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Abstract: Jet impingement is considered to be an effective technique to enhance the heat transfer rate,
and it finds many applications in the scientific and industrial horizons. The objective of this paper is
to summarize heat transfer enhancement through different jet impingement methods and provide
a platform for identifying the scope for future work. This study reviews various experimental
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fluid surface interaction
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Christopher Micallef 1. Introduction

The efficient and rapid methods of extracting excess thermal energy from target
surfaces in different applications use both active and passive cooling techniques. The active
cooling technique requires an external energy source, and in this regard, Zhou et al. [1] and
Hackenhaar et al. [2] performed studies during which the active cooling technique was
used, while the passive cooling technique uses conduction and radiation along with free
convection as the main processes of heat removal. The passive cooling technique was used
published maps and institutional affil- DY Grubigi¢-Cabo et al. [3] and Zu et al. [4] during their investigation to achieve higher heat
{ations. transfer rates. In high-temperature applications, the advantage of not using any external

energy source in the passive cooling technique is often eclipsed by its poor heat transfer

rate, while the active cooling technique, despite power consumption, demonstrates better
heat transfer performance. In the active cooling technique, the jet impingement method
provides an effective way for heat transfer enhancement because it disrupts the thermal
boundary layer at the stagnation point on the impinged target surface. It has a wide
range of applications in the field of engineering due to its significantly higher heat transfer
performance among single-phase heat transfer arrangements. Its major application areas
conditions of the Creative Commons _iclude cooling of electronic systems, turbine blades, solar systems, aerospace technology,
Attribution (CC BY) license (https://  hot metals, plastics sheets, drying of paper and fabric. The cooling of electronic systems has
creativecommons.org/ licenses /by / been studied by Maghrabie et al. [5] and Wiriyasart and Naphon [6], and the turbine blades
40/). application was covered by Ali and Janajreh [7] and Fawzy et al. [8] for jet impingement.
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The jet impingement application in solar systems was presented by Matheswaran et al. [9]
and Awad et al. [10], and the aerospace technology application of impinging jets was
investigated by Lim et al. [11] and Huang et al. [12]. The cooling of hot metals, plastics
sheets, the drying of paper, fabric using jet impingement was studied by Chen et al. [13],
Alkhudhiri et al. [14], Turkan et al. [15], and Wae-hayee et al. [16]. Heat transfer through
jet impingement has been the focus of numerous experimental and numerical studies in
the past. Initially, the emphasis was on establishing the fundamentals of jet impingement
through various experimental studies, including parametric investigation of fluid flow
and heat transfer mechanisms. The interest in the computational study of impinging jets
has grown with rapid advancement in numerical algorithms and computational resources.
The progress in the computational modeling of impinging jets and their applications was
reported by Pulat et al. [17], Dewan et al. [18], and Dutta et al. [19].

It is important to understand the flow characteristics of impinging jets and their impact
on heat transfer. The fluid flow characteristics strongly affect the heat transfer phenomenon
in jet impingement. The flow structure of a single jet can be divided into three distinct
regions: (a) free jet region, (b) stagnation region, and (c) wall jet region (see Figure 1). The
free jet region starts from the nozzle and is far away from the target surface, thus acting
as a free jet. The entrainment of mass, momentum, and energy takes place due to the
shear-driven interaction of the jet periphery and surroundings in this region. The free jet
can be subdivided into (i) a potential core, (ii) a developing zone, and (iii) a fully developed
zone (see Figure 1). In the potential core zone, the jet average velocity is equal to the nozzle
exit velocity. The jet core region length is measured from a point from the nozzle inlet to
the point where the jet average velocity is around 95% of the nozzle exit velocity. The jet
velocity decreases rapidly after the potential core, as presented by Jambunathan et al. [20].
This makes the jet plate/nozzle—target surface spacing an important parameter that affects
the rate of heat transfer. After the potential core, the developing region exists where the
decay of the axial velocity profile occurs due to large shear stresses at the jet periphery.
Subsequently, the effects of shear stresses start to penetrate inside the core of the jet. A
fully developed profile is obtained after the shear effects reach the core of the jet. In the
fully developed region, at the centerline of the jet, the axial velocity component is the
maximum while the radial velocity component is the minimum. The region where the jet
strikes the target surface is termed the “stagnation region”. In the stagnation region, static
pressure rises due to diminishing axial velocity. The region hereafter is called the wall jet
region, where bulk fluid is directed radially outward. It is pertinent to mention that the
maximum heat transfer takes place at the stagnation point (with the exception of a small
separation distance) and a reduction in heat transfer rates occurs radially. The heat transfer
between the impinging jet and the target surface can be affected by various factors, such
as nozzle geometry, velocity profile, jet exit velocity, jet and target surface spacing, and
turbulence level.

Although a considerable number of review papers are available on heat transfer
through jet impingement, most of those are confined to a particular jet impingement
technique or application. Jambunathan et al. [20] reviewed the data for a single circular jet
impingement. A comprehensive review of jet impingement boiling to identify strengths
and weaknesses and the scope for future work was conducted by Viskanta [21]. Different
flow characteristics for single and multiple jets and the heat transfer performance of
turbine systems were reviewed by Han and Goldstein [22]. The liquid jet impingement
technique was critically reviewed for studying the heat transfer performance of discrete
heated electronic modules by Patel and Hotta [23]. Heat transfer enhancement by synthetic
jet impingement was reviewed by Krishan et al. [24]. Mohammadpour and Lee [25]
reviewed the effects of nanoparticles on jet impingement heat transfer. For a combustor
liner, jet impingement cooling was reviewed by Xie et al. [26]. Other recent reviews on
jet impingement cooling include Chirade et al. [27], Qiu et al. [28], Marazani et al. [29],
Darwish et al. [30], and Agrawal [31].
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Figure 1. (a) Flow regions of the impinging jet and (b) main flow zones of the free jet. Reprinted with
permission [21], Copyright 1993, Elsevier.

The current paper summarizes the hydrodynamic behavior and heat transfer aug-
mentation of the target surface using different jet impingement methods by analyzing
the various parameters affecting the heat transfer rate. This review paper also includes
combinations of multiple jet impingement techniques that have been used to achieve im-
proved heat transfer performance. First, the geometrical parameters of the target surface
and jet-target surface spacing are explored. Afterward, different jet excitation methods are
reviewed in detail. In the end, the roles of nanofluids and PCMs in jet impingements are
reviewed comprehensively. The majority of the published work reviewed in this paper is
from the last 3 years. The layout of the current study consists of a review of (1) the roles of
shape variations of the target surface and the spacing between the jet and the target surface,
(2) heat transfer enhancement by various exciting jets both actively and passively, and
(3) using nanofluids (nanoparticles or nano-encapsulated PCMs) to enhance the thermal
properties of base fluids to improve the heat transfer performance of the target plate.

2. Jet Impingement Methods

The wide range of industrial and domestic applications and the fundamental im-
portance of jet impingement have made it an area of interest for many researchers. Jet
impingement methods are used for achieving high rates of heat transfer. The rate of heat
transfer due to an impinging jet is a function of several parameters, such as the shape of
the target surface, the distance between jet plate/nozzle and target surface, jet excitation,
the use of nanofluids, and PCMs and jet temperature dissipation. Some of the important
dimensionless geometrical parameters that are used in jet impingement methods while
achieving improved heat transfer performance are listed in Table 1. However, later, some
of the other important parameters related to nozzle design, jet injection conditions, target
surface design, and fluid properties will also be systematically introduced. The most
recently published numerical and experimental results that consider the impact of different
design parameters of impinging jets on the target plates are reviewed in this paper.
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Table 1. Important geometrical parameters used in jet impingement.

Parameter Purpose

It is a ratio of inertial forces to viscous forces. It helps to assess
Reynolds number turbulence effects by relating the jet velocity and nozzle
diameter to the kinematic viscosity of the fluid.

It is a ratio of convection—conduction heat transfer. It helps to

Nusselt number quantify the thermal enhancement of a jet impinging method.

It is a ratio of momentum diffusivity to thermal diffusivity. It
Prandtl number accounts for the effect of hydrodynamic and thermal
boundary layers for different types of impinging fluids.

It is the spacing between jet plate and target surface. The
stagnation zone and fluid-surface interactions of the
impinging jets depend on the jet nozzle-target

surface distance.

Jet—target surface distance ratio

The spacing between adjacent jets. This is an important
parameter to account for jet-to-jet interactions in
thermal-hydraulic performance improvement of the
target surface.

Jet—jet spacing

2.1. Target Surface Shape and Spacing between Jet Plate/Nozzle and Target Surface

Improvement in the design of jet impingement cooling systems compelled researchers
to study various fundamental parameters that could affect heat transfer performance. In
this regard, several variations in the shape of the jet impinging target surface and the
distance between jet plate/nozzle and target surface to enhance the heat transfer rate
can be found in the literature. In this regard, an experimental and numerical study was
performed by Choi et al. [32] to study heat transfer augmentation for the internal cooling
of turbine blades by using angled ribs and dimples. The Reynolds number, which was
based on the channel hydraulic diameter, ranged from 30,000 to 50,000 for the study. The
design of 2 and 4 channel aspect ratios was selected for stimulation of the internal coolant
passage of the gas turbine blade. A rib pitch of 6 mm, rib angle of 6°, dimple diameter
of 6 mm, and dimple center-to-center distance of 7.2 mm were used. An increase in the
heat transfer coefficient and an increase in the pressure drop in an acceptable range were
observed by placing dimples between the ribs (rib—-dimple compound case) as compared to
the rib-only and the dimple-only configuration. It is pertinent to mention that heat transfer
improvement through different jet impingement techniques is usually accompanied by a
significant increase in pressure drop of the flow across the target plate because of enhanced
fluid—surface interactions. Therefore, it is always desirable to have such a system that
yields the maximum heat transfer enhancement at a minimum hydraulic loss penalty.
Therefore, to measure the overall performance of a system, simultaneous considerations
of heat transfer and the friction factor are imperative. In this context, the performance
enhancement criterion (PEC) was first proposed by Webb and Eckert [33] as a Stanton
number—friction factor ratio, defined by (St/St,)/(f/ fo)l/ 3. PEC < 1 means that the heat
transfer performance is less than the required pumping power and the solution provided is
not feasible. PEC =1 indicates that heat transfer is equal to pumping power and the solution
provided has no impact on the overall performance of the system. PEC > 1 specifies that
the enhancement of the heat transfer rate exceeds the overall required pumping power
and therefore the performance of the system has improved. Moreover, for a feasible heat
transfer augmentation solution, the PEC must be sufficiently larger than 1. An exhaustive
review of the performance enhancement criterion, as an effective tool for measuring heat
and fluid flow characteristics, was provided by Yilmaz et al. [34]. The PEC has also been
indexed in several heat transfer applications [35-38]. In the context of heat transfer through
jet impingement, the thermal-hydraulic performance evaluation was also carried out using
the PEC by Choi et al. [32]. However, the PEC was based on the Nusselt number—friction
factor ratio, as presented in Equation (1). It must also be noted that the PEC is a function of
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the Reynolds number because both the Nusselt number and friction factors are functions
of the Reynolds number; therefore, the PEC may vary for different Reynolds numbers.

