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ABSTRACT

Inserting the jet plate between the bottom plate and absorber plate in a flat plate solar air heater has been proposed as an excellent option to enhance
the performance of the conventional solar air heater. This research work presents an experimental study of flow and heat transfer in a jet plate solar air
heater. Results are presented for the different mass flow rates of air 72; and 712, Reynolds number Rej.2, streamwise pitch of the holes to jet hole diameter
X/D, depth of upper channel to jet hole diameter Z>/D, fixed number of jet hole N and angle of tilt 6. In the present study, it is found that outlet air
temperature, collector efficiency, heat transfer coefficient and Nusselt number are higher at lower jet hole diameter, D (6 mm) as compared to higher
jet hole diameter, D (8 mm and 10 mm) irrespective of the mass flow rates, r2; and riz2. The outlet air temperature decreases with increase of mass flow
rates of air (72 and r2) and jet hole diameter. Based on the experimental data, the correlation for Nusselt number has been developed.
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1. INTRODUCTION

In the solar energy applications, use of the conventional flat plate solar
air heater is very common for drying of agricultural crops and space
heating. In this system, the incoming solar radiation from the sun is
incident on the absorber plate, which in turn transfers the heat to the
flowing air by convection and surface radiation heat transfer (Sukhatme,
1996). In the last five decades, many new developments have been made
in the solar air heating systems to improve its thermal performance as
discussed in the following literatures.

Perry (1954) studied the convection heat transfer from a hot gas jet
to a plane surface. Gupta and Garg (1967) presented the performance
characteristics of four types of solar air heaters in an experimental study.
Out of these four solar air heaters, two are corrugated type, while the
other two are mesh type. Instead of the same rate of discharge, the same
amount of pumping power was employed to take the unequal frictional
losses into account for the comparison of the overall heater efficiency.
The rating parameters like the plate efficiency factor, heat removal
efficiency factor, overall heat loss coefficient and the effective
absorption coefficient are also reported for the local weather conditions.
Kercher and Tabakoff (1970) conducted an experimental investigation to
study the heat transfer by multiple square arrays of round air jets
impinging perpendicular to a flat surface including the effect of spent air.
Correlations are developed for the Nusselt number in a semi-enclosed
environment including the effects of the jet spent air flowing
perpendicular to the jets as well as the effects of the jet diameter, jet
spacing and jet to surface distance. Metzer et al. (1979) have found
experimental results on heat transfer characteristics for inline and
staggered arrays of circular jets with cross flow of spent air for various
depth of the flow channel. The investigation shows that the Nusselt
number is a strong function of Reynolds number. The result shows that

the Nusselt number depends on the specific hole patterns as well as its
spacings for the denser arrays. No significant enhancement in heat
transfer coefficient is found with change in the depth of flow channel.
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. The heat transfer coefficient in staggered hole jet plate is found
higher than inline hole jet plate for fixed jet hole diameter. Garg et al.
(1983) studied the effect of enhanced heat transfer area in solar air
heaters. Prasad and Saini (1988) studied the effect of artificial roughness
on heat transfer and friction factor in a solar air heater. Garg et al. (1989)
studied the performance of a fin type solar air heater, both experimentally
and theoretically. In the experimental setup, the fins are attached with the
upper plate of the conventional duct type solar air heater with single
glazing. The experiments are performed on two clear days for the two
different mass flow rates. Garg et al. (1990) evaluated the performance
of'a duct type solar air heater with rectangular fins in the air flow passage
between the absorber and the rear plate. The mathematical model
developed predicted the effects of the different design and operational
parameters on the thermal performance of the solar air heater. The
shallower duct depth as well as the increased number and length of the
rectangular fins improve the performance of the air heater, but increase
the pressure drop also. Thus, the energy expended in pumping the air
through the collector in increased.

