
Citation: Maithani, R.; Kumar, A.;

Kumar, M.; Sharma, S. Sustainability

and Cost Effectiveness Analysis of

Staggered Jet Impingement on Solar

Thermal Collector. Energies 2022, 15,

7345. https://doi.org/10.3390/

en15197345

Academic Editor: Andrea De Pascale

Received: 9 September 2022

Accepted: 4 October 2022

Published: 6 October 2022

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

energies

Article

Sustainability and Cost Effectiveness Analysis of Staggered
Jet Impingement on Solar Thermal Collector
Rajesh Maithani 1 , Anil Kumar 1,*, Manoj Kumar 2,* and Sachin Sharma 1,*

1 Department of Mechanical Engineering, University of Petroleum and Energy Studied,
Dehradun 248007, India

2 Department of Mechanical Engineering, DIT University, Dehradun 248009, India
* Correspondence: k.anil@ddn.upes.ac.in (A.K.); drmanoj.kumar@dituniversity.edu.in (M.K.);

sachin.sharma@ddn.upes.ac.in (S.S.)

Abstract: The sustainability index, waste energy ratio and improvement potential of a staggered air
jet impingement on the staggered spherical protrusions of a roughened absorber plate were derived
for the present study to evaluate exergy losses and irreversibility in the system. The experimental
analysis was carried out for selected parameters: relative streamwise pitch, relative spanwise pitch
and relative jet diameter to hydraulic diameter ratio. The flow Reynolds number ranged from
4000–18,000. The augmentation in Nusselt number and friction factor compared to a smooth surface
was 4.9 and 12.4 times, respectively. The statistical correlation developed determined the maximum
thermohydraulic performance parameter and exergetic efficiency be 3.02 and 3.87%, respectively.
The magnitude of the sustainability index, waste energy ratio and improvement potential was found
to be 1.0347, 0.962 and 10.84, respectively, for the entire range of tested parameters. A cost analysis
was also performed to evaluate the cost-effectiveness of the solar thermal system with and without
turbulent promoters.

Keywords: jet impingement; protrusion roughness; sustainability index; waste heat recovery

1. Introduction

Increasing renewable energy demands are leading to the enhancement of the per-
formance of solar thermal systems, which are applied in various domains [1]. A lower
thermal efficiency in terms of the solar thermal collector (STC) due to an inferior convective
heat transfer coefficient is a major obstacle to harvesting thermal energy. The deficiency
can be overcome by unsettling the boundary layer formed on the heat transfer surface by
creating artificial roughness of different forms such as transverse and angled ribs, V, W and
Z-shaped ribs, a dimple and protrusion-shaped roughness, baffles and blockages [2]. The
impinging jet is reported to be an effective method for heat transfer enhancement [3]. The
integration of an artificially roughened heated plate with the impinging of air to enhance
the convective heat transfer coefficient [4,5] is an effective technique when used to harvest
good amount of thermal energy. A lower thermal efficiency in terms of the solar thermal
collector (STC) due to inferior convective heat transfer coefficient is a major obstacle to
harvesting thermal energy.