Nu
PEC = —"0_ )

(£)

In Equation (1), Nu represents the Nusselt number of the target surface of the enhanced
case and Nu refers to the Nusselt number of the reference case. Similarly, f is the friction
factor for the impinging flow over the target plate of the enhanced case, whereas fg
indicates the friction factor of the smooth surface of the reference case. Recently, the
combination of porous media and jet impingement has drawn significant attention using
open-cell metal foams for achieving higher cooling rates. In this regard, Feng et al. [39]
performed an experimental and numerical study to investigate the cooling performance of
finned metal foam heat sinks under impinging jets. Four plate fins of 2 mm thickness and
aluminum foams having 96.3% porosity and 8 pores per inch (PPI) were used during the
experiments. It was observed from the results that at a given flow rate with an increase
in foam height, the heat transfer of the metal foam heat sink decreases, while that of the
finned metal foam heat sink first increases and then decreases slightly. A heat transfer
enhancement rate of 1.5-2.8 times was achieved by using finned metal foams instead of
metal foams. It was also observed that the bonding material with a large height causes
an increase in heat transfer because of the increase in the effective thickness of the fins.
In another study, Feng et al. [40] conducted a numerical investigation of the thermal
performance of finned open-cell aluminum foam having a fixed porosity of 0.9118 and
5 pores per inch (PPI) for an imaging jet application. It was noted from the results that 26%
lower thermal resistance was recorded for the finned aluminum heat sink as compared
to the plate-fin heat sink at a given pumping power. Andreozzi et al. [41] performed a
numerical investigation to study the thermal performance of finned and bare metal foams
for variation of geometrical parameters under air jet impingement. The range of parameters
used were D/W (impinging flow section diameter-heated plate side ratio) = 0.25-1.0; foam
porosity = 0.88-0.97; and PPI = 5-40. A higher heat transfer coefficient and pressure drop
were achieved for finned metal foam as compared to bare metal foam for the diameter of
the impinged jet equal to the heated plate. A numerical study was performed by Bianco
et al. [42] to improve the thermal and hydraulic performance of finned and bare heat sinks
under a circular impinging jet. The heat dissipation rate was observed to be enhanced
by 3.3 to 3.5 times for the finned metal foam heat sink in comparison to the metal foam
heat sink for the same pumping power. Wan et al. [43] performed a numerical study to
observe heat transfer characteristics by impinging an array of jets over a flat plate and a
roughened plate. The roughened plate consisted of inline and staggered square pin-fin
arrangements. An experimental setup consisting of a flat plate and a roughened plate
was also prepared to validate the numerical model. The Reynolds number (based on the
jet diameter) range during this study was from 15,000 to 35,000. It was observed that
heat transfer augmentation can be achieved through both inline and staggered roughened
pin-fin arrangements. A 34.5% higher overall heat transfer rate was achieved by using
an inline roughened pin-fin plate as compared to the flat plate. Improvement in heat
transfer enhancement for a microchannel heat sink with jet impinging (MIJ) by introducing
dimples into the target surface was studied by Huang et al. [44]. A comparative numerical
study was performed between MIJs with concave, convex, and mixed dimple structures
and MIJs without dimples. The results showed that in the case of convex dimples, the
cooling performance exhibited by MIJs was the best. The next best cooling performance
was shown by MIJs without dimples, followed by MIJs with mixed dimples and then with
concave dimples. It was also observed that a decrease in flow resistance is possible with
the application of convex dimples in MIJs. The highest pressure drop was observed in
MIJs without dimples, followed by MIJs with mixed, concave, and convex dimples. It
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was summarized that MIJs with convex dimples can improve heat transfer and fluid flow
performance more as compared to other structures.

A numerical study was performed by Jing et al. [45] to investigate the performance
of jet impingement cooling on flat and non-flat target surfaces (concave and V shapes)
(see Figure 2). The Reynolds number (based on the jet diameter) range for the study was
10,000-50,000. Additional surface arrangements of triangular ribs and dimple/protrusions
were also included on target surfaces. More complex flow patterns were observed for
non-flat target surfaces as compared to flat targets. An improvement in both local and
overall heat transfer was experienced by adopting dimples/protrusions. In flat channels,
an increase in the average Nu/Nuy was observed for a larger Reynolds number and the
largest Nu/Nug was observed for the sparse arrangement. However, for the non-flat
targets, protrusions were observed to show significant advantages over dimples as far as
the performance of heat transfer was concerned. Furthermore, a larger f/f, was produced
by protrusions as compared to dimples for flat targets, and in the case of concave/V-shape
targets, a low f/fy was observed. The quantity of heat flux was observed to be less affected
by target surface shapes; however, the role of the target arrangement and Reynolds number
was more significant. The study had a significant impact on the thermal design of turbine
blades and electronic equipment.
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Figure 2. Physical model of jet impingement. Reprinted with permission [45], Copyright
2018, Elsevier.

An experimental study was performed by Nagesha et al. [46] to analyze the heat
transfer characteristics of jet impingement on a heated surface with multi-protrusions and
V grooves. The Reynolds number (based on the jet diameter) range used during the study
was from 10,000 to 27,500. It was observed from the results that heat transfer is enhanced
more by well-separated multi-protrusions as compared to V grooves with close spacing.
A numerical investigation was conducted by Xu et al. [47] for studying the flow fields
under jet impingement over a concave surface. The study was performed for swirling and
non-swirling jets at a Reynolds number (based on the jet diameter) of 16,000 and jet—target
surface spacing H/D = 2. The jets were injected from four spiral and straight grooves. Heat
transfer was improved by 5-10%, with a hole having spiral grooves of 45°. Figure 3a,b
presents contour plots of the instantaneous velocity of non-swirling (0°) and swirling (45°)
jets. It can be observed that the swirling jet experienced a larger obstruction as compared
to the non-swirling jet due to the presence of a spiral channel. In the 45° swirling jet, most
of the jet was located in the central region of the nozzle, which resulted in a large axial
velocity of the potential flow core. It was also observed that the swirling jet had a larger
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tangential velocity due to the swirl effect and a better capability to entrain the surrounding
low-speed air flow. A skirt-type green region with a larger diffusion area was formed at
the periphery of the potential flow due to the mixed air flow. In the non-swirling jet, a
taper-foot green region with a low diffusion area was formed because the injected velocity
and the nozzle central region velocity had a small difference due to the wall boundary
layer and had a longer potential flow. The rebound from the concave target surface after jet
impact was observed to be smaller in the case of swirling as compared to non-swirling jets,
which meant that swirl flow struggled to escape from the target surface. This resulted in
the improved cooling effect on the target surface due to uniform heat transfer. Figure 3c
shows the Nu number ratio (Nu/Nus;), where Nu is the local Nusselt number and Nug;
is the local Nusselt number at the stagnation point, on the target surface. The swirling
action of the 45° spiral hole groove caused the elimination of the difference in heat transfer,
which resulted by the decay in speed of the boundary between spiral and central circular
holes. This difference in heat transfer was eliminated due to the increased dispersion of
the jet medium by the spiral hole. Furthermore, Table 2 provides a summary of different
shapes of the target surfaces that have been used in the recent literature for heat transfer
enhancement through jet impingement.

u /Ub I TR L] . u, /Ub
_, 23 24 18 -17 15 +13 -11 0.9 -07 -05 05 -01 01 03 : 2624 22 2 -18 -16 14 12 -] -08 06 04 02 0 02 04 08
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Figure 3. (a,b) Contour plots of axial velocity on the XOY plane and the YOZ plane and (c) cloud
plots of the Nu/Nug; ratio. Reprinted with permission [47], Copyright 2021, Elsevier.
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Table 2. Jet impingement at various shapes of target surfaces.

Ref.

Target Surface Shape

Variable Parameters

Key Remarks

Figure of Target Surface

Re =900, 1500, 5000, and
11,000.
Three jet array impingement

Addition of triangular

McInturff et al. [48] Triangular hole shapes, i.e., circular, roughness increases the
racetrack, and triangular, are heat transfer rate.
used.
Reprinted with permission
[48], Copyright 2018, Elsevier.
Re =19,500-69,000. The combined case of ribs
Ratio of rib height to and dimples gave better
V-shaped ribs and diameter = 0.125. heat transfer and
Singh and Ekkad [49] -shaped r1bs an Ratio of rib pitch to rib thermal-hydraulic
cylindrical dimples height = 16. performance as compared
Ratio of dimple depth to to ribs alone and dimples
print diameter = 0.3 alone. . X
Reprinted with permission
[49], Copyright 2017, Elsevier.
[ ] [ ] ° _
.0 00 Q\ 3
E o o _o K=
For non-rotating EO 0 ® 0
. . Re = 2500. conditions, heat transfer Te @ e 3
Singh and Ekkad [50] Dimple Rotational speed = 400 rpm.  was enhanced for the E [ ] ° .. [ o o E
dimpled surface. z oo e'e® g
e o o *“~
Adopted from [50].
Pitch,p=3d,4d,and 5 d. . s Q
Dimplz depth = 0.25 d and i;tCh of 4('}1(“ thtlrg};elé . Q Q Q
Vinze et al. [51] Dimple 0.5 d. ! Pro"esa te"‘th "}l Ste as
Orifice plate-test plate corrf1p ared to the fla
spacing =1d-6d. suriace. Q Q Q
Pitch = 4d
Adopted from [51].
Chamfered and
non-chamfered jet 8% to 24% increase in the
. impingement configuration ~ thermal performance
Singh and Prasad [52] Concave with constant pump power.  factor and mild impact of
H/d=3,5,7,and 9. jet-plate spacing. 'm D=160am
Re =15,441-37,457.
Reprinted with permission
[52], Copyright 2018, Elsevier.
Hole shapes: (i) cylindrical A direct relation of Nu
with Reynolds with the Reynolds number
number = 13,600, 27,200, for both hole shapes was
Jordan et al. [53] Concave and 40,700 and (ii) racetrack ~ reported.
shaped with Reynolds The racetrack shape
number = 11,500, 23,000, showed better heat

and 34,600.

transfer performance.

Adopted from [53].
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Table 2. Cont.

Ref. Target Surface Shape

Variable Parameters

Key Remarks

Figure of Target Surface

The jet arrangement was
varied.
Re = 10,000-40,000.

The performance of local
heat transfer and fluid

Outet, Outlet

Qiu et al. [54] Concave - (ot flow was analyzed. Target Wall
Eéﬁiﬁf;iﬂiﬁg =1 Better uniformity of heat i
curvature = 10. transfer was reported.
Adopted from [54].
Re =10,000. 21% increase in the
I . H/D=3.0. averaged area Nu for the
Takeishi et al. [55] Circular Circular ring height = 058, circular ribs roughened
0.98, and 1.42. surface.
Reprinted with permission
[55], Copyright 2020 MDPIL.
The cooling rate was El
Re = 4500-20,000. " P
Pachpute and Spacing between nozzle and redtgiced by 25 /"lll)ylthe B y . ’
chpute Circular Cylinder target surface, H, and slot jet confinement wall. Impact d v

Premacha-ndran [56]

width, S, ratio, H/S = 2-10.
D/S=1,2,and 4.

of the confinement wall is
significant only for H/S
equal to or less than 4.

X

Reprinted with permission
from [56], Copyright 2018,
Elsevier.

Pachpute and

Premachandran [57] Circular cylinder

Re = 5000-20,000.
H/D =2-12.

The average heat transfer
was enhanced by 14% for
H/D =2 and Re = 20,000
for the staggered jet vs.
inline jet arrangement.

Piccolo tube with 8 Jet holes [ ssed air |

-+

e s

Heated Circular Cylinder

Adopted from [57].