Garg et al. (1991) made a numerical simulation of the theoretical
model to evaluate the effect of the number of rectangular fins, the length
of'the fins, the depth of the air channel and the air flow rate on the thermal
performance of the solar air heater. These results are compared with the
results for a conventional solar air heater with the same duct depth and
length. The outlet air temperature and total thermal energy collected are
increased with an increase in the number of fins and decrease in the duct
depth, while all other design and operational parameters are kept
constant. The shallower duct depth improves the thermal performance of
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the solar air heater, but increases the pressure drop also. Garg et al. (1990,
1991) accounted this expended energy by introducing a new term
‘effective heat gain', which is computed and compared for the different
cases separately. Chaudhury and Garg (1991) have done analytical study
in cross flow and non-cross flow inline hole jet plate solar air heater for
varying mass flow rates of air, jet hole diameter, depth of the channel and
pitch of the jet holes. The gain in air temperature increment in non-cross
flow jet plate over the parallel plate air heater is found as 9.5°C and
15.5°C for depth (Z), 0.05m and 0.10m respectively at fixed mass flow
rate of air n; (50.0 kg/hm?). The effects of various geometrical
parameters i.e., the hole or nozzle diameter on the jet plate, their
interspacing, the nozzle’s height, the distance between the absorber and
the jet plate and the other operational parameters such as the velocity of
the air impinging out of the holes or nozzles on to the back side of the
absorber surface is investigated on the performance parameters of the jet
impingement concept solar air heater. A detailed theoretical parametric
analysis is made on the design for different mass flow rates of air and
different lengths of air channel. Verma et al. (1991) presented a detailed
theoretical parametric analysis of a corrugated solar air heater with and
without cover. The flow channel depth is optimized for the maximum
availability of heat at the lowest collector cost. The effect of collector
parameters and operating conditions on the collector performance is
analyzed. Gupta et al. (1993) studied heat and fluid flow in rectangular
solar air heater ducts having transverse rib roughness on absorber plates.
This experimental investigation was carried out for the solar air heater
ducts with absorber plates having transverse wire roughness in
transitionally rough flow region. Thombre and Sukhatme (1995) studied
the turbulent flow heat transfer and friction factor characteristics of
shrouded fin arrays with uninterrupted fins.

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) made an experimental investigation of
solar air heater with free and fixed fins. Jaurker et al. (2006) studied heat
transfer and friction characteristics of solar air heater duct using rib-
grooved artificial roughness. Kurtbas and Turgut (2006) made an
experimental investigation of solar air heater with free and fixed fins.
Singh (2006) conducted the performance studies on continuous
longitudinal fins solar air heater. Prasad and Saini (1988), Sahu and
Bhagoria (2005) and Jaurker et al. (2006) have performed experimental
work for checking the performance of the parallel plate solar air heater
and also developed the correlations for Nusselt number and friction
factor at different flow conditions in the flow channel having roughness
of different shapes and sizes. Karsli (2007) made a performance analysis
of new design of 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 et al. (2008) have experimentally investigated the performance
of the jet impingement unglazed solar air heater for different width of
collector and pitch of the jet holes. The increment in thermal efficiency
is found as 21.0% in jet impingement unglazed air collector in
comparison to the parallel plate solar air heater. Aharwal et al. (2009)
presented the effect of artificial roughness of the absorber surface on the
heat transfer and friction factor in a parallel plate solar air heater. The
maximum enhancement in Nusselt number and friction factor as a result
of providing artificial roughness have been found as 2.30 and 2.83 times
respectively as compared to the smooth duct for an angle of attack of 60°.
The correlations for Nusselt number and friction factor are developed as
a function of roughness parameters of inclined discrete square ribs and
flow Reynolds number. 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) made an
experimental and numerical investigation of heat transfer characteristics
of inline and staggered arrays of impinging jets.