Nadda et al. [6] analyzed a heated surface roughened with a protrusion in an arc shape
by impinging the air jets on a solar air heater (SAH) absorber plate. A maximum thermal
hydrodynamic performance of 1.5 was achieved. Kercher and Tabakoff [7] analyzed stream-
wise and spanwise pitches in a low velocity jet impingement process. Nadda et al. [8]
analyzed an SAH duct for thermal performance by impinging air jets on the heated ab-
sorber plate. The investigation reported that the heat transfer enhancement was significant,
but the corresponding pressure drop penalty decreased the overall thermohydraulic per-
formance of the SAH, as determined by the preference selection index (PSI) methodology.
Metzger et al. [9] studied the effect of the staggered impingement of air jets on a heated
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surface. The results reported that the incorporation of jets in staggered arrangements
are not better than the in-line arrangement of jets in terms of thermal performance for
the selected parameters. Chauhan et al. [10] analyzed the effect of employing the air jets
impinging on a heated absorber plate surface with an aim of analyzing the thermal perfor-
mance of the SAH duct. The various geometric parameters considered were the pitches
in the flow direction and transverse direction, the diameter of the jet and the flow (Re).
The outcome of the analysis revealed a substantial improvement in the Nu ratio of 2.67.
Brevet et al. [11] investigated the array of air jet impinging on a heated surface for a range
of jet impingement distances and spanwise jet-to-jet spacing. The air leaving the heated
section after impingement was directed in a particular direction. The analysis resulted in
the determination of the parametric values for spanwise jet-to-jet spacing and impingement
distance to be 3 to 6 and 4 to 5, respectively. Nadda et al. [12] experimentally analyzed an
SAH duct for its heat transfer and friction characteristics by impinging circular air jets on
the heated surface. The analysis was carried out by selecting various geometric parameters,
i.e., relative height ratio, relative width ratio, relative pitch ratio and the angle of the arc.
The Nu and f ratios, when compared with the smooth duct of an SAH, were found to
be 6.29 and 9.25, respectively, and the extreme thermohydraulic performance parameter
achieved was 3.64. Mishra et al. [13] experimentally studied the effect of various parameters
on a solar air passage with air jet impingement. An analytical hierarchy preference selection
process using the (AHP-TOPSIS) technique was used to determine the set of geometric
parameters that deliver the highest thermal performance with minimum friction losses.
Sedighi et al. [14] analyzed the cooling effect by impinging four air jets in a turbulent
regime on a heated plate with the parameters selected as follows: the distance between
the jets and the heated plate, the distance between the jets, the angle of the jets and the
distance between the outer and inner jets. The results reported that the Nu is enhanced
when the impinging jet angles are fixed at a higher Re, when the jet-to-jet and jet-to-heated
surface spaces are smaller and when there is a broader opening in terms of the outer jets.
The swirling air jet impinging on the heated SAH absorber plate was analysed numerically
by Afroz and Sharif [15], who reported an 8% enhancement in the Nu by incorporating a
swirling motion, as compared to a non-swirling motion.

The analysis of thermal performance using jet impingement is supported by the nu-
merical techniques of various investigators. Issac et al. [16] experimentally and numerically
analyzed the performance of a round jet for various nozzle to plate spacing. The numerical
analysis was carried out using a different RANS turbulence model. The results reported
that the magnitudes of the inlet turbulent intensity and eddy viscosity play a major role
in performance enhancement. N. Celik [17] applied the design of experiment (DoE) and
analysis of variance (ANOVA) to an experimental investigation of impinging jets. The
major factors considered for investigation were the roughness of the heated surface and
the jet geometry. It was reported that the Nu highly was affected by the radial distance,
whereas the effect in terms of surface roughness was much lower. Singh et al. [18] exam-
ined the influence of air jet impinging on a rectangular duct of double pass SAH with a
corrugated wavy shape jet plate. A bed porosity of 98% and impinging plate perforation
of 0.48% yielded a maximum thermal efficiency of 94%. Kumar et al. [19] investigated an
SAH duct with air jet impinging through a circular inside conical ring and found that the
maximum thermos-hydraulic performance parameter was 2.16. Different configuration
in terms of inner conical ring obstacles were analyzed by Kumar et al. [20] using an SAH
rectangular duct with impinging air jets and an of Re from 5000 to 23,000. The maximum
rate of heat transfer obtained was of the order of 2.33. Statistical correlations using the
regression analysis were developed for Nu and f . Erasmus et al. [21] experimentally and
numerically investigated the impinging of an air jet on a concave hemispherical surface us-
ing computational tools. The correlation in terms of Nusselt number and the total pressure
loss was developed in terms of Reynolds number and the Prandtl number.

