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Abstract- The jet impinging surface quenching is
predominately used in seweral industries. Numerous
analytical and experimental research works are
available for this cooling technique. These investigations
have been reviewed several times earlier for steady state
cooling condition for air and water. In this manuscript
an attempt has been made to review the analytical work
published for jet impingement surface quenching with
water as coolant. Jet flow structure, jet type and
configuration have also been presented in brief for
better understanding of the jet impingement quenching
process.

Index Terms- Heat transfer, Jet Impingement, Jet Exit
to Surface Spacing, Potential Core, Stagnation Region,
Surface quenching.

I. INTRODUCTION

Nowadays, rapid cooling of hot surfaces called
guenching has become one of the main processes in
many industrial applications due to high rates of heat
transfer [1]-[3]. The common application areas of
impinging jet are cooling of high temperature gas
turbines and combustor walls, textile and films
drying, annealing and cooling of metals, glass
manufacturing, thermal control of high-density
electronic equipment, paper industries,
manufacturing optical fiber by outside vapor
deposition process (OVD) and many more. Jet
impingement is one of the methods to achieve
quenching with high rate of cooling. There are two
ways of study quenching phenomena, one how
quenching affects hot surface properties and
condition, another how it affects heat transfer
characteristics from the surface. To study heat
transfer characteristics there are further two areas of
investigation, one is to study boiling behavior of fluid
and another cooling characteristics. Performance of
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heat transfer and wetting phenomena of the hot
surfaces are major aspects to investigate for study
cooling characteristics of hot surfaces. There are
many parameters that affect jet impingement
quenching phenomena e.g. jet configuration, jet size,
fluid flow rate or Reynolds Number, Surface and
Fluid temperature, Jet exit to Surface spacing,
Surface orientation and roughness etc [1]-[3], [32]-
[38], [41]-[45]. The commonly used fluids in jet
impingement are air [18]-[20], [25] and water [1]-[3],
[21]-[23] but some research have also been reported
with fluorocarbons (FC) and Freons [12], [44], [45].
The selection of fluid basically depends on rate of
heat removal desired from the hot surfaces.

Field of jet impingement cooling is not in its
inception stage, numbers of analytical and
experimental work has been published so far that
covers wide area of research [1]-[13], [28]-[45].
Numerous attempts have been made to review jet
impingement heat transfer by air and water jet
impingement heat transfer, especially from the flat
hot surfaces [16], [24], [38], [42]. Review available
for water jet impingement covers boiling of
impinging fluid, however, heat transfer and wetting
phenomena of the hot surfaces by jet impingement
has not been reviewed extensively [42]. A review on
wetting phenomena by jet impingement was reported
by Monde et al. [27] based on experimental findings
of their coworkers. In this paper an attempt has been
made to summarize the analytical and experimental
facts related to the circular liquid jet impingement
heat transfer over the hot flat plate.

1. JET IMPINGEMENT

The Jet impingement is broadly of three types
circular (laminar), planer (Curtain) and spray as
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shown in Figure 1 [3], [42]. Further these may be
single jet or multiple jets also depend on rate of
cooling desired. All these three jets have their own
advantages and disadvantages. The circular jet is
normally preferred because it can penetrate the
vapour film on the cooled surface and increase the
coolant residence time. In the water curtain system,
the surface is cooled by a planer or slot jet, which can
cover entire width of the surface. One of the
advantages of this system is the improvement of
uniform surface cooling in the transverse direction. In
a water spray system, the coolant impinges from a
row of specially designed nozzles on to the surface.
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Figurel Jet Categories [16]