Chabane et 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
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heater with different mass flow rates in a smooth plate. Chauhan and
Thakur (2013) developed correlations for Nusselt number and friction
factor in cross flow inline hole jet solar air heater for different jet hole
diameter and pitch of the jet holes. The developed correlations show the
Nusselt number is a strong function of Reynolds number. 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) carried out an experimental investigation showing the effects of
channel spacing between jet plate and absorber plate on the performance
of cross flow staggered hole 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) performed
an experimental investigation of jet array nanofluids impingement in
photovoltaic and thermal collector. In this experimental study, the effect
of nanoparticles (SiC, TiO2 and SiO2) with water as its base fluid on the
electrical and thermal performance of a photovoltaic thermal collector
equipped with jet impingement was studied. Nadda et al. (2017) studied
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) made 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) presented an analytical investigation of solar air heater with jet
impingement using energy and exergy analysis. Sivakumar et al. (2019)
made 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 et al. (2020) utilized 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) made an economic, energetic and
exergetic optimization of roughened solar collectors with and without
impingement jet. It is observed that the existence of jet plate increases
the heating power and temperature difference significantly. 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) developed the heat transfer and
friction factor correlations for an impinging air jets solar thermal
collector with arc ribs on an absorber plate. Kumar et al. (2021b) made a
comprehensive review of performance analysis of solar thermal collector
with and without fins. The improvement in the thermal performance by
attaching the fins of various design, shapes and geometry underside the
absorber plate of the single pass and double pass solar thermal collector
is discussed. The influence of various fins on turbulence, heat transfer
and other performance parameters is discussed. The comparative study
in literature review suggests that the heat transfer rate for the solar air
thermal collector with fins is significantly greater in comparison with the
solar air thermal collector without fins. 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) analyzed the
thermal performance of jet impingement solar air heater with transverse
ribs absorber plate. Pazarlioglu et al. (2021) made a numerical analysis
of 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
et al. (2021) made a numerical analysis of a solar air heater with circular
perforated absorber plate.
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Das et al. (2022) made a numerical analysis of a solar air heater with
jet impingement and the comparison of performance between jet designs.
Flilihi et al. (2022) studied the effect of absorber design on convective
heat transfer in a flat plate solar collector through the CFD modeling.
Nayak et al. (2022a) presented an 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. Nayak et al. (2022b)
presented a performance analysis of longitudinal fin jet plate solar air
heater under cross flow condition. The empirical correlations for Nusselt
number, friction factor and fin effectiveness have been developed based
on the experimental data. Salman et al. (2022) utilized jet impingement
on protrusion or dimple heated plate to improve the performance of
double pass solar heat collector. The effect of different geometrical
parameters of jet impingement on indented protrusion of protruded
absorber plate in double-pass solar heat collector is investigated. Yadav
and Saini (2022) made a thermo-hydraulic CFD analysis of impinging jet
solar air heater with different jet geometries. This study analyzed the
thermal behaviour of impinging jet solar air heater with five different jet
geometries such as triangular, rectangular, square, hexagonal and circular
jet. Heat transfer as Nusselt number and pumping loss as friction factor
has been analyzed and compared for all the geometries under identical
operating conditions.

Based on the above cited literatures, it is found that no detailed
literatures are available on experimental work showing the influence of
staggered jet hole diameter on the performance of jet plate solar air heater
and also no empirical correlations are presented. Nayak and Singh (2016)
presented the influence of gap between absorber plate and jet plate, Z> on
the performance of the solar air heater. However, they have not
investigated the effect of jet hole diameter in the above case. So, the
present study focuses on the effect of jet hole diameter with fixed channel
spacing between jet and absorber plate (Z2) on the performance of the
solar air heater. In this investigation, the correlations for Nusselt number
as the functions of Reju2, X/D and Z>/D have also been developed, which
complies as one of the contributions of the present work.

2. DESCRIPTION OF EXPERIMENTAL SET UP AND
PROCEDURE

The photographic, schematic and sectional view of the experimental set
up are shown in Figs. 1(a), 1(b) and 1(c), whereas the pictorial view of
the staggered hole jet plate placed between bottom plate and absorber
plate is presented in Fig. 2. The experimental set up consists of blower,
dull black painted absorber plate, bottom plate, jet plate with staggered
hole, toughened glass cover plate, voltage regulator, three numbers of
digital temperature display units (DTDU) and thermocouples embedded
on each plate. The sides and bottom of the air heater are properly
insulated with glass wool for reducing the side and bottom heat losses.

The specifications of the solar air heater are shown in Table 1. The
total numbers of the circular holes (D = 6.0mm-10.0 mm) are 1173,
which are fixed for all cases and arranged in a staggered manner in the
jet plate. The total depth, Z between absorber and bottom plate is 14.0
cm which is divided into two separate flow channels by inserting the jet
plate between the absorber and bottom plate of the solar air heater. The
depth of bottom channel, Z; and upper channel, Z> are kept same and
equal to 7.0 cm. Three drilled holes, one each in the inlet side of the lower
and upper channel and one exit side are made for inserting the probe of
the Digital Hot Wire Anemometer (DHWA). The whole structure is
supported on a movable steel frame at a fixed tilt angle.