The above literature study reveals that impinging jets are a significant heat enhance-
ment technique. Artificial roughness generates a secondary flow because of the generation
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of vortices, which enhances the convective heat transfer. A staggered fluid jet impinging
on the heated surface with a staggered roughness will boost the heat transfer, and it was
this objective that the present study investigated. The parameters selected for investigation
are novel, as there is no literature review present for the analysis of staggered jets on a
staggered spherical protrusion location. The jets were impinging on the heated surface at
the location where the surface was roughened in form of spherical protrusions. The loca-
tion of the jet was exactly below the hemispherical protrusions, and the jet and protrusion
diameters were the same. The location of the perpendicular striking staggered jets was
exactly below the spherical protrusions to diverge the span of the jet to a larger area. A
schematic of the jet position on the plate and the protruded plate is shown in Figure 1. The
range of flow and geometrical parameters selected for the experimental investigation were:
The relative jet diameter to hydraulic diameter ratio (dj/Dh) ranged from 0.043–0.086, the
relative streamwise pitch (X/Dh) was in the range of 0.869–2.173 and the relative spanwise
pitch (Y/Dh) was in the range of 0.434–1.08; the flow Reynolds number (Re) was selected
in the range of 4000–18,000.
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Figure 1. (A) Jet position on plate and (B) test plate with staggered protrusions.

The methodology followed in the present investigation is displayed in Figure 2. The
process of data collection was followed by thermos-hydraulic performance analysis, correla-
tion development, exergy calculation, a sustainability assessment and finally a cot analysis
of the thermal system.
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2. Experimental Facility

The experimental test rig (Figure 3) consisted of test, entry and exit section lengths
of 1.1, 0.43 and 0.21 m, respectively, according to the ASHRAE standards [22]. A heat
flux of 1000 W/m2 was simulated indoors with the help of a nichrome wire electric heater
controlled by a variable transformer. The transformer parameters were controlled by a volt-
meter and ammeter with a count of at least 1 V and 0.01 A, respectively. The flow Reynolds
number through the test section was determined with the aid of a U-tube manometer with a
count of at least 1 mm, and the pressure drop penalty across the investigated heated section
was measured by an at least 0.1 Pa count digital micro-manometer. The working fluid
temperature was measured at the inlet and outlet of the test section and the heated surface
by 21 calibrated (PRESYS T-25N Calibrator, least count 0.01 ◦C) J-Type thermocouples with
an accuracy of ±0.1 ◦C. Air was circulated through the test section by a 2 HP centrifugal
blower. The perforated impingement jet plate was inserted between the heated test plate
and the bottom surface of the rectangular duct.
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3. Data Reduction

The temperature and pressure drop data collected experimentally is presented in
the dimensionless form as Nusselt number (Nu) and friction factor ( f ), respectively. The
computation starts with the calculation of the air mass flow rate (

.
m) from the pressure drop

(∆Po) determined by the calibrated orifice plate with area of Ao. Air is the cooling medium
in the rectangular channel, with physical properties (µa, cp,a, ka) calculated on the basis
of the temperature of the air at the experimental location. The

.
m is determined using the

following formula.
.

m = Cd Ao

[
2ρ∆Po/

(
1 − β4

)]0.5
(1)

where ∆Po = 9.81∆hoρm and Cd is the coefficient of discharge.
The flow Reynolds number (Re) through the setup of the hydraulic diameter (Dh) is

found by:
Re = ρaVDh/υa (2)

The pressure drop (∆Pd) generated across the duct determines the friction factor ( f ) by
applying the Darcy equation as

f = 2(∆Pd)Dh/4ρaLV2 (3)

The heat transfer coefficient (h) of the heated plate is used to determine the Nusselt
number (Nu)

Nu = hDh/K (4)
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Using the uncertainty method proposed by Kline [23], the highest uncertainties in
terms of the mass flow rate: ±2%, Reynolds number: ±2.5%, Nusselt number: ±4.9% and
friction factor: ±4.7% was determined.

4. Cost Analysis

A cost study was carried out in order to calculate the solar air heater’s cost to benefit
ratio (CTBR). The CTBR compares the solar air heater’s annual costs (AC) per unit surface
area to the solar air heater’s energy gained annually (EGA) [24,25].