Jet impingement can further configure into different
categories these are free surface jets, plunging jets,
submerged jets and confined jets, as shown in Figure
2. Impinging jets can also be classified by their
impinging direction i.e. whether the jet is oriented
normally or obliquely with respect to the
impingement surface and on the basis of target
surface i.e. flat, convex, or concave. The jet is also
called sub cooled jet if the temperature of jet fluid is
less than fluid saturation temperature. A free surface
jet is the case where liquid jet exposed to a gaseous
environment before impinging on an unconstrained
flat surface. Unconstrained means liquid can flow off
from the edges and does not pool on the surface. On a
moving surface there can either be free surface or
plunging jets depending on the configuration. When
the moving surface is cooled by array of water jets,
the first row of jets are free surface jets but further
downstream a layer of water is formed on top of the
surface and the jets act as plunging jet. As the
thickness of the water layer increases the effect of
impingement decreases. For maximum heat transfer,
all the jets should be free surface types. Submerged
jet conditions are those in which jet fluid is same as
surrounding fluid, gas and air jet also falls in this
category. It was reported that the heat transfer

Circular Jet
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characteristics of submerged liquid jets are similar
with gas or air jet impingement [29], however, heat
transfer depends on Prandtl number of fluid therefore
it should be taken into account to determine heat
transfer performance.
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Figure 3 Jet Flow Structure [38]

The flow structure of jet (Figure 3) remains same
irrespective of impinging jet configuration, type of
fluid and target surface. The flow structure is mainly
divided into three regions i.e. the free jet region, the
impingement (stagnation) region, and the wall jet
region as discussed several times in the literature
[16], [21]-[24], [38]. The impingement region is
characterized by large pressure gradient, shear stress
and heat-transfer rates [37]-[40]. However, many
researcher [21]-[23] divides stagnation and wall jet
region over the surface into 4-5 different regions for
their analysis based on laminar thermal and hydraulic
boundary layer. These regions are characterized by
different velocity profile due to interaction of mass,
momentum and energy within the fluid and with
surrounding fluid both in axial and radial direction.
These regions are further responsible for different
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boiling and heat transfer performance by hot
surfaces.

I1l. REVIEW OF ANALYTICAL WORK

A number of analytical investigations are available
on circular, planer or slot and annular jet over
stationary and moving surface both for the steady and
the unsteady state heat transfer analysis. These
analyses were based on different laminar and
turbulent flow model over the hot surface to
categorized different region of flow and heat transfer
performances.

Watson [41] studied the fluid mechanics of circular
liquid jet using boundary layer theory for laminar and
turbulent flow and used viscous similarity and
momentum integral solution for the analysis. He
divided the flow into stagnation and boundary layer
region where surface velocity equals to the jet speed
and a region of viscous similarity with decreasing
surface velocity. However solution reported was only
for boundary layer region. He reported that the film
flow terminated by hydraulic jump at a location
controlled by downstream condition. Stevens and
Webb [36] experimentally determined the location of
this hydraulic jump. The film thickness initially
decreases than increases downstream over the hot
surface due to viscous wall effect which retarded the
flow. This was in line with the Steven’s explanation
for knee formation in the local heat transfer.

Fujimoto et al. [9] numerically simulate the steady
state flow structure in liquid film and the local heat
transfer assuming non turbulent free surface flow and
constant heat flux between liquid and hot surface.
They were able to predict various parameters like
liquid film thickness, free surface temperature and
pressure profile, velocity and local Nusselt Number
over the hot surface in radial direction well within the
range of experimental values observed by Stevens
and Webb [36].

Liu et al. [22] work was also for constant heat flux
condition but used integral method with considering
initial laminar and downstream turbulent transition
flow in the similarity region. They analyzed the effect
of Prandtl Number on heat transfer and predicted
critical Prandtl number above which thermal
boundary layer does not reaches liquid film free
surfaces. They stated that for the lower Prandtl
Number, under uniform heat flux condition, the local
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heat transfer coefficient is 25% higher than uniform
wall temperature in the boundary layer region and
remain insignificant for the stagnation region. They
found integral equations gives about 10 percent lower
heat transfer values than differential equations.
Liquid flow was divided into four different region
based on thermal and hydraulic boundary layer.
Separate analytical correlations were proposed for
these different region both for laminar and transition
region. With the turbulent transition flow analysis
they were able to explain secondary maxima at
higher Reynolds Number and low z/d as obtained in
experimental result by many researchers.