Tepe et al. [58] performed a numerical study to investigate cooling performance by
using extended jet holes to impinge turbines blade having the target surface as a flat plate
with ribs. The Reynolds number (based on the jet diameter) range was from 15,000 to
45,000 during the study. The average Nu was decreased by placing ribs on the target
surface as compared to the target surface with no ribs. However, the distribution of Nu
was more uniform along the surface in the presence of ribs. In another work, Tepe et al. [59]
performed an experimental and numerical investigation using extended jet holes to study
the cooling performance by impinging a jet on a rib-roughened surface (see Figure 4a).
The ratio of rib height to jet diameter (Hr/Dj) was considered as 0.42 for the experimental
study, while for the numerical investigation, Hr/Dj = 0, 0.25, 0.42, and 0.58 were used.
Furthermore, the ratio of nozzle to target surface spacing (Gj / D]-) was1,2,3,4,5,and 6; the
streamwise distance X/D; was 5-30; and the Reynolds number (based on the jet diameter)
range was from 16,250 to 32,501. It was observed from the results that by using extended jet
holes, the average Nu is enhanced by 40.32% when a rib-roughened target surface is used.
A relatively low rib height (Hr/Dj = 0.25) was found to be more effective in heat transfer
enhancement. At a high Reynolds number of 32,500, the highest Nu values were obtained
for G / D; = 3.0, whereas at a low Reynolds number of 27,100 or less, the highest values
of Nu were obtained at G;/Dj = 2.0 or less. The contour plots for the local Nu for various
values of G;/Dj at rib height Hr/Dj = 0.42 and Reynolds number Re = 32,500 are presented
for both experimental and numerical studies (see Figure 4c). It can be observed that the
extension of jet holes (reducing G;/Dj) caused an increase in the local Nu value. It was
also observed that the last impingement region did not experience significant heat transfer
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for any G;/D;j value considered in the study. The highest Nu values in the mid-section
of the target surfaces resulted from the influence of cross-flow, which increased in the
streamwise direction; however, its effect was found to weaken after X/ Dj > 15. It was
observed from the performance enhancement criterion that the use of extended jet holes
is a feasible method for jet impingement cooling, particularly for a nozzle-target surface
spacing of 3.0 or less. The highest performance enhancement criterion of 1.25 was achieved
at the nozzle—target plate spacing of 2.0.
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Figure 4. Test section (a) 3D view and (b) cross-sectional view and (c) effect of Gj/Dj on the local Nu at rib height
Hr/Dj = 0.42. Reprinted with permission [59], Copyright 2020, Elsevier.

In a recently published research, Tong et al. [60] performed a numerical investigation
to study the heat transfer due to impingement on the inner casing of a high-pressure turbine.
The numerical study was conducted for various target surface shapes, such as smooth,
round, and square pin fin and cambered rib (see Figure 5). It was observed from the results
that the roughness introduced into the system improves the heat transfer performance of
the system. Among all the surface configurations, the cambered rib configuration produced
the best heat transfer characteristics. In comparison to the smooth surface, all configura-
tions were observed to produce the best cooling effect, for example, a 20 K decrease in
temperature of the turbine’s inner casing and a 62.6% increase in the average Nu were
achieved by using a cambered rib surface configuration. The flow structure analysis illus-
trated that an effective reduction in jet interaction and cross-flow is caused by a cambered
rib surface configuration. This reduction in cross-flow and jet interaction further causes
a turbulent mixing and impingement cooling effect. An experimental investigation was
performed by Singh et al. [61] to study the heat transfer characteristics of a solar air heater
due to circular jet impingement. For the jets of impinging air to provide plate perforation
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of 1.4-0.48%, a wavy plate that was corrugated and consisted of circular holes (each of
7.66 mm diameter) on the crest part of the wave was used. Air was circulated through
a double pass, and for provision of thermal backup and enhancement of heat transfer,
two designs, i.e., Design-I and Design-II, with and without porous media, respectively,
were used. A porosity of 98%, a mass flow rate of 0.4 kg/s, and plate perforation of 0.48%
were recommended for the operation of the solar air heater to achieve the best thermal
performance. Design-I produced a thermal efficiency of 94% (7.5% more than Design-II)
and a thermos-hydraulic efficiency of 84% (19% more than Design-II). Maithani et al. [62]
experimentally studied the thermal and friction characteristics of an absorber plate with
protrusion of a hemispherical shape by jet impingement. To achieve larger turbulence, the
hemispherical protrusions were placed exactly below the impinging jet holes. Analysis was
performed by varying geometric parameters of the relative protrusion diameter—protrusion
height ratio (dpr/epr), and a thermo-hydraulic parameter’s maximum value of 3.01 was
achieved. An experimental and numerical study was performed by Hadipour et al. [63] to
investigate the effect of a triangular guided rib (TGR) on thermal and flow characteristics
of turbulent jet impingement on a concave surface. The asymmetric concave surface had
curvature radii of 8 cm and 12 cm. To investigate the effect of the TGR, a triangular rib
(equilateral) having each side of 12 mm was used in the stagnation region. The Reynolds
numbers used during the study were 23,000, 35,000, and 50,000. It was observed from the
results that a high average Nu is achieved using a TGR and a horse-shoe shape is created
in the high-Nu region due to the TGR through the acceleration of the impinging jet. A
numerical study was performed by Tepe [64] to investigate heat transfer performance over
a semi-circular concave target surface by impinging a staggered array jet with a novel hole
jet design (see Figure 6). The Reynolds number (based on the jet diameter) range during the
study was varied from 5000 to 25,000, the spacing between confinement plate and target
surface plate (H/d) was varied from 1.0 to 8.0, and the spacing between jet nozzle and
target surface plate (G/d) was altered from 0.5 to 6.0. It was observed from the results that
as the spacing between jet nozzle and target surface plate (G/d) was lowered, both local
and average Nu increased and a highest heat transfer enhancement of 20.16% was obtained
atG/d =0.5and H/d = 8.0. A PEC value of 1.1 was achieved for the case with G/d =2.0
and H/d = 8.0, thus making it the most feasible design.

Lytle and Webb [65] performed an experimental study to investigate the thermal
performance of an impinging air jet at a low nozzle-target plate distance. The nozzle-target
plate distance was kept less than one nozzle diameter during the study. It was observed
from the results that a substantial increase in heat transfer is achieved by reducing the gap
between the nozzle and the target plate. This increase in heat transfer was achieved due to
the accelerating fluid and high turbulence obtained by lowering the space between nozzle
and target plate. An experimental study was performed by Lee et al. [66] to investigate the
effect of the jet plate-target plate distance on heat transfer for an array of jet impingement
directed at a flat target surface. The study was conducted for a Reynolds number range of
8000 to 50,000 and jet-target plate distances of 1.5 D, 3 D, 5 D, and 8 D. The local increase
in Nu was observed in cross-flows by a smaller distance between jet and target plate and at
a lower Reynolds number. This augmentation in the local Nu was caused by the vigorous
nature of the interaction between impinging jets and an increase in the magnitude of
mixing and turbulent transport. Jet impingement heat transfer was studied by Madhavan
et al. [67] by using high-porosity metal foams between the jet plate and the target plate.
High-porosity metal foams are used due to their high heat transfer rate. Experiments were
conducted for a jet-target plate distance Z/Dj of 0.75, 2, and 4. The Reynolds number range
used was from 3000 to 12,000. At a jet-target plate distance of 0.75 and with the base fully
covered with metal foam, a heat transfer enhancement of 2.42 times was achieved at the
cost of 1.67 times pressure drop. Tepe et al. [68] performed a numerical and experimental
investigation for heat transfer enhancement by using extended jet holes. The jet plate—
target plate distance Z/Dj of 6 and the nozzle—target plate distance Gj/Dj were varied for
values of 1, 2, 3, 4, and 5. The Reynolds number range used during the study was between
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16,250 and 32,500. It was observed from the experimental results that an increase in heat
transfer and pressure drop is caused by the decrease in Gj/Dj. Investigation of the PEC
ratio showed that the most feasible solution is achieved at a nozzle-target plate distance
Gj/Dj = 2 for all values of the Reynolds number. The highest PEC ratio of 1.25 was obtained
at the nozzle-target plate distance Gj/Dj = 2 at a Reynolds number of 32,500, thus making
it the most feasible solution in extended jet hole design.

-

(c)

Figure 5. Various surface configurations: (a) squared pin fin, (b) smooth, (c) cambered rib, and (d) round pin fin. Adopted
from [60].

=

Target Surface / Outlet

Extended Jet hole

T Inlet

Figure 6. Schematic view of the physical model of the test section. Adopted from [64].

A nearly constant value of Nu was observed for the nozzle-target plate distance
variation by Gao et al. [69] while studying the heat transfer performance of free surface
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jet impingement using molten salt during their experimental investigation. Ji et al. [70]
performed an experimental investigation of high-velocity steam jet impingement on an
ice surface to study its heat transfer performance. A steam temperature of 140 °C and
a non-dimensional nozzle-ice surface distance range from 5 to 18 were used during the
experimental investigation. It was observed from the results that the highest ice melting
rate is achieved at a nozzle exit velocity of 40 m/s, and a nozzle—ice surface spacing under
12 was recommended. Numerical simulations were performed by Siddique et al. [71] to
study secondary peaks on the Nu profile generated by impinging a water jet on the target
surface. During the numerical study, the Reynolds number range was from 825 to 41,292,
and the nozzle-target plate spacing (Z/d) was varied from  to 4. The major cause behind
the generation of the secondary peak in the Nu profile was observed to be the jet with high
velocities achieved through reducing the nozzle-target plate spacing. Yadav and Saini [72]
performed a numerical investigation using an absorber plate with jet impingement to study
the thermal performance of solar air heaters. The numerical study was performed for a
range of Reynolds number from 3500 to 17,500 and a system parameter range of the jet
diameter ratio from 0.065 to 0.195 and the jet height ratio from 0 to 0.433. It was observed
from the results that at a Reynolds number of 17,500 and a jet diameter ratio and jet height
ratio of 0.0650 and 0.216, respectively, an enhanced maximum heat transfer of 7.58 was
obtained at the cost of 9.01 times friction factor penalty. For the same values of jet diameter
ratio and jet height ratio and a Reynolds number of 15,500, a maximum thermal-hydraulic
performance parameter value of 3.66 was achieved.

An experimental and numerical study was conducted by Baghel et al. [73] to investi-
gate the heat transfer characteristics of inclined jet impingement. During this study, the
jet-target surface distance was kept constant (H/d = 4) and four different jet inclination
angles (0°, 15°, 30°, and 45°) were used. The range of the Reynolds number for the ex-
perimental work was 17,541, 26,311, 35,081, and 438,521, and for numerical investigation,
Reynolds numbers 17,541 and 26,311 were used. It was observed from the results that the
peak Nu location shifts toward the compression side as the inclination angle increases but
its magnitude remains almost unaffected. The location of the maximum Nu was observed
to be insensitive to the Reynolds number. Pratap et al. [74] performed a numerical study to
analyze the impact of impingement height, using nanofluids, on heat transfer performance
through a circular confined jet. The non-dimensional jet-target plate spacing (H/D) ranged
from 2 to 10. Other parameters for jet impingement were jet diameter = 2 mm and Reynolds
number = 20,000. It was observed from the computational results that the value of Nu
increases as the H/D ratio increases for both water and nanofluids. An experimental and
numerical investigation was performed by Forster and Weigand [75] to study the heat
transfer performance of jet array impingement over a turbine blade resembling a concave
target surface. During this study, the jet-target plate separation (H/Djet) varied from 2.7
to 4.0 and the Reynolds number used was 30,000. It was observed from the results that at
a low separation distance, the heat transfer is enhanced. A numerical investigation was
performed by Alhajeri et al. [76] for a Reynolds number range from 15,000 to 45,000 and
nozzle edge-target surface spacing H/D = 2, 4, 6, and 8 to investigate cooling performance
for unconfined jet impingement with mist/steam uniformity effects. The results recorded
that heat transfer is enhanced at H/D = 2, 4, and 6 with an accumulation of steam /mist
around the edge. With the increase in the value of the Reynolds number, Nu decreases for
all H/D values and the impact of Reynolds number is observed to be more significant as
the value of H/D increases (see Figure 7). The effects of the shapes of jet nozzle and target
surfaces are further summarized in Table 3.
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Re. Reprinted with permission [76], Copyright 2021, Elsevier.

Table 3. Impinging jets at various shapes of target surfaces and different jet/nozzle—target surface shapes.

Ref.

Methodology

Key Findings

Zhang et al. [77]

o Numerical study to investigate the flow
and heat transfer characteristics of jet
impingement on a target surface containing
a protrusion.

o Flow structures of the jet were found to be
insensitive to the protrusion’s relative depth and the
Reynolds number of the jet.

o The jet turned its flow direction after it impinged
perpendicularly on the protrusion, while flow
separation and secondary impinging jet formation
occurred when flow passed through the region of the
protrusion edge.

e An increase in the local Nu was observed in the
case of the protrusion as compared to the smooth
target surface.

o As the protrusion’s relative depth increased, it
caused an increase in the local Nu and the overall
heat transfer was observed to increase for most of
the cases due to an increase in the heat transfer area
and enhancement of heat transfer in the stagnation
region.