CTBR =
AC

EGA
(5)

Collector annual cost (CAY), pumping annual cost (PAC), annual maintenance cost
(AMC) and annual salvage value (ASV) are all included in the AC(ASV). These variables
are connected to annual costs in the following way:

AC = CAY + PAC + AMC − ASV (6)

CAY = IC × CRF (7)

IC = CCA + SFC + TFC (8)

where IC is the initial cost.
The Capital reclamation factor is

CRF =
i(i + 1)t

(i + 1)t − 1
(9)

where i = annual interest rate, t = the lifetime of the collector

PAC =
.

ma × (∆P)d/ρa × OT × EC (10)

OT = operation time and EC = electricity cost.

AMC = 0.1 × IC (11)

ASV = SV × SFF (12)

The salvage value (SV) is given as

SV = 0.01 × IC (13)

and the sinking fund factor (SFF) is defined as

SFF =
i

(i + 1)t − 1
(14)

EGA =
.

macp(To − Ti)× OT (15)

5. Validity Test

The validity of the experimental data in terms of Nu was tested using the Dittus–
Boelter equation (Equation (16)) and the Gnielinski equation (Equation (17)) and for the
Nu represented as for a smooth duct.

Nu = 0.023Re0.8Pr0.4 (16)
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The Gnielinski equation for the Nusselt Number for 2300 < Re < 5 × 106 is:

Nu =

(
f
2

)
(Re − 1000)Pr

1 + 12.7
(

f
2

) 1
2
(

Pr
2
3 − 1

) (17)

where f =
(
1.58 in Re−3.82)−2.

The friction factor (f ) was validated using the standard Petukhov equation (Equation (18))
and modified Blasius equation (Equation (19)) for a smooth duct surface of a SAH and is
given as:

The Petukov equation for the friction Factor for 3000 < Re < 5 × 106 is:

f =
(

0.79 lnRe−1.64
)−2

(18)

and the modified Blasius equation is:

f = 0.085Re−0.25 (19)

Figure 4 shows the experimental and predicted Nu and f values. The average devia-
tion of the Nu was ±7.4% while that of the f was ±8.3%.
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6. Results and Discussion

Figure 5 shows the variations in the Nu with Re for different ranges of dj/Dh with a
constant X/Dh of 1.739 and Y/Dh of 1.08. The Nu increases with an increase in Re and its
values are highest for a dj/Dh of 0.086. As the dj/Dh increases, the air flow through the
staggered jet increases, which affects more of the heated surface by jet impingement, and
this increased flow of air leads to heat transfer augmentation. The intensity with which
the air jet impinges on the heated surface increases until a ratio of 0.086, beyond which the
turbulent intensity of jet impinging on the surface decreases due to the higher diameter
of the jet and thus the lower intensity of turbulence caused by a higher mass air flow rate,
with a low striking velocity causing a downfall in the heat transfer rate. The Nu data for a
range of Re in terms of roughened ducts at different relative streamwise pitches (X/Dh) for
a relative spanwise pitch (Y/Dh) of 1.08 and a relative jet diameter to hydraulic diameter
ratio (dj/Dh) of 0.086 is shown in Figure 6. The introduction of a protrusion on the absorber
plate allows for an increment in heat transfer. As the air mass flow and the number of
air impinging jets increases on the heated absorber plate, the heat transfer increases by
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raising the value of parameter X/Dh. The highest Nu was obtained at an X/Dh of 1.739,
and beyond this the Nu decreased because the number of rows in a streamwise direction
decreased, which leads to lower reattachment points.
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The air jet impinging on the spherical protrusion surface is seen in Figure 7. The
air jet striking the spherical protrusion spreads over the protruded surface as well as the
flat heated surface and disrupts the larger laminar sub-layer, thus eliminating larger hot
zone areas, which leads to augmented heat transfer. Figure 8 reveals the effect of Y/Dh
on Nu at various Re values for an X/Dh of 1.739 and a dj/Dh of 0.086. It is seen that
the Nu continuously rises with an escalation in the Y/Dh up to a value of 1.08, with the
Nu subsequently decreasing. The probable reason for this enhancement is that as the
spanwise spacing increases, it provides an area for the jet stream to spread-out on and
merge with neighboring jet streams. This amalgamation of the jet streams enhances the
turbulence and hence the heat transfer is improved. Whereas an increase in Y/Dh beyond
1.08 results in larger area between air jet streams, the intensity with which they interact
with the neighboring jet stream is lower. Thus, it can be concluded that the Y/Dh plays
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an important role in enhancing the Nu by impinging the spanwise air to eliminate larger
hot zones.
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Figure 8. Shows variation in Nu with Re for different ranges of Y/Dh.

