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Jet impingement boiling is a highly e�ective method of surface cooling and is particularly suited to high heat-
ux
applications such as microprocessor cooling and cryogenic probe cooling. In the present study, we computation-
ally explore the e�ect that the geometric parameters of surface curvature, needle height and impingement height
have on the boiling curve. The multiphase Eulerian model coupled with the Rensselaer Polytechnic Institute
(RPI) wall boiling model is employed in tandem with an axisymmetric steady-state assumption. The RPI wall
boiling model decomposes the wall heat 
ux into three components: quenching, convective and evaporative.
Each of these components comprise of multiple closing models. A focus is placed on selecting RPI closing models
that are suitable for cryogenic 
uids. Moreover, a new empirical correlation is proposed for the non-dimensional
area of in
uence (Ab) which determines the ratio of quenching to convective heat 
ux. Based on results of a
Monte Carlo experiment aimed at mimicking the distribution of nucleation sites and their overlapping area of
in
uence, this model is given as: Ab = 1�e�1:5�1:2

. The bubble waiting time coe�cient (Cwt) can be described
as the quenching heat 
ux pre-multiplicative coe�cient and is responsible for adjusting the quenching heat

ux independent of the evaporative and convective components. The range for which the bubble waiting time
coe�cient (Cwt) can vary is likewise computed using the results of the Monte Carlo method with the inclusion
of the reduction of area of in
uence due to bubble growth (1 � Cwt � 1:2). These �ndings are incorporated
into a CFD model. Additionally, a computational 
uid dynamics (CFD) model based on RPI closing models
developed for water and modi�ed by increasing the bubble waiting time coe�cient well beyond the applicable
range (to a value of Cwt = 3) is also developed for comparative purposes.

The CFD models are validated against experimental �ndings from literature concerning a jet of liquid nitrogen
(2mm in diameter) impinging onto a heated surface (5mm in diameter) of various shapes (
at, hemispherical
and singular needle) in a radially con�ned domain. The Reynolds numbers range from 3 700 to 12 200. The
steady-state solver used was found to have a maximum deviation of 2.4% near the experimental critical heat 
ux
when compared to a transient solution. The experimental parameters of subcooling, jet velocity and pressure
had large ranges of uncertainty or were ill-de�ned. As such their impact on the CFD models was explored.
It was revealed that increased subcooling increased the quenching and convective heat 
uxes resulting in the
nucleate boiling curve shifting to the left. Increased pressure displayed a similar shift of the boiling curve to the
left for the cryogenic model due to the increase in nucleation site density (as a result of the change in the 
uid
saturation properties). However, as the nucleation site density was not dependent on 
uid properties for the
water based model, there was minimal impact of pressure on wall superheat. Increased jet velocity resulted in a
marginal increase in boiling heat transfer coe�cient (BHTC) for all models. The settings of the cryogenic CFD
model selected for use in the subsequent parametric study were �nalised based on the parameter combination
(velocity, subcooling and nucleation site density) that resulted in the lowest root mean squared deviation across
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all three experimental surfaces.

A parametric study was then conducted to determine the in
uence of surface curvature (k = 0 � 0:42) on
con�ned cryogenic jet impingement boiling. It is revealed that increased curvature resulted in approximately
quadratic growth of the BHTC. The main mechanism behind this was revealed to be the growth in surface area
resulting from increased curvature. Additionally, the parametric study explored the impact of needle height
(hneedle0 � 5 mm) on the BHTC when using both 
at and curved surfaces. The BHTC was found to grow
approximately linearly with increased needle height. This was again attributed largely to the increase in surface
area with increased needle height. Lastly, the parametric study explored the e�ect of jet impingement height
(a = 0:5� 5:5 mm) on both curved, needled and combined curved-needled surfaces. It was revealed that there
exists an optimum impingement height of approximately a = 1:5� 2:5 mm for most of the tested surfaces (with
slight variation depending on curvature and needle height). The optimum parameter combination was found to

be [a = 1:5 mm, k = 0:42 and hneedle = 4 mm] with a BHTC of 3:66 W=(cm
2�K).
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Chapter 1

Introduction

1.1 Background

Jet impingement boiling is a highly e�ective method of surface cooling and is particularly suited to high heat-

ux applications. One of the earliest known high heat-
ux applications is the quenching of steel, a process that
has been carried out for millennia [116] and is an integral part of historic and modern society. Industrial jet
quenching has been used to enhance this process since at least the 1940's [24]. However, since the development
of the transistor in 1947 [159] a new high heat-
ux application has emerged; the cooling of microelectronic
components. This has become a primary application of interest for jet impingement boiling (dating as far back
as 1986 [115]). This stems from the fact that thermal limitations of microelectronic devices is one of the main
performance limiting factors [65]. Due to the dogged pursuit of further performance and e�ciency increases,
through the increase of transistor densities and clock-speeds (the rami�cation of which is the production of
smaller microprocessors that produce higher heat 
uxes), it is expected that this issue will only become more
prevalent in the future [30]. Having said this, other applications of jet impingement boiling do exist, including
but not limited to, the cooling of nuclear reactor cores [115] and cryogenic probe cooling [205]. However, this
text will focus primarily on the applications pertaining to microelectronic cooling and the suitability of jet
impingement boiling for this application.