Selimefendigil and Oztop [78]

o Numerical study by impinging a jet over a
partly curved surface with a CuO-water
nanofluid.

o Simulations were performed for

Re = 100-500 and various solid particle
volume fractions.

o A more pronounced effect over heat transfer and
distribution of fluid flow was observed for the
curved surface as compared to the flat one.

o The average Nu increased linearly with the
nanoparticle volume fraction, and a 20%
enhancement in the average Nu was observed at the
highest volume fraction. the

Wongcharee et al. [79]

o Experimental study of the impact of three
different jet-plate spacing—nozzle diameter
ratios (H/d), 2, 3, and 4, over jet
impingement cooling.

o A decrease in Nu was experienced with the
increase in the jet-plate spacing—nozzle diameter
ratios (H/d).

o The poor heat transfer at a high jet-plate
spacing—nozzle diameter ratios (H/d) was observed
to be caused by the impinging jet of lower intensity
having a lower momentum on the target plate.

Feng et al. [80]

o Experimental and numerical study for five
different nozzle—target plate distance values
of H/D=2,4,6,8, and 10.

e It was observed from the results that at a low value
of H/Dm the heat transfer rate is enhanced as more
fluid is provided for cooling.

Sundaram et al. [81]

o Experimental and numerical investigation
of heat transfer performance and pin-fin
effectiveness of array jet impingement over a
target surface having a roughness element of
short height.

e Array of 5 x 5 jets had a jet-jet spacing
(X/D =Y/D) of 3 and a jet-target spacing
(Z/D) of 1.

o Pin-fin effectiveness significantly increased, and it
was observed that the height of the roughness
element (H) is the dominant factor affecting heat
transfer.

o Effectiveness ranging between 1.8 and 2.4 was
reported for the plate configurations used in this
study, and the highest effectiveness was achieved by
the configuration having the highest void fraction
and wetted surface area.
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Table 3. Cont.

Ref.

Methodology

Key Findings

Sagot et al. [82]

o Numerical and experimental investigation
of air jet impingement on a flat surface for
various jet-target surface spacings

(H/D =2-6).

e A Nu correlation was proposed for constant wall
temperature conditions.

e Lower values of Nu were obtained for the constant
wall temperature in comparison with uniform heat
flux.

Lietal. [83]

o Heat transfer performance of an impinging
jet array arrangement was studied
experimentally for jet-target surface spacing
Z/D =0.75-3, and yjr hole inclination angle
was varied from 0° to 40°.

e An increase in Nu was observed with an increase
in spacing between the jet and the target surface, and
the peak value was reported at Z/D = 2.

o The hole inclination angle was insensitive to the
area-averaged Nu; however, a small impact over the
local heat transfer distribution was reported.

Ansu et al. [84]

e An experimental investigation to study
heat transfer performance over an unheated
flat plate by impingement of a single jet and
a row of jets for the jet—target surface spacing
(L/D)of 2,4, and 6.

o The study was performed for Reynolds
number values of 5000, 10,000, and 15,000.

o A decrease in the stagnation Nu was observed for
an increasing L/D value up to 4, and a decreasing
trend was reported afterward until L/D = 6 for all Re
values in the single-nozzle case.

o For the single-orifice case, a higher stagnation Nu
value was observed for lower values of L/D.

o For the nozzle case, the separation distance

L/D = 4 gave optimum extraction of heat from the
target surface for both a single and a row of jets.

Greco et al. [85]

o An experimental study was conducted to
analyze the impact of the nozzle-target plate
spacing H/D between 2 and 10 and for a
fixed Reynolds number of 5250.

o Heat transfer fluctuations showed a decreasing
trend with an increase in the nozzle-target plate
distance H/D.

e The maximum value of time-averaged stagnation
Nu was observed at values between 4 and 6 for the
jet—target plate spacing H/D.

Glaspell et al. [86]

o An experimental investigation was
performed to study the impact of the
nozzle—target surface distance for a range of
H/d =0.02-0.51.

o It was observed from the results that a decrease in
the nozzle-target surface spacing causes an increase
in the normalized stagnation Nu and hydraulic jump
diameter.

Markal et al. [87]

e A coaxial air impinging jet having an outer
conical outlet and an inner circular outlet
was studied experimentally to investigate
heat transfer performance at nozzle
exit-target surface distance H/D = 0.5-6 and
cone angles of 0°, 10°, 20°, and 30°.

e It was observed from the results that lower values
of the distance between nozzle exit and target
surface results in higher values of the local Nu, and
the highest thermal performance was achieved for
H/D =2 or lower nozzle-target distances with cone
angle 20°.

Chen et al. [88]

o Experimental study to investigate heat
transfer performance for a combined effect
of detached ribs and V ribs on a target plate
and an impingement plate, respectively.

e The investigation was performed for the
separation distance H/D ranging from 3 to 5
and Re = 15,000 to 35,000.

o A higher area-averaged ratio of Nu for the
Vi-detached rib case and the smooth case was
obtained for H/D =5 and Reynolds number = 35,000.
e For all cases of the Vi-detached rib, the Nu value
was higher as compared to the Nu obtained for the
smooth case, and the aerodynamic effects were
observed to be the cause of the increase in heat
transfer.

Enhanced surface designs, including dimples, indentations, and ribs, increase the

heat transfer performance of the surface by improving fluid—surface interactions through
turbulence generation and a convective heat transfer rate. However, alongside heat transfer
performance, hydraulic performance is also important. An increase in the friction factor
is observed in all of the reported studies because of the induced interference in the flow
by enhanced surfaces. In the reported literature, the effectiveness of different surfaces
has been measured by performance enhancement criteria. It has also been observed that
dimpled shapes as compared to other surface designs give a better thermal-hydraulic
performance. Another method of achieving large turbulent mixing is by reducing the gap
between jet plate/nozzle and target surface, thus achieving high heat transfer performance.
The studies reported in this review show that when the jet plate /nozzle are brought closer
to the target surface, through vigorous interaction of impinging jets, large turbulence is
produced, thus giving an enhanced heat transfer rate. Therefore, it can be established
that the acceleration of jets and enhanced surface—fluid interactions play an important
role in achieving large turbulence and thus achieving high heat transfer performance.
These observations highlight the importance of jet excitations in attaining high surface heat
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transfer rates. The use of jets excitations to intensify the heat transfer rate is studied in the
next section.

2.2. Excited Jets

The quest for further improving the heat transfer performance of jet impingement
cooling on a target surface made way for using passive and active excited jets. These
excited jets have considerable implications for thermal system performance by improving
jet turbulence and mixing characteristics. These excited jets have the potential to intensify
impingement over a larger area of the target surface as compared to steady jets [89]. The
heat transfer enhancement through jet excitation is achieved through passive and active jet
excitement methods. No moving parts are involved in the intensification of heat transfer
through the passive jet excitation method. The passive method involves swirling jets,
sweeping jets, and annular jets for heat transfer enhancement.

In this regard, Xu et al. [90] performed a numerical study to analyze the effect of
swirling jets achieved through threaded holes on the heat transfer performance of gas
turbine blades. They used 45° threaded holes instead of circular holes to study the impact
of swirling jet impingement on heat transfer. The jet inclination angle was varied from
45° to 90°, and the other parameters studied were jet—plate spacing (H/d) = 2, 4, and 6
and the Reynolds number range from 6000 to 24,000. It was observed from the results
that the jet inclination angle and jet-plate spacing have a major effect on the location and
size of vortices, while the Reynolds number is almost insensitive to them. A swirling
impingement jet in an inclined position was more effective in terms of cooling performance
as compared to circular impingement. An experimental investigation was performed by
Wongcharee et al. [91] to study the impact of a swirling jet delivered through a twisted
tetra-lobed nozzle on heat transfer augmentation (see Figure 8). For comparison, circular
and tetra-lobed nozzles were also studied. The jet-target plate spacing (L/D) used was
3, 4, and 5; twist ratios (y/Dy) used were 2, 3, 4, and 5; and the Reynolds number range
used was from 4000 to 28,000. It was observed from the results that the Nu value increases
for all nozzle types used for increasing the Reynolds number and decreasing the jet-target
spacing. The heat transfer performance was better for tetra-lobed and twisted tetra-lobed
nozzles as compared to the circular nozzle at a given jet Reynolds number. The maximum
Nu value was achieved through a twisted ratio of 4.0 for the twisted tetra-lobed nozzle.
Heat transfer rates were enhanced by 27.7%, 25.0%, 21.6%, and 19.3% by using a twisted
tetra-lobed nozzle with twisted ratios of 2.0, 3.0, 4.0, and 5.0, respectively, as compared to a
circular nozzle (non-swirling jet). Ikhlaq et al. [92] numerically studied the impact of the
weak swirling jet (S = 0.31) on a heated plate for heat transfer characteristics. The study was
performed for jet-plate spacing (H/D) = 2, 4, and 6. It was observed from the results that
at H/D = 2, the weakly swirling jet inflow condition suppresses heat transfer. A numerical
investigation was performed by Debnath et al. [93] to study the comparison of the effect of
swirling and non-swirling jet array impingement flow on heat transfer performance. The
two conditions were swirling flow (S = 0.74) and non-swirling flow (S = 0), the jet—plate
spacing (H/D) was kept constant at 2.0, and the Reynolds number used was 11,600. Two
different array arrangements, i.e., staggered and inline, were used during the study. It was
observed from the results that staggered arrangements show better performance at mixing
and heat transfer. For the non-swirling jet condition, an accurate heat transfer prediction
was made around the stagnation region, and for swirling jet impingement, it was predicted
between neighboring jets.
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Figure 8. (a) Schematic of the experimental setup and (b) twisted tetra-lobed nozzle. Reprinted with
permission [91], Copyright 2020, Elsevier.

Sapra and Chander [94] experimentally studied the effect of various operating and
design parameters on impingement heat transfer performance in dual swirling burning
with a tangential entry. The parameters studied were Reynolds number, equivalence
ratio, and separation distance. It was observed from the results that geometrical design
parameters have a reasonable effect on the intensity of swirl, thus causing a significant
impact on the heat transfer performance of the burner. An experimental investigation was
performed by Chang and Shen [95] to study the heat transfer characteristics of a swirling jet
array from a nozzle plate with and without patterned grooves. Induction of a swirling jet
in the nozzle was caused by twisted tape having 1-2 twist pitches. The Reynolds number
range was from 1500 to 20,000, and the nozzle-target plate non-dimensional spacing was
from 0.1 to 8. Nu correlations and local heat transfer properties due to groove impact were
presented. It was observed from the results that heat transfer performance is improved
with patterned grooves. Chang et al. [96] performed an experimental study of the heat
transfer performance of swirling and non-swirling jets originating from an orifice plate
with grooves. It was observed from the results that cross-flow effects (not favorable) are
minimized by either grooves or swirling jets and heat transfer is augmented for small
separation distances. A numerical investigation was performed by Fawzy et al. [97] in
which swirl and impingement techniques for cooling turbine blades using multiple conical
nozzles were combined to achieve optimal heat transfer performance. It was observed
from the results that by increasing the Reynolds number value from 10,000 to 25,000, this
compound cooling technique can achieve a 99.7% increase in heat transfer augmentation
for a constant temperature ratio. For an increase in the temperature ratio from 0.65 to 0.95,
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an increase of 11% was observed in the overall Nu value at a constant Reynolds number.
The results also demonstrated better heat transfer performance by the compound cooling
technique as compared to impingement and swirl techniques separately. In another study
by Fawzy et al. [98], the effect of the slot angle and slot area ratio was investigated for swirl
cooling of gas turbine blades. Slot angles used during the study were 60°, 75°, 90°, and
105°, and slot area ratios were 1.0, 2.0, 3.0, and 4.0. When the slot area ratio was increased
from 1.0 to 4.0, an increase of 23% and 30% in the thermal performance factor and the
global Nu was achieved by this system for identical Reynolds number values. However,
for an increase in the slot angle from 60° to 105°, a relatively small increase of 7.5% in the
global Nu was achieved, whereas the thermal performance factor was enhanced by 29.8%.