Figure 9 shows the effect of dj/Dh on f at various Re values for fixed X/Dh value
of 1.739 and a Y/Dh value of 1.08. The results show that the f for a dj/Dh of 0.043 is in
the maximum range of Re values investigated. As the size jet holes increase from a dj/Dh
ratio of 0.043 to one of 0.130, more air should be pass through it, which results in a lower f .
The variation in f with Re for various X/Dh values is shown in Figure 10 for a Y/Dh of
1.08 and a dj/Dh of 0.086. It is seen that the value of f goes down with an increasing Re.
The protrusion-facing surface experiences higher values of f than that of the smooth duct.
Since the pressure drop increases because of the presence of protrusions, a secondary flow
is generated on either side of the protrusion ducts. Any increase in the X/Dh value beyond
1.739 reduces the value of f , as number of jets striking the heated plate reduces, which
leads to a lower intensity in terms of the turbulence. The plots show that the maximum
f for the duct occur in the case of an X/Dh of 1.739. Strength and intensity of secondary
flow deteriorated in case of an X/Dh of 0.869, as compared to an X/Dh of 1.739 and 2.173;
hence, the f is lower in such cases. The variation in f with an Re of a roughened duct at
different Y/Dh values, while keeping the other parameters values constant, is displayed in
Figure 11, with corresponding values for the smooth duct. The f value decreases with an
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increase in Re. As the Y/Dh value changes from 0.434 to 1.08, the number of jets impinging
on the heated plate reduces, which leads to smaller area for air transfer, which in turn
lowers the intensity of turbulence and causes a higher f .
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The thermo-hydraulic performance parameter (η) is a standard parameter that deter-
mines the thermal and friction performance of heat a transferring surface, as described by
Han et al. [26] and Webb and Eckert [27]. The thermo-hydraulic performance parameter (η)
is given as:

η =
Nu
Nus

/
(

f
fs

) 1
3

(20)
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The η determined for the dj/Dh, X/Dh and Y/Dh parameters are presented in
Figure 12 for a range of Re values. It can be seen from Figure 12a that the highest value in
terms of η is found at a dj/Dh = 0.086, and the physics behind this is that at dj/Dh = 0.043,
the diameter that provides a higher pressure drop penalty is small, and at dj/Dh = 0.13,
a larger diameter with a lower turbulent intensity produces a small Nu. Similarly, the
effect of X/Dh and Y/Dh on η is presented in Figure 12b,c. The maximum η is achieved
at parameters values for X/Dh and Y/Dh of 1.739 and 0.869, respectively. The best η
considering the entire set of geometrical parameters was found to be 3.18 at an Re of 15,000,
and the staggered pattern also plays a major role in enhancing the heat transfer.
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The use of impinging jets on the heated surface leads to a higher heat transfer, and
augmentation is seen to be further enhanced by the use of roughness on the heated surface.
A comparative analysis was carried out on the basis of the thermohydraulic performance
of the previously investigated heated surfaces with air jet impinging on them. The compar-
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ative graph plotted in Figure 13 represents the present investigation results and the results
of various investigations.
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7. Development of Correlations

The extensive experimentation yielded data in dimensionless terms for the Nus-
selt number (Nu), friction factor ( f ) and thermohydraulic performance parameter (η)
for the selected operating and geometric parameters. The data acquired for the Nu, f
and η was observed to be a strong function of the geometric and operating parameters
Re, X/Dh, Y/Dh, dj/Dh.

