow degradation factor

fs friction factor

hpj average plate-to-jet air heat transfer coefficient, W/m?K

I incident solar flux, W/m?

ka thermal conductivity of air flowing through duct, W/mK

kal thermal conductivity of the fin material, W/mK

ki thermal conductivity of the insulation material

li insulation thickness, m

L collector length or width of fins, m

L corrected length of the fin, m

L length of the fins, m

m dimensionless number

m Fin parameter, m’!

mi mass flow rate of air through lower channel, kg/sec

N total number of holes in the jet plate

Ne total number of fins undersibe the absorber plate

Nupj  Nusselt number at upper channel

Pr perimeter of the fin, m

p pitch of the fins, m

Or actual rate of heat transfer with fin, W

Omf  maximum rate of heat transfer from the fin, W

Onr  rate of heat transfer without fin, W

Rejz  flow Reynolds number between absorber plate and jet plate

Rep  jet Reynolds number

Ta ambient temperature, °C

Ta air temperatur at lower channel, °C

T2 air temperatur at upper channel, °C

Ti inlet air temperature above jet plate in mixing of air, °C

To outlet air temperature, °C

Tol outlet air temperature at jet hole, °C

Tp absorber plate temperature, °C

14 wetted mean inlet air velocity in the lower channel, m/sec

Zz wetted mean inlet air velocity in the upper channel, m/sec

Vo wetted mean outlet air velocity in the upper channel, m/sec
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Global Digital Central
ISSN: 2151-8629

jet air velocity, m/sec

v average velocity of air in the upper channel, m/sec
average velocity of Vay and Vo, in upper channel, m/sec
span-wise pitch of the jet holes, m
stream-wise pitch of jet holes, m
width of solar air heater, m
distance between the jet plate and bottom plate, m
distace between the absorber plate and jet plate, m

p density of air, kg/m?

ot thickness of the fins, m
u dynamic viscosity of air, Pa.sec
Greek Symbols

n collector efficiency

% tilt angle

é effectiveness of the fin
nr fin efficiency

Subscripts

Al aluminum

i inlet air at upper channel
j jet air / jet plate

0 outlet air at heater exit

ol outlet air at jet hole
P absorber plate
t thickness
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