The mass flow rate in the inlet air at bottom channel, r; and upper
channel, m2 of the solar air heater is supplied by a single axial blower
regulated by a voltage regulator. The mass flow rate of air 71, impinging
out from the holes in jet plate is mixed with 712 and exits from the upper
channel. The inlet velocity VV;and V; in the lower and upper channels
respectively, outlet velocity V and velocity of the mixed air in the upper
channel V V, is measured by DHWA. The same instrument is used for
measuring the inlet air temperature, 7; and outlet air temperature, 7o of
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the mixed air. The accuracy of the instrument, DHWA is +0.05 m/s
(velocity) and +0.8°C (temperature) with the range of operating
temperature 0°C to 50°C. The temperatures of absorber plate (7r), jet
plate (7;) and bottom plate (75) are measured by the thermocouples
having accuracy +2.2°C or 0.4 % with the range of operating temperature
is 0°C to 1250°C. The total ten numbers of thermocouple are embedded
on the lower and upper surface of the absorber plate and jet plate.
However, total three numbers of thermocouple are embedded on the
bottom plate. During all the experiments, the solar intensity (/7) has been
recorded by using a pyranometer coupled with a digital millivoltmeter of
accuracy less than +1.0%. The tilt angle, 8 of the solar air heater is given
22.6° with respect to the horizontal surface.

This experimental works has been carried out in the winter season
during 09:00 A.M. - 03:00 P.M. in the clear sky at IIT (ISM) Dhanbad,
Jharkhand, India.
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Table 1 Specifications of the solar air heater

Dimension Specifications

Length of solar air heater, L L=20m

Width of collector, W W=10m

Streamwise pitch of the holes, X X =43 mm

Spacing between bottom and jet plate, Z; Zi=7cm

Spacing between jet and absorber plate, Z> Z>=Tcm

Jet hole diameter in jet plates, D D=6 mm, 8 mm,
10mm

Absorber plate thickness, ¢ t=1.0 mm

Absorptivity 0. =0.95

Jet plate thickness, ¢ (Material: Al-alloy) t=4.0 mm

Glass cover thickness, ¢ and transmissivity, ¢ t=4mm, t=0.95

(Material: Toughened glass)

Thickness of insulation li=2.5cm

(Material: Glass wool)

Air thickness, d d=254cm

Tilt angle, 0=22.6°

3. DATA REDUCTION

The experimental data for jet plate, absorber plate, bottom plate and air
temperatures at various locations in the flow channel have been recorded
under steady state conditions for given jet hole diameter (D), mass flow
rates of air (ri2; and rz2) and solar intensity (/7). The collected data have
been used for computing the heat transfer coefficient (4p)), collector
efficiency (7c), flow Reynolds number (Reja2), Nusselt number (Nupy) and
friction factor (fs) for the given set up. In order to calculate /p;, #c, Rejaz,
Rep, Nup; and f;, the following equations are used under steady state
condition.

hpj= (1 +m3z) Cp (To—Ti) /A (Tp— Ta2) (1)
where T; = (T + m2T3) / (i1 + 1iiz)

and Tuw2 = [ruTr + m2To + (1 + mz) To] / 2(mi + miz)

Collector efficiency, ne = (ris + mz) Cp (To—Ta) /ITA ®)
Reynolds number in upper channel, Reja2 = pV D2 /u 3)
where V=V + Vo) /2, Vav=(AV; + AV2) / (A2+ 4)),

A> =W Z> and V; = 41i11/NprnD?

Nusselt number in upper channel, Nup; = hp; D2/ ka @

4. UNCERTAINITY ANALYSIS

Kline and Klintock method (1953) has been used for finding the total
uncertainties (precision and bias) in heat transfer coefficient (%g)),
collector efficiency (7c) and flow Reynolds number (Rejq2), which are
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mainly related with (1, riiz, To, Ti, Tp, Ta2), (1, m2, Ta, To, It) and (p, V},
V>, V,) respectively. However, i is related with the density, p of air and
V. Similarly, i is related with density, p of air and V> and density, p
with temperature, 74. Hence, the total uncertainties of /p;, # and Rejaz
are related with (T, VV 1, V2, To, T, Tp, Ta2), (T4, VV 1, V2, To, Ir) and (T4,
V;, V2, Vo) respectively.

The total uncertainties in Ap;, #¢, Rejaz, T4, Ti, To, W}, 72, V,and Ir
are found as +0.71%, +0.04%, +£0.21%, +£0.64%, +0.18%, +0.08%,
+0.03%, +0.02%, +0.03% and +0.23% respectively.

Uncertainty formulation (Moffat, 1988) is presented in Appendix A.