The data obtained was used to develop the correlation of Nu, f and η by regression
analysis to bring about an efficient way of calculating the Nu, f and η data for the selected
range of parameters by researchers in future. The regression analysis of the data resulted in
the correlation for Nu being:

Nu = 0.114 × Re0.94Pr0.4
(

X
Dh

)0.303( Y
Dh

)0.2( dj

Dh

)0.71

(21)

Correspondingly, the correlation for f developed is written as

f = 102.5 × Re−0.89
(

X
Dh

)0.27( Y
Dh

)0.32( dj

Dh

)−0.31

(22)

η = 0.96 × Re0.297
(

X
Dh

)0.21( Y
Dh

)0.24( dj

Dh

)−0.14

(23)

Figure 14a–c displays the deviation in the predicted and experimental values for Nu, f
and η, and the deviation was found to be ±11%, ±12%, and ±9%, respectively.
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8. Exergetic Performance

The energetic performance of a staggered impinging jet on an STC rectangular duct
was evaluated in terms of the temperature of the absorber plate, which is a major parameter
for measuring performance. It is evident that when the Re increases, there is a higher degree
of turbulence intensity, and this leads to the breakdown of the boundary layer formed in
the vicinity of the heated surface. This disruption in the boundary layer increases the heat
transfer rate from the heated surface to the air, and thus the absorber plate temperature (Tp)
decreases. The lower plate temperature reveals that the convective heat transfer coefficient
is higher in the case of air jet impinging on a plate, with method resulting in a higher heat
transfer coefficient compared to heat transfer without jet impingement on a smooth plate.
Values of 0.869, 1.739 and 1.5 for the investigated geometric parameters Y/Dh, X/Dh and
dj/Dh, respectively, yields a minimum plate temperature in terms of the STC duct. The
extraction of thermal energy from the heated surface is accompanied by number of exergy
losses in the form of heat transfer loss (EXL,HT.), optical exergy loss (EXL,Opt.), irradiation
loss ((EXL,Irr.), friction loss (EXL,Fri.) and fluid heat transfer loss (EXL,FHT). The selected
geometrical parameters values that deliver the highest Nu results in the exergy losses
encountered in Figure 15. An analysis of the plot reveals that the impact of Re on the optical
exergy loss (EXL,Opt.) is not prominent. The optical exergy loss (EXL,Opt.) is the incident
radiation reflected back into the atmosphere from the glass cover. Likewise, it is seen that
the other exergy losses follow an asymptotic curve, and these exergy losses does not have
a dependency on Re. A computation of the total exergy inlet to the system (EXIN), total
exergy losses (EXT,Loss) and the exergy efficiency (EXη) was carried out and the plot is
shown in Figure 16. The plot reveals a maximum exergetic efficiency of 3.87 at a set of
geometrical parameters values for Y/Dh, X/Dh and dj/Dh and an Re of 4000.
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9. Sustainability Index

The sustainability index (SI), waste energy ratio (WER) and improvement potential
(IP) are the suggestive parameters for evaluating exergy losses and corresponding irre-
versibility in thermal systems [28–30]. These three variables are based on an exergy study
that ensures long-term viability. The WER and IP increase with an increment in exergy
losses, in which case, correspondingly, the SI decreases. The higher the exergy losses, the
higher the improvement potential and waste heat that needs to be recovered. These three
components are mathematically expressed as:

Sustainability index:

SI =
1

(1 − ηEX)
(24)

Waste energy ratio:
WER = EXT,Loss/EXIN (25)
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Improvement potential (W)

IP = (1 − ηEX)(EXout) (26)

The results for the SI, WER and IP were calculated for all the studied parameters
and are represented in Figures 17–19. The SI results imply the life time of the system and
WER describes the exergy loss per unit exergy inlet. The SI variation as a function of Re
for different values in terms of relative streamwise pitch (X/Dh) are shown in Figure 17a,
while the relative spanwise pitch (Y/Dh) and relative jet diameter to hydraulic diameter
ratio (dj/Dh) are kept constant. The SI values vary between 1.0171–1.0347. A higher SI
value signifies a higher exergy efficiency and, hence, the system is sustainable on these
parameters. An X/Dh = 1.739, its optimum value, results in the highest SI. Beyond this
(X/Dh) value, the SI decreases because of a higher pressure drop and lower levels of heat
transfer. Similar trends were observed when the (Y/Dh) and (dj/Dh) varied, as can be
seen from Figure 17b,c, respectively. The range in terms of SI was 1.0219–1.0349 when
the (Y/Dh) varied from 0.434–1.08. Analogous to previous results, the SI variation was
1.0218–1.0349 for a variation in (dj/Dh) from 0.043 to 0.13.