Heat transfer and flow characteristics were experimentally studied by Park et al. [99]
for sweeping jet impingement on a flat surface. The study was performed for four different
Reynolds numbers (3600, 6400, 11,000 and 15,300) and three nozzle-target plate spacing
(H/d) values (1.0, 2.0m and 3.0). Nu distribution divided the impinging heated wall
into two zones, (i) a high Nu near the center zone and (ii) a lower Nu away from the
central zone. Zhou et al. [100] performed an experimental investigation to study heat
transfer enhancement for a sweeping impinging jet with narrow spacing. During the study,
Reynolds number values used were 5000, 10,000, and 15,000, and the jet-wall spacing (H/d)
was kept at 0.5, 1.0, 2.0, and 3.0. From the results, it was observed that the heat transfer
performance of a sweeping jet system increases with increasing Reynolds number and
decreases with decreasing jet-wall spacing. Around the stagnation zone, a maximum of
40% heat transfer enhancement was achieved by using a sweeping jet instead of a circular
jet. An experimental study was performed by Wen et al. [101] to analyze the potential
application of a master—slave fluidic oscillator used to produce sweeping jet impingement
having adjustable spreading angles (see Figure 9). An increase in spreading angles of the
jet from 0° to 100° was achieved by increasing the master flow rate (MFR) from O to 1.
It was demonstrated that a novel design of sweeping jets and guides can be applied for
different impingement targets and conditions for heat transfer enhancement. The heat
transfer characteristics and flow behavior were experimentally studied by Kim et al. [102]
for a sweeping jet generated through a fluidic oscillator (feedback-free) impinging on a flat
surface. The study was performed for a Reynolds number range from 8000 to 32,000 and
a jet-wall spacing of 3.0, 5.0, and 8.0. The results for the feedback-free sweeping jet case
for different Reynolds number values and jet-wall spacings were compared with normal-
feedback sweeping jets and square jets (see Figure 10). The heat transfer performance of
the feedback-free sweeping jet was better than that of the normal-feedback sweeping jet
and square jet for all values of the Reynolds number at a jet-wall spacing of 5.0 and lower.
At a high jet-wall spacing of 8.0, the heat transfer performance of the square jet surpassed
the normal-feedback sweeping jet and the feedback-free sweeping jet.

25D, ‘
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33D, \ Control [
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Slave Plate

Master Plate

Figure 9. Design of a master—slave oscillator (adopted from [101], 2020 Elsevier).



Energies 2021, 14, 6458

19 of 40

100

90

80

704

Nu

504

40

304

. 1007 100 - m FFS]
® TS
90 90 - A sl
L4 n
" 80 A 80 A
]
]
(] 704 L 70 4
A A
60 60+
[ ]
_ [ ]
50 4 a 504
a 50 . 50 .
L J
¥ 40 404 ®
a ]
L ] 2 -
30 ° 304
[ ]
T T T T 20 T T T T 20 T T T T
8000 16000 24000 32000 8000 16000 24000 32000 8000 16000 24000 32000
Re Re Re
(a) Z/d,=3 (b) Z/d,=5 (c) Z/d,=8

Figure 10. Average Nu profile against impingement of a feedback-free sweeping jet (FFS]), normal-feedback sweeping jet

(FSJ), and steady square jet (S]) for various jet-to-wall spacings and Reynolds numbers. Reprinted with permission [102],
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Heat transfer performance was numerically investigated by Afroz and Sharif [103]
for a heated target surface by turbulent annular swirling jet impingement. Ansys Fluent
software was used for computation, and swirling and non-swirling jet impingements
were studied by using the k-¢ realizable model. The parameters used during the study
were a Reynolds number ranging from 5000 to 25,000, a swirl strength ranging from 0 to
0.77, a jet exit-target surface spacing ranging from 0.5 to 4.0, and an annular jet blockage
ratio ranging from 0.4 to 0.6. It was confirmed from the results that when the spacing
between the jet exit and the target surface is small, i.e., 0.5, the average Nu is enhanced
by 8% for a certain combination of Reynolds number, swirl strength, and blockage ratio.
However, when the spacing between the jet exit and target surface is large, average, and
peak initially, Nu experiences a slight increment and then a linear increase with increasing
swirl strength. Dutta and Chattopadhyay [104] performed a numerical study to investigate
the flow and heat performance of turbulent swirling jet impingement on a heated target
plate. The geometry of the annular jet was selected in such a manner that the mass and
momentum efflux of both annular and circular jet exits (for the same inner jet diameter)
remained the same for certain Reynolds numbers. An under-prediction of heat transfer
characteristics was observed from the two-dimensional study. Furthermore, flow and
heat transfer performance was compared for annular and circular jets. An experimental
investigation was performed by Fenot et al. [105] to study the heat transfer performance of
quasi-annular jet impingement, and a comparison was drawn among these jets and with a
circular jet. During the study, mass flow was kept constant and the blockage ratio (Dj,¢/D)
parameter was varied. A major influence of the injection jet-target plate distance (H/D)
on heat transfer was observed at H/D = 2 or lower values. Recirculation was observed
downstream of injection due to the inner structure, which was dependent upon Djn /D and
H/D. A major influence of both parameters Dj,;/D and H/D on heat transfer was recorded
in the impingement region, and this impact was less effective in the wall jet region.

When moving parts are involved to intensify heat transfer in jet impingement, this
technique is termed “active jet excitement.” It involves two types of jets for excitation, i.e.,
synthetic jet and pulsating jet. These synthetic and pulsating jets are produced by acoustic
and mechanical actuators. Due to its huge weight, more power consumption requirements,
and high maintenance needs, this method is less feasible for large-scale engineering ap-
plications and is used mainly for small-scale applications. Synthetic jets are jets having
flow with oscillation in such a manner that the time-averaged velocity remains zero. In this
regard, Huang et al. [106] performed an experimental and numerical investigation to study
the heat transfer performance of a heat sink longitudinal fin from an electronic cooling
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system using the active jet excitation technique of synthetic jet impingement. The study
was based on analyzing the effect of the amplitude and frequency of movement of the
diaphragm and the jet-target surface spacing. A good match between computational and
experimental work was recorded. For fin surfaces, a linear increase was observed in the
average heat transfer coefficient against the operating frequency. The highest heat transfer
performance of 650 W/m?-K was achieved for a 2700 Hz operating frequency for a double
circular orifice. The impact of amplitude on the heat transfer coefficient resulted in a linear
relationship, and the cooling performance was found to be rather insensitive to jet-target
surface spacing. An experimental investigation was performed by Singh et al. [107] to
study the heat transfer characteristics of impinging synthetic jet over a hot surface using
various shapes of the orifice, such as circular, square, and rectangular. A maximum heat
transfer coefficient that was 16.1 times greater for the current setup versus natural con-
vection was achieved. Travnicek and Antosova [108] performed an experimental study to
investigate the heat transfer performance of rectangular synthetic jet impingement on a
wall. The synthetic jet was originating from a nozzle having an oscillating cross section. It
was observed from the results that a maximum heat transfer performance is caused by a
phase shift (maximum at a phase shift of 270°) between diaphragm and nozzle cycles. An
experimental study was conducted by Singh et al. [109] to investigate the flow and heat
transfer performance of synthetic jet impingement with multiple orifices. The shapes of the
multiple-orifice synthetic jet used during the study were circular, rectangular, and square.
The Reynolds number used during the experimental investigation was in the range of 1689
and 4670, and the dimensionless axial distance ranged from 1 to 25. It was recorded from
the results that a 60% higher average Nu is observed for multiple-orifice jets in comparison
to a single-orifice jet.

An experimental setup was arranged by Lyu et al. [110] to study the thermal perfor-
mance of piston-driven synthetic jet impingement (see Figure 11). The range of operational
frequencies used was from 5 Hz to 25 Hz, and the jet-target spacing (H/d) ranged from 2
to 14. It was observed from the results that during the working phenomenon of synthetic
jet impingement driven by a piston, the friction heat generation and warm air suction
cause a rapid increase in the air temperature at the initial stage. A maximum Nu of 72 was
achieved for jet-target spacing = 4 and operational frequency = 5 Hz when the adiabatic
wall temperature was used as a reference temperature while defining the convective heat
transfer coefficient. Gil and Wilk [111] performed an experimental investigation to study
heat transfer performance of synthetic jet impingement. In this setup, a special actuator
comprising a loudspeaker and a Plexiglass cavity was used to create the synthetic jet (see
Figure 12). The parameters under investigation for studying heat transfer performance
were the supply and geometry of the synthetic jet actuator. The excitation frequency ranged
from 5 to 600 Hz, the dimensionless stroke length range was 0.84-170.5, and the Reynolds
number range used during the study was 3600-2950. The geometrical parameters that
were varied in the actuator were orifice diameter, orifice thickness, and cavity depth. A
maximum heat transfer enhancement was observed to be achieved at dimensionless stroke
length = 4 and was caused by the increase in the strength of the vortex. In another ex-
perimental work, Gil et al. [112] investigated the effect of synthetic jet impingement for a
constant Reynolds number and varying stoke number on heat transfer performance. The
study was performed for a Reynolds number range from 5440 to 11,475, a stroke length
range from 7.49 to 38.5, and a jet-target surface spacing from 0 to 20. It was observed from
the results that a maximum stagnation heat transfer coefficient is achieved at a jet-target
surface spacing of 5. This maximum Nu was achieved by a change in the heat transfer
distribution caused by hot air recirculation. An experimental study was performed by
Lyu et al. [113] to investigate synthetic jet impingement heat transfer characteristics of
a jet issuing from two different shapes (petal and arch) of planar-lobed orifices on two
different shapes (flat and concave) of target surfaces. In this study, the number of lobes
(N) was chosen to be 2, 4, and 6 for the petal-shape orifice and for the arch-shape orifice
number of lobes, it was kept constant at 6, but the aspect ratio was varied (AR =1, 2, and 3;
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see Figure 13). The range of operational frequencies was varied from 10 to 25 Hz, while
the jet-target plate spacing (H/d) ranged from 2 to 14 and 6 to 14 for flat and concave
target surfaces, respectively, during the experimental work. It was observed from the
results that by using planar-lobed orifices in comparison to baseline round orifices, heat
transfer enhancement by synthetic jet impingement is achieved. Superior performance was
observed for the petal-shape orifice, with N = 6, as compared to the AR = 2 arch-shape
orifice. A 26% increase in the spatially average Nu was achieved for the petal-shape orifice,
with N = 6 at an operational frequency of 15 Hz and H/d = 10 as compared to the baseline
round orifice. Talapati et al. [114] performed an experimental study to investigate local heat
transfer performance by synthetic air jet impingement on a smooth convex target surface.
The range of actuator frequency (f) was varied from 100 to 300 Hz, and the jet-target plate
spacing (z/d) ranged from 1 to 8 at a constant orifice diameter of 10 mm. It was observed
from the results that the most effective actuator frequency and jet-target surface spacing
are f = 200 Hz and a lower value of z/d = 2, respectively.
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Figure 11. Schematic diagram of the experimental setup for piston-driven synthetic jet impingement.
Reprinted with permission [110], Copyright 2020, Elsevier.
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Figure 12. Schematic diagram of the experimental setup for synthetic jet impingement using a special

actuator comprising a loudspeaker and a Plexiglass cavity. Adopted from [111].
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Figure 13. Schematic diagram of the lobed orifices used. Reprinted with permission [113], Copyright
2020, Elsevier.