5. RESULTS AND DISCUSSION

5.1 Effect of mass flow rates of air (#2; and ri2) and jet hole
diameter (D) on outlet air temperature (7,) and collector
efficiency ()

B DO=10.0mm, ¥X/0=4.3, Z__ID:?.TJ.:EE.E'C-
mn ={0029-0.041 jkgts, | SE65.T Wimn2, [02-02-14]
& D= 8.0mm, X¥0=5.4, Z_D=8.75,T,=26.0"'C
m_={0.021-0.042 kg s, | =546.2 Wimaz, [25-01-14]
A& D= &80mm, X0=T.2, Z D=11.67,T,=27.1"C
mn ={0.020-0.043 kg5, | =519.0 Wim2, [25-12-13] 1
—_— mgrassian line

34

w
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Outlet ar termperdune,
W w
= b

2
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Fig. 3 Variation of outlet air temperature with mass flow rates of air
(m1 and m2) and jet hole diameter (D) in cross flow staggered
hole jet plate solar air heater for X/D (4.3-7.2) and Z2/D (7.0-
11.67)

@ D=10.0 mm, X/D=4.3, Z/D~=7.T,~25.8°C
m,=(0.021-0.041)kg/s, 1,=665.7 Wim2, [02-02-14]
® D=80mm, X/D=54,2Z /D=8.75T =26.0°C
m_={0.021-0.042)kg/s, | =646.2 Wim2, [25-01-14]

4 D=60mm, X/D=7.2,Z/D=11.67.T,=27.1°C
m =(0.020-0.043)kg/s, | =619.0 Wim2, [26-12-13]

regression line

cdlector efficiency, (%)

Mass flow rate ofar, m |, (kg/s)
Fig. 4 Variation of collector efficiency with mass flow rates of air
(m1 and m2) and jet hole diameter (D) in cross flow staggered

hole jet plate solar air heater for X/D (4.3-7.2) and Z>/D (7.0-
11.67)
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Figures 3 and 4 show the outlet air temperature (7,) decreases and the

collector efficiency (#.) increases with increase in mass flow rates of air m D=10.0 mm, XD=4.3, Z 0=7.0
(m; and m2) for fixed X/D and Z»/D. It is observed that the outlet air m_={0.021-0.041 kghs, | 2B6ET Wi
temperature (7,) and collector efficiency (7c) are higher for small jet hole & D=B.0mm, XD=5.4, Z /D=875,

diameter D (6.0 mm), fixed streamwise pitch of the holes, X (43.0 mm),
depth of channel Z; (7.0 cm) and Z> (7.0 cm) due to high jet air velocity
(Vj). The air with the high jet velocity strikes the lower surface of the
absorber plate and breaks the thermal boundary layer of the surface
resulting in increment in heat transfer coefficient, 4pj leading to
enhancement in outlet air temperature and collector efficiency for all
range of mass flow rates of air s; and 2. The collector efficiency
increases with increase in mass flow rate due to increment of heat transfer
from the absorber plate (McAdams, 1954). For 71; (0.04 kg/s) and X/D
(4.3-7.2), the increment of outlet air temperaure (7,) and collector
efficiency (7.) are obtained as 4.46% and 21.4% higher in smaller jet hole
diameter, D (6.0 mm) as compared to larger jet hole diameter, D (8.0
mm). Further, the increment of outlet air temperature and collector
efficiency are found as 5.47% and 30.8% higher in smaller jet hole
diameter, D (6.0 mm) with respect to larger jet hole diameter, D (10.0
mm). Even at lower I7(619.0 W/m?), the maximum gain in the outlet air
temperature is observed as 1.6°C and 2.2°C for smaller jet hole diameter,
D (6.0 mm). Similarly, the maximum gain in collector efficiency is found
as 10.5% and 14.9% respectively, for the smaller jet hole diameter, D Toog
(6.0 mm) at mass flow rate of air 7z (0.064 kg/s) and X/D (4.3-7.2). SRk .04 0.0 o.0e 07

Mass flow rate af air, m| (kgis)

m =002 1-0.042 kgs, | = 6482 Wim”
& D=R.0mm, XD=7.2 Z/D=1187,
m,_ = 00200043 kg5, | =6180Wm"

— FEre S o B E

T
A

af femard <o fesd tmareshor, b

LEd

5.2 Effect of mass flow rates of air (rz; and r12) and jet hole
diameter (D) on heat transfer coefficient of absorber Fig. 5 Variation of coefficient of heat transfer (/j) with mass flow
plate-to-jet air (hr)) rates of air (m; and m2) and jet hole diameter (D) for X/D (4.3-