Energies 2022, 15, x FOR PEER REVIEW 15 of 20 
 

 

 

Figure 17. Effect of (a) X/Dh, (b) Y/Dh and (c) dj/Dh on ��. 

The waste energy ratio (�Q�) represents the exergy loss per unit of exergy available 

at an inlet. The exergy loss decreases significantly with an increase in the Reynolds num-

ber. The decrement in exergy loss signifies that the energy available at the inlet is used for 

the heating process. As the usage of exergy increases, the �Q� values decrease, as can be 

seen in the Figure 18. The �Q�  varies between 0.9665–0.9832, 0.962–0.9832 and 0.97–

0.9832 according to varying (�/��), (�/��) and (��/��) values, respectively. At higher 

values in terms of �	, a higher heat transfer is received and, hence, the lower the �Q�. 

Figure 18a, represents the variation in �Q� as a function of �	 by varying the �/�� 

from 0.869 to 2.17. The lowest �Q� value was obtained at an �/�� = 1.739, and the max-

imum at an �/�� = 0.869. These trends signify that, among the studied parameters, the 

exergy losses reach a maximum at lower �/��  value and a minimum at higher values 

until the �/��  reaches 1.739. Beyond an �/�� = 1.739 and for all �	 values, the �Q� 

was higher. The apparent reason for this is that at an �/��  = 2.17, the heat transfer de-

creases and, hence, the �Q� increases. Similar trends in terms of �Q� variations can be 

seen in Figure 18b, where (�/��) and (��/��) are kept constant and the �Q� results as 

function of �	 by varying the (�/��) are shown. The results testify that the optimum 

�/��  value is 0.869, where the �Q� is at a minimum. The results in terms of �Q� by 

varying the (��/��) are shown in Figure 18c, which shows that a ��/�� = 0.086 results in 

a minimum �Q�. 

Figure 17. Effect of (a) X/Dh, (b) Y/Dh and (c) dj/Dh on SI.

The waste energy ratio (WER) represents the exergy loss per unit of exergy available
at an inlet. The exergy loss decreases significantly with an increase in the Reynolds number.
The decrement in exergy loss signifies that the energy available at the inlet is used for the
heating process. As the usage of exergy increases, the WER values decrease, as can be seen
in the Figure 18. The WER varies between 0.9665–0.9832, 0.962–0.9832 and 0.97–0.9832
according to varying (X/Dh), (Y/Dh) and (dj/Dh) values, respectively. At higher values in
terms of Re, a higher heat transfer is received and, hence, the lower the WER. Figure 18a,
represents the variation in WER as a function of Re by varying the X/Dh from 0.869 to
2.17. The lowest WER value was obtained at an X/Dh = 1.739, and the maximum at an
X/Dh = 0.869. These trends signify that, among the studied parameters, the exergy losses
reach a maximum at lower X/Dh value and a minimum at higher values until the X/Dh
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reaches 1.739. Beyond an X/Dh = 1.739 and for all Re values, the WER was higher. The
apparent reason for this is that at an X/Dh = 2.17, the heat transfer decreases and, hence,
the WER increases. Similar trends in terms of WER variations can be seen in Figure 18b,
where (X/Dh) and (dj/Dh) are kept constant and the WER results as function of Re by
varying the (Y/Dh) are shown. The results testify that the optimum Y/Dh value is 0.869,
where the WER is at a minimum. The results in terms of WER by varying the (dj/Dh) are
shown in Figure 18c, which shows that a dj/Dh = 0.086 results in a minimum WER.
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In the preceding section, the findings in terms of SI and WER variations with geomet-
ric and operational parameters were reviewed. The preceding explanation suggests that the
system consumption can be sustained even if exergy losses occur during system operation
within the stated range. The third parameter employed in this study was improvement
potential (IP), which is used to demonstrate the maximum improvement in the exergy
efficiency of the process. The results on IP as a function of Re by varying (X/Dh), (Y/Dh)
and (dj/Dh) values are appended in Figure 19a–c. The results signify that the maximum
improvement of the system can be achieved by considering an X/Dh = 1.739 and corre-
sponding parameter values of Y/Dh = 0.869 and dj/Dh = 0.086. The apparent reason for
this is that at these values the exergy losses are at a minimum and the exergy efficiency is
at its maximum, which ultimately results in a maximal improvement in system processes.
The IP range lies between 2.69–10.84 W. Figure 19a shows the variation in terms of IP at
different X/Dh values. The maximum improvement in system performance achieved was
10.84 W at an X/Dh =1.739, while the minimum vape in terms of IP was 5.52 W at an
X/Dh = 0.869. The range in terms of IP lies between 6.56–10.84 W for a variation in Y/Dh
from 0.434 to 1.08 while X/Dh and dj/Dh are kept constant, as shown in Figure 19b. The
IP results when varying the dj/Dh and Re are shown in Figure 19c, which shows the range
in terms of IP as 6.65–10.84 W.