Pulsating jet impingement is more complicated than the continuous jet impingement
because of the unsteady features inherently possessed by pulsating jets. Coherent vortical
structures are periodically formed by pulsating jet impingement, which leads to heat
transfer enhancement as compared to continuous jets. Experimental tests and numerical
computations were performed by Tang et al. [115] to study heat transfer performance of
pulsating jet impingement on a flat target surface. At a fixed duty cycle (DC) = 0.5, the
experiments were performed for a range of Reynolds numbers from 5000 to 15,000, an
operation frequency range from 5 to 40 Hz, and a nozzle-target surface distance (H/d)
range from 2 to 10. It was observed from the results that a circumferentially average Nu
is enhanced from 8-16% around the stagnation point at Reynolds number = 10,000 and
H/d = 6 with the addition of a transmission chamber. Abishek and Narayanaswamy [116]
performed an experimental study to investigate the effect of the pulsation of a jet on boiling
heat transfer by using confined and submerged impinging jet with a lower-boiling-point
liquid FC72 and water. To induce mean flow pulsations at various flow rates of the jet,
a novel pulsation mechanism of the jet was designed. The effect of parameters such as
Reynolds number, amplitude, and frequency of pulsation on heat transfer performance was
studied. An inverse relation between temperature oscillations and the Strouhal number
having an exponent in the range from 0.63 to 0.75 was observed for both boiling and single-
phase cooling cases. There was no considerable impact of jet pulsation observed on the
time-averaged single-phase heat transfer characteristics for the given range of parameters.
Although the impact on time-averaged boiling was not considerable, but still, during
pulsating jet impingement, the boiling was observed to be renewed cyclically. The key
findings of different experimental and numerical studies of various jet excitations methods
are further summarized in in Table 4.

Table 4. Jet impingement with different types of excited jets.

Ref.

Type of Jet

Type of Study Excitation

Key Findings

Ahmed et al. [117]

Experimental /Numerical Passive/Swirling

o The convective heat transfer for swirling jet
impingement was found to be highest in the
near field (low jet impingement distance),
whereas for the far field (high jet impingent
distance), the highest convective heat transfer
was observed for the non-swirling jet.

e In only the strong swirling jet case, stable
recirculation zones (which affect the heat
transfer coefficient) appeared on the impinged
surface for near-field impingement.
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Table 4. Cont.

Type of Jet
Excitation

Ref. Type of Study Key Findings

e High local and uniform heat transfer regions
were achieved through the combined effect of
impingement and swirl cooling (swirl and
impingement composite cooling).

Wu etal. [118] Numerical Passive/Swirling o The composite swirl impingement case
achieved a 19.12% higher global average Nu as
compared to the impingement-only case and a
4.29% lower pressure loss as compared to the
swirl-only case.

e An enhancement in heat transfer was

observed for coaxial swirling air impinging jets

with an increase in the flow rate and a decrease

in jet-target spacing.

o The magnitude of the local Nu increased by
Markal et al. [119] Experimental Passive/Swirling 17% when the flow rate was increased from

40 LPM to 50 LPM.

o A 10.6% and 29.7% increase in the average

Nu was achieved through reducing the

impingement distance and increasing the flow

rate, respectively.

e Co swirling adjacent jets caused strong

interaction, which resulted in high turbulence

and mixing, and thus high heat transfer rates
Singh and Chander [120]  Experimental /Numerical Passive/Swirling were obtained.

o The effect of jet—jet spacing was observed to

be more significant as compared to the

jet—target surface distance.

o The fluidic oscillator caused significantly

improved cooling effectiveness due to its

sweeping action in the sweeping jet cooling
Hossain et al. [121] Experimental/Numerical Passive/Sweeping hole.

e An improvement in overall cooling

performance of the sweeping jet was observed

at low blowing ratios.

e A significantly higher heat transfer
performance due to enhanced thermal
transport near the impingement surface was
achieved by the motion of the sweeping jet as
compared to a steady square jet.

oA drastic decrease in the heat transfer
performance of sweeping jets was observed at
higher jet-wall distances because of a
reduction in impinging velocities.

Kim et al. [122] Experimental Passive/Sweeping

o It was observed during the results that the
sweeping jet enhances the heat transfer rate for
a concave target surface as compared to a flat
surface.

o The curvature magnitude resulted in peaks
of Nu at moderate curvature, but no
monotonic increase in Nu was observed
otherwise.

Kim et al. [123] Experimental Passive/Sweeping

o The results showed that using an
axis-symmetric nozzle, the rewetting
temperature increased by an increase in the
initial temperature of the surface and an
increase in wetting delay, but a reduction in
rewetting velocity was also reported.

Agrawal et al. [124] Experimental Passive/Annular

e For a mist loading fraction range of
0.25-1.0%, an enhancement in the heat transfer
Experimental Passive/Annular coefficient at the stagnation point in the range
of 185% to 312% was observed for the
air-water mist impinging jet over the cylinder.

Khangem-bam and
Singh [125]
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Table 4. Cont.

Ref.

Type of Jet

Type of Study Excitation

Key Findings

Khangem-bam et al. [126]

o A significant enhancement in heat transfer
was reported with the increased mist loading
fraction.

Experimental /Numerical Passive/Annular o A high heat transfer enhancement of 408%

and 775% at the stagnation point on the
cylindrical surface was reported during the
experimental and numerical study.

Guan et al. [127]

Experimental Active/Synthetic

o The results reported an improvement in the
effectiveness of heating for a chevron jet on a
conical wall’s leading edge for small Reynolds
number values.

e A 20% enhancement in area average heating
effectiveness was observed for the chevron
nozzle jet in comparison to the conventional
nozzle jet.

Guan et al. [128]

o Heat transfer performance improved by a
chevron nozzle in the vicinity of the leading
edge of the conical wall by causing high jet
fluctuations through an increase in the jet core

Numerical Active/Synthetic velocity.

o For a constant chevron length ratio, the
average heating effectiveness increased with
an increase in the chevron penetration depth
ratio.

Lietal. [129]

Numerical Active/Synthetic

o For all the Reynolds number values used in
the study, the corresponding interval of the
Strouhal number was reported to be 0.24-0.48
for the maximum average Nu.

o The trend of the amplitude and variation of
the average Nu was reported to be significantly
influenced by the Reynolds number or forcing
frequency of the synthetic jet.

Hsu et al. [130]

Experimental Active/Pulsating

e Convective heat transfer was reported to be
enhanced by increasing the axial convective
velocity of the ring generated by the vortex
and fluctuation intensity.

Rakhsha et al. [131]

Experimental /Numerical Active/Pulsating

e In comparison to steady jets, heat transfer
enhancements of 21%, 30%, and 36% were
reported for pulsating jet frequencies of 50, 80,
and 100 Hz, respectively, at jet-target surface
distance (H/d) = 5 and Re = 10,000.

e An increase in Nu was observed with an
increase in the pulsating frequency and
Reynolds number, while a reduction in Nu was
reported with increasing spacing between jet
and target surface.

It is observed from the reported experimental and numerical studies that both passive
and active jet excitations play a key role in the enhancement of the heat transfer rate as
compared to steady jets. Both excited and steady jets show different thermal and fluid flow
behavior. The review of excited jets in this study included swirling jets, sweeping jets, and
annular jets using the passive jet excitation method and synthetic jets and pulsating jets
using the active jet excitation technique. These jets achieve heat transfer augmentation of
the target surface through an increase in the fluctuation intensity, chaotic mixing, increased
turbulent intensity, and flow mixing intensification in the stagnation region. The impact
of various parameters such as Reynolds number, geometry of the nozzle/ orifice, shapes
of the orifice, excitation frequency, jet—jet distance, spacing between jet and target surface,
and incident angle of the jet were reviewed in this study. The heat transfer performance
through the generation of a swirl in the flow by 45° threaded holes, tetra-lobed and twisted
tetra-lobed nozzles, a nozzle plate with and without grooves having a pattern, an orifice
plate with grooves, a conical nozzle, and a slot area angle and ratio was reported in this
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study. It was also observed that the use of fluidic oscillators in sweeping jet impingement
to enhance heat transfer plays an important role. Annular jets give the best heat transfer
performance when the jet exit-target surface distance is small. In active jet excitation
techniques, various shapes of the nozzle, such as circular, square, rectangular, and planar
lobed (petal and arch), are used with different actuators having different amplitudes and
frequencies of the oscillating nozzle. A significant increase in the heat transfer rate of the
target surface is observed in the case of active jet techniques. Keeping in view the target
surface enhancements and jet excitation methods, the effects of nanoparticles on the base
fluids and phase change materials are discussed in the next section.

2.3. Nanofluids and Phase Change Materials (PCMs)

In some scenarios, the conventional jet impingement cooling technique is unable to
meet the goal of removal of heat at a rapid rate from the heated surfaces, and to meet this
need, the use of nanofluids and phase change materials (PCMs) due to their high thermal
conductivity and high heat storage capability, respectively, were introduced by researchers
to further improve the heat transfer rate.

2.3.1. Nanofluids

The integration of nanofluids (advanced working fluids) into the jet impinging heat
transfer technique and replacing conventional coolants such as air and water were caused
by the expanded recent research on nanofluids. Cost-effective nanofluids not only en-
hance the heat transfer performance significantly but also help in reducing the size and
weight of the cooling system. Nguyen et al. [132] performed an experimental study to
investigate the heat transfer performance of an impinging jet over different shapes of target
surfaces by using an Al,Os—water nanofluid. The Reynolds number range used during
the experimentation was from 3800 to 88,000. The Prandtl number range was from 5 to 10;
the nozzle-surface distance was 2, 5, and 10 mm; and the particle volume fraction ranged
from 0% to 6%. The experimental data obtained showed that the use of nanofluids for a
certain combination of particle volume fractions and nozzle-surface distance can provide
enhancement in heat transfer. At a nozzle—surface distance of 5 mm and a nanofluid
particle volume fraction of 2.8%, the highest heat transfer coefficient was obtained. A
high particle volume fraction such as 6% was not observed to be effective for heat transfer
enhancement for the jet impingement configuration. A 3.0% and 6.25% lower average CPU
temperature in comparison to jet liquid impingement and the conventional cooling system
using a liquid, respectively, was achieved by Naphon and Wongwises [133] through their
experimental study using the jet nanofluid system. The study was performed to investigate
the heat transfer performance of jet nanofluids in the cooling of computer processing
units. The range of parameters used in experimentation, where the working fluid was TiO,
particles suspended in the base fluid, were as follows: the flow rate of the coolant was
varied from 0.008 to 0.020 kg/s, and the nozzlefin tip spacing was kept at 2.00 mm. It was
observed from the results that Nu was directly proportional to the mass flow rate of the
nanofluids. A higher value of Nu was reported for an impingement cooling system using
nanofluids in comparison to both jet liquid impingement and conventional cooling systems
for all values of the mass flow rate. Zeitoun and Ali [134] performed an experimental
study by impinging a vertical round jet of alumina-water nanofluid over a horizontally
placed circular round surface. Three different nanoparticle volume concentrations of 0%,
6.6%, and 10% were used during the study. Experimental results showed that heat transfer
enhancement is achieved with the increase in the nanoparticle concentration for the same
Reynolds number. Heat transfer performance was experimentally investigated by Naphon
and Nakharintr [135] through impingement of a nanofluid jet over a mini-fin heat sink of
rectangular shape. A wire electrical discharge machine was used for fabrication of the heat
sink from aluminum, and the nanofluid was composed of TiO, nanoparticles having a
volume concentration of 0.2% and deionized water as the base fluid. It was observed from
the results that better heat transfer performance is shown by the system in the presence of
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a nanofluid as compared to deionized water alone. An additional benefit of the increase
in the nanofluid pressure drop was also observed due to the use of nanoparticles. An
experimental study was performed by impinging a fluid jet of Al;O3 and water nanofluid
over a circular flat disk to investigate the thermal performance of the system by Jaberi
etal. [136]. The Reynolds number range was varied from 4200 to 8200, and the nanoparticle
concentration by weight was kept from 0.0198% to 0.0757%. Results showed that the
presence of nanoparticles proves to be beneficial for the improvement of thermal perfor-
mance as compared to water alone. The heat transfer coefficient was enhanced by adding
nanoparticles, and the maximum heat transfer coefficient was achieved at a nanoparticle
concentration of 0.0597%. Beyond this value of nanoparticle concentration, the addition of
nanoparticles did not prove to be beneficial, and the lowest heat transfer coefficient was
recorded at a concentration of 0.0757%. At Reynolds number = 4200, the maximum heat
transfer coefficient increased by 50% for nanofluids as compared to water.