7.2) and Z/D (7.0-11.67
Figure 5 shows that the effect of mass flow rates of air (r2; and #12) and )and Z/D ( )

jet hole diameter on heat transfer coefficient of absorber plate-to-jet air
(hpj) in cross flow staggered hole jet plate solar air heater for fixed

streamwise pitch, X (43.0 mm) and reveals that the heat transfer & D=100 mm, X0=4.3, X=43 mm,Z /D=T0,
coefﬁcier}t, hp;j increases with decrease in jet hole diameter for mass ﬂozw Z,=7.0 em, m={0.021-0.041)kg/s, V_={0-0.02) m/s
rates of air (s2; and mi2) and X/D (4.3-7.2). Even at lower I7(619.0 W/m?), & D=8.0mm X0=5.4 ¥=45 mm. 7 H=BT5

the heat transfer coefficient, Apj is found higher at smaller jet hole
diameter, D (6.0 mm) for fixed mass flow rates of air (72; and 712) and
X/D (4.3-7.2). The higher &p; in lower jet hole diameter is due to high jet 4 D=G.0mm, XD=7.2, X=43 mm, Z/D=11.67,

air velocity (V) through the jet hole. This higher value of heat transfer . Z =7.0 cm, m ={0.020-0.04 3kgis, ¥V ={0-0.02) m/s
coefficient of plate to jet air, 4pj leads to increment in outlet air T . . )
temperature and collector efficiency. For fixed mass flow rate, n2; (0.064

kg/s) and X/D (4.3-7.2), the maximum increment of /pj is found as 57.9%

and 82.9% higher at lower jet hole diameter, D (6.0 mm) than higher jet 7o

hole diameters, D (8.0 mm) and D (10.0 mm) respectively.

5.3 Effect of mass flow rates of air (s2; and r12) and jet hole .
diameter (D) on Nusselt number (Nup)) o

Figure 6 shows that the Nusselt number (Nupj) increases with increase in

mass flow rates of air n1; and 12, whereas the Nusselt number decreases 50

with increase in jet hole diameter (D) for X/D (4.3-7.2) and Z»/D (7.0-

Y
Y
F Y
11.67). For fixed mass flow rates of air (7i2; and 712) and X/D (4.3-7.2), »
the Nusselt number is found substantially higher at smaller jet hole 40 LI
diameter, D (6.0 mm) as compared to larger jet hole diameter, D (8.0 mm
[ ]

and 10.0 mm) due to formation of high jet air velocity, ¥j through the jet
holes. The high jet air velocity creates more turbulence in the air within .
the channel resulting in increment in heat transfer coefficient (/pj) and “o.0% 0.04 0.05 607
Nusselt number (Nupj). The Nusselt number increases with increase in
mass flow rates of air (427 and 7i12) due to high air flow velocity (V) in the
channel, which leads to increment in heat transfer coefficient (4pj) and
Nusselt number (Nupy). For ni;(0.064 kg/s), X/D (4.3-7.2) and Z>/D (7.0- Fig. 6 Variation of Nusselt Number (Nup;) with mass flow rates of air
11.67), the maximum increment of Nusselt number (Nupj) are found as my and m2for X/D (4.3-7.2) and Z»/D (7.0-11.67)

52.6% and 75.0% for lower jet hole diameter, D (6.0 mm) with respect

to higher jet hole diameter, D (8.0 mm) and D (10.0 mm).
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5.4 Variation of Nusselt number (Nupj) with Reynolds number

(RejaZ)

B D=100 mm, X/DO=4.3, X=43 mm, 2_.'I:I-.'-".Cl. 2_ =7.0 em,
m,={0.035-0.085)kg/=, i, ={0.021-0.04 1)kg /=,

® D=B.0mm, XD=54, X=43mm, Z D=875 Z=7.0cm,
m ={0.036-0.084kg/s, m ={0.021-0.04 2)kg s,

& D=6.0mm, XD=72, :-R-:i.l mm, 2_ D=11.87, 2_ =7.0 em,
m={0 034 -0.06 B)kg /s, m ={0.020-0.04 3)jkg s, |
regression ne

:_n

Mussat umber, Mo

\\

@

4000 4500 S000 5500

Fig. 7 Variation of Nusselt number (Nup;) with Reynolds number
(Reja2) in cross flow staggered hole jet plate solar air heater for
X/D (4.3-7.2)