In general, microprocessor cooling systems are subject to restrictions in terms of size and 
uid type. Fur-
thermore, they have stringent surface temperature requirements that need to be timeously enforced to ensure
optimum processor performance and protection. Jet impingement boiling promises to be an e�ective cooling
solution as it meets the requirement of being compact, can utilize a variety of 
uids (provided the necessary
saturation pressure of the 
uid can be maintained within the system) [193] and can remove high heat 
uxes
with minimal 
uctuations in surface temperature. Furthermore, jet impingement boiling has the added bene�t
of suitability for low pressure drop applications [154] thus allowing for high system e�ciencies. The capacity to
extract large quantities of heat stems from the fact that jet impingement boiling exploits both sensible (heat
absorbed leading up to a phase change) and latent (heat absorbed during a phase change) heat of cooling [195].
When compared to pool boiling, jet impingement boiling has the additional bene�t of providing enhanced heat
transfer coe�cients and delaying dryout [154].

There exist many methods of improving the heat transfer characteristics of jet impingement boiling, including:
increasing jet velocity, increasing subcooling and altering impingement surface shape. Two surface modi�cations
of interest include the introduction of singular needles beneath the jet and concave impingement surfaces (see
�g. 1.1 ). It was shown by Zhang et al. 2011 [205] that the introduction of single pin at the stagnation point
increased the multiphase heat transfer coe�cient and delayed dryout. The e�ect of needle height was not
explored in this experiment. Concave impingement surfaces have experimentally been shown to improve the heat
transfer coe�cient of the surface in both single-phase (seesection 2.2.3) and multiphase boiling (section 2.4.6)
applications. Extensive analysis of this phenomenon has been conducted in the single-phase regime, both
empirically and computationally. The same cannot be said, however, for the impact of curved surfaces in
the multiphase regime. Current literature literature for axisymmetric jets have been restricted to the single
curvature (hemispherical) studies of Zhang et al. 2011 [205] and Aihara et al. 1993 [8]. Thus, the impact of
varying surface curvature, as well as other parametric variables such as impingement height and local surface
modi�cations (such as the introduction of needles) in addition to curvature are not well understood.

This is in part due to the complex nature of the boiling process itself, for which no empirical solutions for such
complex 
ow conditions are known. In order to better understand the characteristics of heat transfer in complex
multiphase 
ow conditions, two main methods exist: experimental and computational. Experimental methods
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(a) Increasing surface curvature (b) Increasing needle height

(c) Increasing impingement height

Figure 1.1: Cross sectional diagram of a) varying surface curvature, b) varying needle height and c) varying
impingement height

provide data that are realistic, although usually somewhat limited due to the number and spatial limitations of
the measurement probes utilized. The second is computational methods such as: Molecular Dynamics (MD),
Lattice Boltzman Method (LBM), Direct Numerical Simulation (DNS) and multiphase Eulerian models. These
provide the additional bene�t of allowing one to analyse local 
ow variables such as velocity, vapour fraction,
density etc... This allows for more rigorous analysis of the underlying enhancement mechanisms, however, more
caution needs to be applied in the setup of these computational models in order to validate their performance
against experimental observation. Recent literature has focused on employing the multiphase Eulerian model
coupled with the Rensselaer Polytechnic Institute (RPI) wall boiling model [195] [114] to accurately predict the
wall temperature under a variety of conditions. The multiphase Eulerian model is a Favre averaged approach
to solving Navier Stokes (NS) equations and thus introduces additional variables to monitor the turbulence and
vapour fraction. This allows for larger cell sizes and time steps resulting in reduced computational cost, making
it an ideal model to perform large parametric studies of jet impingement boiling. However, this comes at the
expense of requiring additional empirical relations that need to be carefully selected in order to form a closed
solution of the NS equations.

In summary, concave surfaces and needles have been shown to independently improve heat transfer during jet
impingement boiling. However, very little detail is known regarding the in
uence of varying surface curvature or
the possible improvements that may be made by combining these geometric surfaces. The multiphase Eulerian
coupled with the RPI model has shown promising results in the modelling of jet impingement boiling and may
help shed light on the parametric in
uence of these variables. This research promises to be bene�cial to the
application of microelectronic cooling by exposing the underlying mechanisms behind surface curvature and
needle height variation, thus allowing for a greater accuracy of wall temperature prediction at imposed heat

uxes.
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1.2 Problem Statement

There exists a gap in known literature pertaining to jet impingement boiling on curved surfaces. In particular,
as far as the author is aware, little to no research has been conducted with respect to the impact of varying
surface curvature on heat transfer coe�cient during multiphase jet impingement. In addition, the in
uence of
varying jet impingement height and introduction of needles on curved surfaces has yet to be explored in detail.