Various nanoparticle concentrations of silver-water nanofluids were used by Zhou
etal. [137] to investigate the heat transfer performance of a submerged impinging jet in plate
and fin heat sinks. The heat transfer coefficient was enhanced while using a nanofluid in
place of a base fluid by 6.23%, 9.24%, and 17.53% for nanoparticle by weight concentrations
of 0.02%, 0.08%, and 0.12%, respectively, for the same jet velocity. Lv et al. [138] performed
an experimental investigation to study heat transfer enhancement by impinging a free
single jet of a SiO,—water nanofluid. Three different nanoparticle volume concentrations
of 1%, 2%, and 3% were used during the study for a Reynolds number range of 8000 to
13,000. For the given Reynolds number range and nanoparticle volume concentration of
3%, the convective heat transfer coefficient was enhanced by 40% for the nanofluid as
compared to water (see Figure 14). The impact of the concentration of the CuO-water
nanofluid on jet impingement cooling was investigated by Wongcharee et al. [79]. For
a Reynolds number range of 1600 to 9400, with water as the base fluid, nanofluids at
three different concentrations of 2.0%, 3.0%, and 4.0% by volume of CuO were tested
comparatively. It was observed from experimental results that under similar operating
conditions, a lower impinged surface temperature (higher Nu) is achieved by nanofluids
with CuO concentrations of 2.0% and 3.0% as compared to water as the base fluid. The
reason behind this thermal advantage of nanofluids over water is the higher convection
rate due to the higher thermal conductivities of nanofluids over water. However, 4.0%
by volume concentration of nanofluids results in a lower Nu, which can be explained by
suppression of the heat transfer efficiency due to the high viscosity of nanofluids at high
concentration levels. A similar behavior was observed with a nanofluid concentration
of 3.0% as compared to 2.0%. Selimefendigil and Oztop [139] performed a numerical
study of jet impingement heat transfer over a corrugated surface with different shapes
of nanoparticles with a water-5iO, nanofluid. The effect on heat transfer and fluid flow
characteristics was studied for a range of nanoparticle volume fractions between 0 and 0.4
and different shapes, i.e., blade, spherical, cylindrical, and brick, of nanoparticles. Results
for different shapes of nanoparticles showed that the cylindrical shape produces the best
heat transfer characteristics. As far as the nanoparticle volume fraction was concerned,
at the highest volume fraction, better heat transfer performance was observed for the
corrugated surface than flat ones. A linear function was observed between Nu and the
solid volume fraction for spherical-shape nanoparticles, whereas for the cylindrical shape,
deviation from the linear function was experienced.
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Figure 14. Nu values for different percentages of SiO, nanoparticles in water at (a) H/D = 2,
(b) H/D =3, (c) H/D =4, and (d) H/D =5. Reprinted with permission [138], Copyright 2017, Elsevier.

A numerical investigation was performed by Mahdavi et al. [140] to study the heat
transfer characteristics of a free surface air/nanofluid jet on a circular rotating heated
disk. The parameters used to perform this analysis were the volume fraction of rotation of
the disk and nanoparticles. It can be observed that the impact of the rotational Reynolds
number was almost negligible on the increase of heat transfer for a rotational Reynolds
number value of up to 100,000, while the increase in Nu was linearly correlated with the
increase in the rotational Reynolds number beyond 100,000 irrespective of the volume
fraction of nanofluids. Similarly, Nu was reported to increase by adding nanofluids up to
6%, which improves the thermal properties of the fluid and increases angular velocity. It
was observed from the results that the addition of nanofluids and a rotating disk causes
enhancement of heat transfer, but the power cost is increased due to viscosity as compared
to pure water. Abhijith and Venkatasubbaiah [141] performed a numerical investigation to
study the heat transfer performance of jet impingement of various nanofluids in a mini-
channel on a flat surface. For the two-phase phenomenon, the Eulerian—Eulerian solver
was used. The study was performed for water as the base fluid and various nanoparticles
such as Ag, Al,O3, Fe, Cu, diamond, and SiO,. The Reynolds number range used during
the study was from 50 to 400, and the particle concentration ranged from 1% to 5%. It was
observed from the results that the heat transfer performance is 60% more for the Cu-water
nanofluid and 25% more for the Al,O3—water nanofluid when compared with pure water
for a particle concentration of 5% and Reynolds number = 300. When the Reynolds number
increased from 50 to 400, the heat transfer was enhanced by 283% for the Al,Os—water
nanofluid. Different nanoparticle shapes with the Al,Os—water nanofluid were used by
Ekiciler et al. [142] to study the thermal performance of jet impingement cooling. The
target surface for jet impingement was flat and triangular-corrugated, while the shapes
of nanoparticles used in the study were blade, spherical, brick, platelet, and cylindrical.
The nanoparticle volume fractions used were 1-3%, and the Reynolds number range was
from 100 to 500. It was observed from the results that platelet-shape nanoparticles produce
the maximum Nu (75% more than pure water) at Reynolds number = 400 and 3% particle
fraction because of a thin boundary layer, and 43% more thermal performance (compared
to pure water) was achieved for the triangular corrugated target surface. As the particle
volume fraction was increased, heat transfer was augmented. A numerical investigation
was performed by Abdelrehim et al. [143] for comparing the single and two-phase model
of nanofluids (Al,Os—water nanofluid) in single-jet impingement to analyze thermal and
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fluid flow characteristics. Nu was obtained by varying the Reynolds number (100-400), jet
height ratio H/W (0.54), and nanoparticle volume fraction (0-4%). It was observed from
the results that Nu increases with an increase in the nanoparticle volume concentration and
Reynolds number and a decrease in the jet height ratio. The two-phase model produced
150% enhanced heat transfer at a particle volume concentration of 4% and H/W = 4
(see Figure 15). This high heat transfer performance in the two-phase model is due to
enhanced thermal conductivity and the exchange of heat, resulting in temperature decrease
when thermal equilibrium is attained between water and nanoparticles. Hybrid nanofluid
Ag/ZnO jet impingement was used during a novel experimental study by Barewar and
Chugule [144] to analyze heat transfer performance on the heated target surface. The
hybrid nanoparticle volume concentration in water ranged from 0.02% to 0.1%m and the
Reynolds number range was 1769-8273. An 88.53% enhancement in the heat transfer
coefficient was observed to be achieved by using the hybrid Ag/ZnO nanofluid for a
nanoparticle volume fraction of 0.1% and aspect ratio H/D = 3.5 as compared to water.
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Figure 15. Variations of the Nusselt number (a) along the impinging jet as a function of the volume
fraction (¢) and (b) variations of the average Nusselt number as a function of the volume fraction (¢).
Reprinted with permission [143], Copyright 2019, Elsevier.

Chen and Cheng [145] performed a numerical investigation to study the heat transfer
performance of nanofluid (SiO,-water) jet impingement on a concave target surface having
a porous copper metal block. The heat transfer coefficient was enhanced by 5.85% at
Reynolds number = 9500 and a nanoparticle concentration of 3% by using the nanofluid
as compared to pure water. A numerical study was performed by Selimefendigil and
Oztop [146] to analyze the cooling performance of jet impingement using an alumina—
water nanofluid and a double porous layer. The parameters used during the study were a
Reynolds number ranging from 100 to 300; porous zone permeability, Da; and Dajy, from
107* to 107%; the height of the second porous layer, d,, from 0.1 H to 0.5 H; the spacing
between porous layers, h, from 0.1 H to 0.5 H; and the solid volume fraction from 0%
to 3%. Discrepancies were observed for higher Reynolds numbers between single- and
multiple-jet configurations. Convective heat transfer performance was largely affected
by the presence of a double porous layer, and it was observed to be highest when the
permeability of the porous layer was varied. While comparing the lower layer’s lowest and
highest permeability for the multiple-jet case, a 119% variation and a variation of 84% in the
average Nu for a single jet were recorded. A 32% increase in Nu was achieved for multiple-
jet cases as compared to single-jet cases when the upper porous layer’s permeability was
varied. At a volume fraction of 3% (highest), Nu increased by 11% for single- and multiple-
jet cases by inclusion of nanoparticles. However, the size of nanoparticles was rather
less impactful on heat transfer performance. A summary of different experimental and
numerical jet impingement studies using nanofluids has been presented in Table 5.
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Table 5. Jet impingement with nanofluids.

Heat
Ref. Study Nanofluid Flow Iﬁ;%%g'mﬂds Transfer
Performance
Selimefendigil and Oztop . B Average heat transfer
[147] Numerical Al,Oz—water 100-400 enhanced by 46%
Silver-multiwall carbon
. nanotube 3.1 Heat transfer coefficient
Sun et al. [148] Experimental (Ag-MWCNT)/water 0.1-0.6 m3-h enhanced by 29.45%
hybrid nanofluids
Sorour et al. [149] Experimental SiO,-water 40,000 Nu increased up to 80%
Kareem et al. [150] Experimental/Numerical CuO-water 1000-8000 gﬁﬁﬁrﬁgﬁgﬁﬁ Nu
Amjadian et al. [151] Experimental CupyO-water 7330-11,082 Eﬁﬁ:ﬁggg;ﬁ?;&fnﬁer
Allauddin et al. [152] Numerical Al,Oz-water 4000-20,000 ﬁ;}t{g}aerés{)e; ;S%fﬁcient
Balla et al. [153] Experimental Zn-water 200-1000 Nu enhanced by 2.1%
Al-Zuhairy et al. [154] Experimental Al,Oz—water 400-2000 200% increase in Nu
Boehmite
Sodagar-Abardeh et al. [155] Numerical Z{Eﬁéiae_;\lf;zgﬁ ?r?iitur e 100-400 83.3% increase in Nu
(50:50)
Balla et al. [156] Experimental ZnO-water 5000-17,500 11\59% enhancement in

2.3.2. Phase Change Materials (PCMs)

Heat energy is either released or absorbed when PCMs change phase from solid to
liquid or vice versa. Heat storage capacity becomes vital in heat transfer performance
if the liquid’s thermal conductivity and flow rate are fixed. PCMs having the quality
of high heat storage capacity present a good solution along with the jet impingement
technique for resolving the cooling problem in devices with high heat flux dissipation. For
improving existing cooling systems in high-heat-dissipating devices, Parida et al. [157]
used a combination of jet impingement having high heat transfer rates and PCMs having
high heat storage capacity in their novel study. A good agreement between the results from
simulation predictions and experimental data was found. It was observed that no delay in
reaching the steady-state is experienced when the heat flux is unable to melt the PCM. In
comparison to the no-PCM case, the heat source temperature was observed to be lower
(higher when unable to melt the PCM) for a longer time when the heat flux was sufficient to
partially melt the PCM. The design of the PCM layer to benefit device performance should
be in such a manner that it should be in the range of the PCM operating temperature, and
it will not be of any benefit if the device has a highly variable temperature. Improvement
in the thermal performance of the system can be achieved by adding nanoPCMs of sphere
shape to the impinging fluid. Wu et al. [158] performed an experimental study using the
particulate form of polymer-encapsulated PCM (nanoPCM) added to the water in the
jet impingement technique and spray cooling to enhance heat transfer, as presented in
Figure 16. The change of phase from solid to liquid of paraffin makes nanoPCMs absorb
heat. Leakage and agglomeration of paraffin were prevented by encapsulation. Flow
characteristics (pressure drop) and heat transfer were observed to be largely affected by
the volume fraction of nanoparticles. Enhancement by 50% and 70% in the heat transfer
coefficient was observed for jet impingement and spray cooling, respectively, in comparison
to water, while using slurry with a nanoparticle volume fraction of 28%. In another study
by Wu et al. [159], nanoPCMs were added to the air to enhance heat transfer in an air jet
impinging cooling system. The role of the nanoparticle volume fraction was found to be
significant in heat transfer enhancement and pressure drop. For a 4.6 to 15.2 m/s airflow
speed range, in comparison to a pure air jet, a 58 times improved heat transfer coefficient
was observed for air laden with a nanoparticle volume fraction of 2.5%.
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Figure 16. Images of encapsulated nanoparticles using (a) scanning electron microscopy and (b) trans-
mission electron microscopys; (c) particle size distribution of encapsulated nanoparticles; (d) schematic
diagram of the test chamber and heating element. Reprinted with permission [158], Copyright
2011, Elsevier.