However Ma et al. [23] analytical work for local heat
transfer at five different region of flow over the
surface both for Pr>1 and Pr<1 was under arbitrary
heat flux condition also based on integral method.
They proposed analytical correlations for local heat
transfer for these different regions. Webb et al [42]
theoretical study was for hot surface which
temperature was below the boiling of impinging
liquid and Chowdhary [8] analysis was for isothermal
hot surfaces but for the wall jet region only.
Bxperimentally it was found that for a fully
developed circular jet prior to impingement with
spacing (zd > 8-10), the local surface heat transfer
decreases monotonically from stagnation point.
However, if the jet is not fully developed, the heat
flux exhibits two well defined secondary peaks one
located within the impingement region at r = 0.5 d,
(inner peak) and the other at about r = 1.6 - 2d, (outer
peak). Outer peak is due to the transition of wall
boundary layer flow from laminar to turbulent and
the inner peak is due to local thinning of the wall
boundary layer. This phenomenon was observed
experimentally by Gardon et al. for air [10], Stevens
and Webb [36], Garimella et al [12] for water and
theoretically by Watson et al. [41]. However, such a
thinning of wall boundary layer has not been
observed by Hrycak er al. [14], [15] in their
experiments. Pamadi et al. [31] theoretically
established that the inner peak occurs due to the non-
uniform,  mixing-induced  turbulence in the
developing jet. Their analytical result is based on a
solution of incompressible flow parabolic equations
and a semi-empirical turbulence model for Z/d = 2
and 4 and is consistent with the predictions of Kestin
et al. [17]. Badra et al. [4] using commercial
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software found that Inner peak moves out ward with
increase in Reynolds number and decrease in (z/d).
There are few analytical research is available that can
be applied to transient heat transfer or complicated
processes. Rao et al. [33] numerical study was for
impingement region using Dufort Frankel implicit
scheme and obtained Static pressure distribution,
shear stress and Nusselt number distribution over the
flat surface for Pr=1, Reynolds number=450 and
various z/d.

Liu et al. [22] used two phase flow boundary layer
equations to calculate the thickness of vapor layer
and obtained heat transfer coefficient for the
stagnation zone and further modified it based on their
experimental values. Hatta et al. [13] developed a
numerical model to calculate the relation between
temperature and time at a given point of hot plate
during cooling. A semi empirical relation was
proposed for the heat transfer coefficient and water
cooling zone radius, based on the numerical model
and the experimental result.

Ouattara et al. [30] gave an analytical model in the
cylindrical coordinate system to simulate slow
transient 2D conduction during jet impingement. In
this model they have assumed that the source termis
a piecewise constant space function of radius r and
cooling flux is estimated by inverse heat conduction
procedure. This model is used to estimate the time
dependent cooling heat flux by impact of the water
jet as well as the surface temperature.

Monde et al. [26] analytical analysis to obtain surface
temperature and heat flux was based on two-
dimensional inverse heat conduction equations which
were solved by the Laplace transform technique. The
inverse solutions are obtained under two simple
boundary conditions in a finite rectangular body, with
one and two unknowns. The method first
approximates the temperature changes measured in
the body with a half polynomial power series of time
and Fourier series of Eigen function. The expressions
for the surface temperature and heat flux are
explicitly obtained in the form of power series of
time and Fourier series.

Few analyses were able to validate experimental
result of heat transfer performance well within range
using available commercial software like FLUENT
with different turbulent models. Behnia et al. [3] used
an elliptic relaxation turbulence model (v2 - f model)
to simulate the flow and heat transfer in circular
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confined and unconfined impinging  jet
configurations. This model shows good agreement
with experimental results compare to low Reynolds
number turbulence model (k-g), which over predict
the stagnation Nusselt Number due to high
turbulence. A theoretical analysis with different
nozzle-to-target distance, Reynolds number, jet
confinement and jet-exit profiles shows that
confinement leads to a decrease in the average heat
transfer rate. However, the stagnation heat transfer
coefficient is remains unchanged same has also been
experimentally proved by Obot et al. [29], and
Garimella and Nenaydykh [11] for water. The effect
of confinement is only significant in very low nozzle-
to-plate distances (zZd < 0.25) and away from
stagnation point (r/d>0.5). However, the Nusselt
number at 6 jet diameters away from the stagnation
point is nearly independent of nozzle-to-plate spacing
that was inline with Jambunathan et al. [16] findings
but for air jet. They were also analyzed that the
nozzle-exit jet profiles have a strong influence on the
heat transfer rates, up to a radial distance of 2d, and
at small nozzle-to-plate spacing, for which the free jet
has no time to develop.