The variation of Nusselt number with Reynolds number (Reju2) is
presented in Fig. 7. The Nusselt number (Nupj) increases with increase
in Reynolds number (Reja2) in jet plate solar air heater for fixed X/D and
Zy/D. For all range of Reynolds number (Reju2), X/D and Z»/D, the
Nusselt number has been found higher in lower jet hole diameter, D (6.0
mm), because of getting higher jet air velocity (V) for lower jet hole
diameter resulting in increment of Nusselt number of jet plate solar air
heater. The Nusselt number increases with the increase in Reynolds
number due to increase of turbulence in the air, which results to
increment of heat transfer from the absorber plate. The maximum
increment in Nusselt number (Nup;) are found as 18.52% and 26.33% at
jet hole diameter, D (6.0 mm) with respect to jet hole diameter, D (8.0
mm) and D (10.0 mm) respectively for X/D (4.3-7.2) and Z»/D (7.0-
11.67), whereas the maximum increment of Nusselt number are obtained
45.8% and 83.7% in jet hole diameter, D (6.0 mm) than the jet hole
diameter D (8.0 mm) and D (10.0 mm) respectively at Rejq2 (4265.0),
X/D (4.3-7.2) and Z2/D (7.0-11.67) in jet plate solar air heater.

5.5 Correlations

In the present work, the range of parameters for correlations are
considered as 2600 < Reja2 < 5200,4.3 <X/D <7.2,7.0<Z/D <11.67.
Based on a large set of experimental data, the following new empirical
correlations are presented.

5.5.1 Correlation for Nusselt number (Nup;j)
Nup] =0.0248 (Reja2)0'7609 (X/D){).62{)4 (Zz/D)0'0634 (5)

Reynolds number (Rejq2) directly affects the Nusselt number (Nupj) and
its positive exponent shows that the Nusselt number (Nupj) increases with
increase of Reynolds number (Reja2) in the jet plate solar air heater. The
positive exponent of the terms (X/D) and (Z2/D) indicate the Nusselt
number (Nup;) increases with increase in streamwise pitch of the holes
(X) and depth of channel (Z2) for fixed jet hole diameter (D). It also
signifies that the Nusselt number (Nupj) increases with decrease in the jet
hole diameter (D) for the fixed values of X and Z.. The value of
correlation coefficient 0.90 indicates the goodness of fit as shown in the
Fig. 8.
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Fig. 8 Parity plot between predicted and experimental values of
Nusselt number for X/D (4.3-7.2) and Z2/D (7.0-11.67)

6. CONCLUSIONS

In the present paper, an experimental investigation has been reported
analyzing the effect of mass flow rates of air (s2; and m2) and jet hole
diameter (D) on the performance of jet plate solar air heater. For all range
of mass flow rates of air (s2; and m12), X/D (4.3-7.2) and Z2/D (7.0-11.67),
it has been found that the outlet air temperature (75), collector efficiency
(n¢), coefficient of heat transfer (4pj) and Nusselt number (Nupj) are
higher for smaller jet hole diameter, D (6.0 mm). Even at lower /7(619.0
W/m?), the gain in outlet air temperature (7,) and collector efficiency (7.)
are obtained as 1.6°C and 10.5% at smaller D (6.0 mm) than larger jet
hole diameter, D (8.0 mm) and D (10.0 mm) respectively for fixed i;
(0.035 kg/s). The maximum increment in heat transfer coefficient (%#)) is
found as 57.9% and 82.9% at smaller D (6.0 mm) in comparison to larger
jet hole diameter, D (8.0 mm) and D (10.0 mm) respectively, whereas the
maximum increment in Nusselt number (Nupj) is obtained as 52.6% and
75.0% at smaller jet hole diameter, D (6.0 mm) than larger jet hole
diameter, D (8.0 mm) and D (10.0 mm) respectively for mass flow rate
of air, m; (0.064 kg/s). In order to predict the performance of the air
heater, the correlations of Nusselt number are also been developed
presented in this paper.

APPENDIX A

A.1 Method of Uncertainty Analysis

Heat transfer coefficient, hp; = (s + mz) C (To—Ti) /A (Tp— Taz) in cross
flow jet plate solar air heater is related with 7, m2, To, Ti, Tpand Ta2.
However, ru is related with the density, p of air and V. Similarly, 7 is
related with density, p of air and V> and density, p with temperature, T4.
Hence, the Ap;is related with Ty, WL Vs, T, T, Tp and Tay. Here, each
measured quantities have some uncertainty (x) and these uncertainties
creates an uncertainty in calculated result of the /p;.