In another method, the thermal properties of the fluids were improved by introducing
encapsulated PCMs in nano- and micro-size spherical containers in the fluid. This reduced
the pumping power of the cooling system through the added advantage of improved heat
capacity of the impinging fluid by PCMs. Seyf et al. [160] performed a three-dimensional
numerical study to investigate the heat transfer and flow characteristics using octadecane
for nano-encapsulated phase change materials (NEPCMs) and polyalphaolefin (PAO) as a
base fluid in a tangential jet impingement system for micro-tube heat sinks. It was observed
from the results that the addition of NEPCMs to polyalphaolefin (PAO) results in heat
transfer enhancement but at the cost of drastic effects on pressure drop. A numerical
investigation was performed by Hong et al. [161] to study the heat transfer performance
of NEPCM slurry in confined jet array impingement. The nanofluid carrier fluid used
during the study was polyalphaolefin, and a paraffin core and polystyrene shells were
used as NEPCM particles. The parameters varied during the investigation were jet velocity,
temperature of the inlet, and volume concentration of NEPCMs for a constant confinement
height and jet—jet distance. The optimum effective heat capacity was achieved at a higher
jet velocity and high NEPCM concentration, which resulted in reducing the difference
between the optimal inlet temperature and the melting point. It was also observed that the
head-on collision of adjacent jets formed a stagnant zone, which produced the weakest local
heat transfer on the heating surface. Rehman et al. [162] conducted a three-dimensional
numerical investigation of confined slot jet impingement by using a slurry of NEPCMs to
study hydrodynamic and heat transfer performance. The slurry used had the composition
of water as the base fluid, and n-octadecane having a diameter of 100 nm was suspended
in it. The Reynolds number range was from 100 to 600, and the particle volume fraction
used was from 0 to 0.28. A considerable enhancement in heat transfer was observed by
the addition of slurry, having the highest heat transfer at a particle volume fraction of 0.28.
The system’s pressure drop increased drastically by slurry in comparison to water alone
due to higher viscosity. In another work, Rehman et al. [163] performed a numerical study
using free surface jet impingement with NEPCM slurry and a nanofluid. The nanofluid
was used as a coolant along with NEPCMs and water. The nanofluid used in this study
was Al,Os. The nozzle-target plate distance and nanoparticle volume concentrations were
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varied to investigate thermal and hydrodynamic performance. NEPCM and nanofluid
(Al,O3) addition to water as the base fluid improved heat transfer performance with a
certain pressure drop. Improvement in the latent storage heat capacity was caused by
NEPCM slurry, and thus cooling performance was improved, whereas effective thermal
conductivity was enhanced by Al,O3 to improve the cooling performance of the system.
Further improvement in thermal performance was achieved by the increase in the particle
volume concentration. Zhang et al. [164] performed an experimental investigation to study
the heat transfer characteristics of jet impingement using a micro-encapsulated phase
change material. The test chamber having three nozzle diameters of 1.2 mm, 1.5 mm, and
2.0 mm and a copper heating element is shown in Figure 17. It was observed from the
results that a 32.8% enhancement in heat transfer was achieved by using 10% fraction
by mass of micro-encapsulated phase change material slurry as compared to water. This
enhancement in heat transfer was due to the latent heat absorption capability of the PCM
core. For a non-dimensional jet distance range of 4 to 9.3, a higher heat transfer efficiency
was provided by slurry. With the increase in the inlet temperature of slurry, after an initial
increase in the convective heat transfer coefficient, a decrease was observed.

Inlet

Plexiglass cavity . I.2mm 1.5mm 2.0mm

Stainless enclosed cavity Impi.nged surface

Copper heating element

Plexiglass bottom plal‘c !

Silica aerogel

Outlet
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(b) Copper heating element (Dimension units: mm)

Figure 17. Schematic diagram of the test chamber and heating element. Reprinted with permis-
sion [164], Copyright 2021, Elsevier.

The recent advancements in nanofluids have attracted the interest of researchers
to use nanoparticles in the base fluid to improve the heat transfer ability of fluids and
consequently augment jet impingement performance. Similarly, in the recent past, the use of
high latent thermal energy storage capacities of phase change materials in jet impingement
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methods has also gained attention. In this context, several experimental and numerical
studies have emphasized the effective role of nanofluids and PCMs in jet impingement
cooling for better heat transfer performance. The impact of various parameters such as
nanoparticle volume/weight fraction and the nanofluid flow rate on augmentation of
cooling performance was summarized in this review. The increase in the concentration
of nanoparticles results in enhanced thermal conductivity of the fluid, hence allowing
the system to achieve better cooling performance. From the reported studies on using
phase change materials in jet impingement methods, it is evident that the heat transfer
performance is significantly enhanced by using PCMs and NEPCMs due to their embedded
property of high latent heat of fusion. The heat absorption by a PCM occurs at a nearly
constant temperature during its change of phase, i.e., from solid to liquid and vice versa.
This limits the increase in temperature of the base fluid and hence maintains the effective
temperature difference between the surface and the fluid. The problems of leakage of a
PCM due to its expansion during the melting and agglomeration process can effectively be
prevented by the nano-encapsulation of the PCM. However, nanoparticles and NEPCMs
affect the hydraulic performance of the system as well due to enhanced frictional effects.
Therefore, the thermal performance of the heat transfer surface is observed to improve with
increase in the nanofluid and nanoecapsulated PCM concentration up to a certain level.

3. Conclusions

The investigations of different jet impingement cooling methods reported in the recent
past are reviewed in this paper. It includes both experimental and numerical studies of jet
impingement techniques used to enhance the heat transfer rate of the target surface. The
impact of target surface parameters (target surface shape and jet-target surface spacing)
on heat transfer performance was discussed in detail. The roles of jet excitations, the
use of nanofluids, and PCMs in the augmentation of the heat transfer rate are reviewed
comprehensively. The following important conclusions are drawn from the review.

It has been observed that the introduction of variations in shape/roughness other
than a flat surface onto the target surface improves the heat transfer performance. The
various shapes/roughness values reported in this review for heat transfer augmentation are
square, concave, convex, dimple, and triangular. For optimal heat transfer and fluid flow
performance, the dimple shape over the target surface works well as compared to other
shapes. In this case, heat transfer augmentation is achieved by producing highly turbulent
flows and intense flow mixing. High turbulent flow and high flow mixing intensities help
in achieving higher convective heat transfer rates through this method.

Another technique that is reported in this paper is the variation in jet-target surface
spacing to analyze heat transfer performance. Narrowing the gap between the jet and
the target surface causes an acceleration of fluid and turbulence that results in enhanced
heat transfer. The technique of extended jet holes also works well to enhance heat transfer
without reducing the gap between the jet plate and the target plate. Cross-flow velocity is
reduced by using extended jet holes, and jet impingement occurs on the target surface in
the potential core region, which helps in attaining high heat transfer rates.

Heat transfer augmentation through excited jets for both passive (swirling, sweeping,
and annular) and active (synthetic and pulsating) jets is extensively covered as well in
this review. It is observed that in comparison to steady circular jets, these excited jets
perform better in achieving heat transfer enhancement. This enhancement in heat transfer
while using excited jets is obtained by an increase in fluctuation intensity, chaotic mixing,
increased turbulent intensity, and flow mixing intensification in the stagnation region.
Other parameters involved, such as the Reynolds number, geometry of the nozzle/orifice,
shapes of the orifice, excitation frequency, jet-jet distance, spacing between the jet and the
target plate, and incident angle of the jet, and their effect on heat transfer and fluid flow
are also presented in the study.

Recent advancements in research related to nanofluids and phase change materials
(PCMs) have forced researchers to explore their impact on heat transfer performance while
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using them in combination with jet impingement. With the introduction of nanofluids
and PCMs, further enhancement in heat transfer is observed to be achieved. This heat
transfer augmentation is caused by the high thermal conductivities of nanofluids and
the high heat storage capacities of PCMs. During the review of nanofluids, the effect of
various parameters such as nanofluid concentrations and different nanofluid materials
with varying flow rates are reported for their impact on heat transfer performance. In the
case of PCMs and NEPCMs, different kinds of slurries and nanoparticles volume fractions
are presented, analyzing their effect on heat transfer augmentation. It has been observed
that the use of PCMs and NEPCMs has not been explored much by researchers.

The challenge of further optimizing the heat transfer performance using jet impinge-
ment cooling methods is always there. This review supports in giving a better under-
standing regarding jet impingement heat transfer methods and the idea to use different jet
impingement cooling methods in various combinations to obtain optimal heat transfer per-
formance from jet impingement cooling. Further work is required to use hybrid nanofluids,
PCMs, and NEPCMs to explore their impact on heat transfer performance, as this area has
not been explored much by researchers.

Author Contributions: Conceptualization, L.H. and M.M.K_; methodology, MM.K., Z.R. and K.R;
investigation, M.M.K., M.M., Z.R. and K.R; resources, Z.R., L.A. and K.R,; data curation, L.H.,, M.M.K.
and F.A.; writing—original draft preparation, L.H. and M.M.K.; writing—review and editing, L.H.,
MMK, MM, FA, ZR, L.A. and K.R;; supervision, M.M.K,; project administration, Z.R. and K.R.
All authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Conflicts of Interest: The authors declare no conflict of interest.
Nomenclature

PEC  Performance evaluation criteria

Nu Nusselt number for the enhanced surface
Nuy  Nusselt number for the reference surface
Nugt  Nusselt number at the stagnation point

St Stanton number

Sty Stanton number for the reference surface
f Friction factor

fo Friction factor for the reference surface
Re Reynolds number

PPI Pores per inch

D Inlet section diameter (m)

W Heated plate side (m)
MIJ]  Microchannel heat sink with jet impinging

H Distance between jet and target surface (m)

D Jet diameter (m)

RPM  Revolutions per minute

d Dimple depth (m)

H Distance between the slot jet exit and the target cylinder (m)
D Diameter of circular target (m)

S Slot jet width (m)

H; Rib height (m)

Gj Nozzle-target plate spacing (m)

Dy Jet diameter (m)

X Streamwise distance/jet-jet spacing (m)
dpr Relative protrusion diameter (m)

€pr Protrusion height (m)

TGR  Triangular guided rib

G Nozzle—target plate spacing (m)
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H Confinement plate—target plate spacing (m)
Z Jet—target spacing (m)

d Jet diameter (m)

Dijet Jet diameter (m)

Y Jet—jet spacing (m)

L Jet—target surface distance (m)
y Twist length (m)

Dy, Hydraulic diameter of tetra-lobed nozzle/twisted tetra-lobed nozzle (m)
D Diameter of circular nozzle (m)
S Swirl number

Dint Injection jet inner diameter (m)
D Injection jet outer diameter (m)
AR Aspect ratio of lobe

N Number of lobes

f Actuator frequency (Hz)

z Jet—plate distance (m)

d Orifice diameter (m)

LPM Liters per minute

PCM Phase change material

H Height of jet

w Width of impinging jet (m)

NEPCM  Nano-encapsulated phase change material
MPCM  Micro-encapsulated phase change material

PAO Polyalphaolefin
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