10. Discussion on Cost Analysis

A CTBR for both a smooth surface and a sine wave-roughened surface solar air heater
was computed, and the results are shown in Figure 20. Both heaters would be active for
8 h each day for 300 days, with solar insolation values of 1000 W/m2. The collector’s life
expectancy was estimated to be ten years, with a ten percent yearly interest rate. Table 1
shows the costs associated with smooth and roughened air heaters.
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Table 1. Associated costs.

S.No Cost Head For Smooth For Roughened

1 CCA $90/m2 $90/m2

2 SFC $85/m2 $85/m2

3 TFC $90/m2 $100/m2

4 EC $0.065/kWH $0.065/kWH

The CTBR value falls when the Re grows from 4000 to 18,000, as seen in Figure 20.
The plot reveals that the solar air heater roughened with sine wave baffles is more cost
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effective than the smooth surface solar air heater across the evaluated range of geometric
and operational parameters.

11. Conclusions

An analysis of staggered impinging jets on staggered spherical protrusions was carried
out experimentally with the aim of determining the SI, WER, IP and CTBR from the data
generated. The pitches in the stream wise (X/Dh) and spanwise direction (Y/Dh), as well
as the jet diameter (dj/Dh), play an important role in the augmentation of heat transfer,
and the staggered arrangement of the jets and protrusion further boost up the turbulence
intensity that is responsible for a higher Nu. The following conclusion can be drawn out
from the present investigation:

1. The staggering of the impinging jet as well as the spherical protrusion is an effective
technique for enhancing thermal performance.

2. The maximum thermohydraulic performance in the present study was achieved at
the following parameter values: an X/Dh of 1.739, a Y/Dh of 0.869 and a dj/Dh of
0.086, for the entire range of Re values selected.

3. The correlations for Nu, f and η were developed and exergy analysis was carried
out to reveal a maximum EXη of 3.87%.

4. The sustainability index (SI), waste energy ratio (WER) and improvement potential
(IP) are determined by the exergy losses and corresponding irreversibility. The
magnitude of SI, WER and IP determined were 1.034, 0.98 and 10.85, respectively,
by determining the exergy losses and corresponding irreversibility.

5. The CTBR of the present jet impingement system was found to be lower than a smooth
duct, hence the jet impingement system is more cost effective than the smooth one
over the entire range of Re values.
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Nomenclature

CTBR Cost to benefit ratio Ti Inlet temperature
AC Annual costs V Velocity of air
EGA Energy gained annually X Streamwise pitch
Cp Specific heat Y Spanwise pitch
dj Diameter of jet

.
ma Mass flow rate of air

∆Pd Pressure drop across the duct Greek letters
Dh Hydraulic diameter ρa Density of air
EXout Exergy out υa Kinematic viscosity of air
K Conductivity of air η Thermohydraulic performance parameter
Pr Prandtl number
To Outlet temperature
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