Morris et al. [28] used a modified (k- €) model based
on renormalization group theory to solve the flow
fields in the orifice and the confinement region of a
normally impinging, axisymmetric, confined, and
submerged liquid jet. They characterized the
separation region at the entrance of the orifice and
pressure drop across the orifice which was in line
with experiments finding of Garimella and Rice [12].
The computed flow patterns in the confinement
region of the impinging jet were also same as flow
visualizations during the experiments; however, a
secondary  counter-rotating  recirculation  zone
observed in experiments was not predicted by the
models. This counter rotating recirculation was
assumed to be responsible for secondary maxima in
local heat transfer by Garimella and Rice [12].

Badra et al. [4] were able to validate results for single
jet with the experimental data of Stevens and Webb
[35] using Fluent and Gambit. They tried six
turbulent models and compared average Nusselt
number with available correlations. The second peak
in Nusselt number at low jet-to-plate distances was
well predicted by only the SST k—® model. Further
on the basis of performance of this model for single
jet they extended their analysis for the multiple
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impinging jets for the range of z/d, and Reynolds
Number.

Lienhard et. al. [21] modeled splattering of jet and its
effect on heat transfer using momentum integral
procedure which gives relatively clear and general
description of varying characteristics of flow. They
characterized the flow over the hot surface by four
regions. This model relates the initial turbulence of
the jet to the initial surface disturbances in the jet.
These disturbances subsequently grow by capillary
instability and reaches to the liquid sheet, the initial
disturbances are sharply amplified that causes
Splattering. Splattering has a strong effect on heat
transfer, especially immediately after the breakaway
radius. Other researchers were able to explained
generation of splattering and its effect on heat
transfer performance with the experimental results
[20] [43]. Lienhard et al. [21] also mentioned that
splattering reduces cooling by jet impingement on hot
surfaces. With the jet splattering much of the
incoming liquid become airborne within the few jet
diameters of the point of jet impact.

IV. CONCLUSIONS

Based on the review of available literature it is found
that heat transfer performance under submerged
condition are very similar to the heat transfer by air
jet. Under submerged condition heat transfer is more
than the under free surface jet condition, however
confinement reduces heat transfer substantially. Heat
transfer is highest at stagnation region and reduces
for downstream locations. A secondary maxima in
local heat transfer is observed under all condition for
high Reynolds number and low z/d spacing only. The
effect of z/d spacing on heat transfer performance is
significant under submerged condition as compared
to free surface jet condition. Maximum heat transfer
occurs when spacing is equal to the jet potential core
length. Thereafter decreases monotonically with rise
in spacing. However, if the jet is not fully developed,
the heat flux exhibits two well defined secondary
peaks one located within the impingement region and
the other at r = 1.6 - 2d, (outer peak). The inner peak
is due to local thinning of the wall boundary layer
and outer peak is due to the transition of wall
boundary layer flow from laminar to turbulent and
the. For lower Prandtl Number, in the boundary layer
region, under uniform heat flux condition, the local
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heat transfer coefficient is 25% higher than uniform
wall temperature, this difference is insignificant for
the stagnation region. Moreover, within stagnation
region heat transfer remains unaffected by the change
in operating parameters like nozzle exit to surface
spacing, jet flow rate, jet fluid temperature and jet
type. The splattering reduces jet impingement heat
transfer performance limited to breakaway radial
distance. This decrease is further extended by
reducing the spacing (Z/d) and Reynolds number.
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