By the approximation, /p; is a linear function of the independent

variables, (T4, VV 1, V2, To, Ti, Tr and T.2) and these behave like standard
deviation (o). Hence, the precision uncertainty in kp; for 95% of the
confidence be,

Pa, = H(Pa,) + () + (Pa) + (Prr) + (7o) +

(Pr,)” + (Par,,) 12 (A1)
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where, PR"P}‘ = uhpj/ hpj, PRTA = ur,/ Ty Pvaz uVl/ Vi,

Pp = uvz/vz, PRTO= ur,/ To, PRTi = ur,/T;,

V2

Pg,, = ug,/ Tp, and PR =ur,/Ta

Taz

Likewise, the standard deviation of /p; is,
Onp,/ hpj = [(o1,/ Ta)? + (07,/ V) + (UVZ/VZ)Z + (or,/ T,)* +
2 2
(or,/ T)? + (UTP/ TP) + (GTaZ/ Taz) 11/2 (A2)

This approach of uncertainty has been established by S.J. Kline and
F.A. McKlintock (1953). The two types of uncertainties are associated in
the uncertainty of hp. These are bias uncertainty and precision
uncertainty. Both uncertainties may be considered separately. The
estimate for single-sample precision uncertainty in /p; be,

PRth/ hpj =1.96 (O-th/ hpj) (A3)

Now after considering the bias uncertainty (Bhpj/hp/), the total
uncertainty of /p; be,

Unp; = £ [(Pry,,/hpj + Bny;/hpj] 1/2 (A4)
where By, / hoj = [(Br,/ Ta)* + (By,/ Vo) + (By,/ V2)? +

(Br,/ To)? + (Br,/ T1)* + (Br,/ Tp)* + (Br,,/ Ta2)?]'/?

A.2 The Total Uncertainty in /p;

In this study, the experiments are carried out in cross flow staggered hole
jet plate solar air heater for variable jet hole diameter D (6.0 mm, 8.0 mm
and 10.0 mm). For D (6.0 mm, 8.0 mm and 10.0 mm), the mean values
of the variables (kp;, 5e, Rejaz, Ta, Tp, Ty, To, VV 1, V2, Vj, Vo, and I7) are
obtained separately for each day and the mean (of mean values of the
variables) are mixed and considered together. The total uncertainty
(precision and bias) of the /p; has been calculated from the Eq. (A4). The
precision uncertainty of each measured quantities is found by the Eq.
(A3) and the bias uncertainties of each measured quantities are taken
from the manual of the measuring instruments.

NOMENCLATURE
A surface area of absorber plate, m?
Aj area of jet hole, m?
A2 cross-sectional area of upper channel, m?
B bias uncertainty
Cy specific heat capacity of air, kJ/kgK
D diameter of jet hole, m
D:; hydraulic diameter of upper channel, m
D2=4WZ:/ 2(W + Z3)
d air thickness between the absorber and cover plate, m
hpj average plate-to-jet air heat transfer coefficient, W/m2K
Ir incident solar intensity, W/m?
ka thermal conductivity of air flowing through duct, W/mK
l; glass wool thickness, m
L length of air heater, m
iy mass flow rate of air in parallel plate and bottom channel, kg/s
72 mass flow rate of air in cross flow, kg/s
N total number of jet holes in jet plate
Nupj Nusselt number between absorber and jet plate
Pr precision uncertainty
Rejaz flow Reynolds number between absorber plate and jet plate
T4 ambient air temperature, °C
T: inlet temperature of air at bottom channel, °C
T inlet temperature of air at upper channel, °C
Ta channel air temperature in parallel plate air heater, °C
Tar air temperature at lower channel, °C

Taz air temperature at upper channel, °C
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T; inlet air temperature above jet plate in mixing of air, °C
To outlet air temperature, °C
Tor outlet air temperature at jet hole, °C
Tp absorber plate temperature, °C
Vv, wetted mean inlet velocity of air in bottom channel, m/s
V2 wetted mean inlet velocity of air in the upper channel, m/s
Vi jet air velocity, m/s
v average flow velocity of air in the upper channel, m/s
VVV,  wetted mean outlet velocity of air in the upper channel, m/s
Vi wind velocity, m/s
VVa average velocity of jet air and inlet velocity in upper channel,
m/s
w air heater width, m
X streamwise pitch of the holes, m
Y spanwise pitch of the holes, m
VA total depth of solar air heater (Z1+Z2), m
Zi spacing between jet and bottom plate, m
Z> spacing between jet and absorber plate, m
Greek Symbols
e collector efficiency
0 angle of tilt
p density of air, kg/m?
T transmissivity of glass cover
Subscripts
i inlet air at upper channel
j jet air or, jet plate
0 outlet air at heater exit
ol outlet air at jet hole
P absorber plate
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