1.3 Objectives

In order to address this problem statement, the following objectives have been formulated:

1. Survey of applicable literature in jet impingement and boiling to describe the extent of the gap in jet
impingement boiling research for concave and needled surfaces.

2. Comparison of available empirical models used in the RPI wall boiling models and the development of
new correlations if required.

3. Validation of two separate CFD models against the cryogenic application of Zhang et al. 2011 [205].

ˆ Development of a CFD model for water and evaluation of modi�cations necessary for extension to
the current application.

ˆ Development of a second CFD model speci�cally for cryogenic 
uids.

ˆ Execution of a mesh independence study and assessment of temporal and boundary location e�ects.

ˆ Full comparison of the performance of the CFD models across the entire range of experimental results
reported by Zhang et al. 2011 [205].

ˆ Detailed comparison of the CFD models against one another and �nalization of settings to be used
in the parametric study.

4. Parametric study of the e�ects of varying the concavity and needle geometry on the heat transfer perfor-
mance using model the best CFD model.

ˆ Evaluation of the e�ect of curvature on: boiling heat transfer coe�cient, wall heat 
ux partitioning,
liquid temperature, vapour fraction distribution, liquid velocity, solid temperature, area of in
uence,
bubble departure diameter, nucleation site density and bubble departure frequency.

ˆ Evaluation of the e�ect of needle height using the same metrics mentioned above.

ˆ Evaluation of the e�ect of impingement height using the same metrics mentioned above.

ˆ Full parametric study investigating a broad array of possible combinations for curvature, needle
height and impingement height and the resulting e�ect on the boiling heat transfer coe�cient.

1.4 Dissertation Layout

The document begins with a literature review in chapter 2 that presents a brief overview of single-phase jet
impingement, boiling and multiphase jet impingement. Related heat transfer enhancement mechanisms are also
addressed. Thereafter, inchapter 3, an extensive overview of the Rensselaer Polytechnic Institute (RPI) wall
boiling model and its closing sub-models are discussed. Particular emphasis is placed on sub-model applicability
to cryogenic 
uids and the development of a new area of in
uence model in conjunction with these sub-models.
Chapter 4 describes the validation of the experimental results of Zhang et al. 2011 [205] using liquid nitrogen.
This is done for a 
at, single needle and hemispherical case using two separate CFD models. Both models
employ a 2D axisymmetric domain coupled with the multiphase Eulerian model. However, the �rst CFD model
(N 1) employs commonly used RPI sub-models for water and attempts to extend applicability to the current
application through substantial modi�cation of the bubble waiting time coe�cient. The second CFD model
(N 2) uses the aforementioned RPI sub-models (fromchapter 3) tailored for cryogenic 
uids. A parametric study
considering the e�ect of varying curvature, needle height and jet impingement height on wall temperature is then
presented in chapter 5 alongside a detailed analysis of heat 
ux partitioning on the surface as well as volume
fraction and other 
ow variable analysis using both models. The most favourable geometric con�guration is then
identi�ed and presented. Finally, chapter 6concludes with a summary of the observed trends and identi�cation
of opportunities for future work.
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Chapter 2

Literature Review

2.1 Introduction

The literature review begins with an overview of single-phase jet impingement, which, due to its relative sim-
plicity and extensive research, lays the foundations for analyzing multiphase impingement phenomena in latter
sections. Thereafter, the concept of boiling is introduced utilising pool boiling, with the e�ects of roughness,
wettability and pressure being investigated. The concept of boiling is then extended to 
ow boiling in tubes
with an overview of the energy and force balance on individual bubbles within this environment. Methods of
understanding boiling through experimental and numerical approaches are then stated. Finally, multiphase jet
impingement is addressed. A brief investigation of hysteresis e�ects and the impact of: velocity, subcooling,
impingement height and cryogenic 
uids on the boiling curve is given. Additionally, literature pertaining to
boiling on curved surfaces, pinned surfaces and a summary of previous numerical work in jet impingement boil-
ing using the multiphase Eulerian model coupled with the RPI wall boiling model is provided. This is followed
by a synopsis of the key insights gained in each section.

Detail regarding the multiphase Eulerian model has been omitted fromchapter 2 as it has been extensively
covered by the following : [137], [195], [114], [194] and [113]. However, an overview can be found inappendix A.

Literature pertaining to the RPI wall boiling model has been deferred to chapter 3 as a more detailed analysis
of the closing models is required. Speci�cally the applicability of these closing models for use in cryogenic 
uid
applications such as those of the selected validation case presented inchapter 4. In addition, analysis in chapter 3
yields a new correlation for the area of in
uence, as well as, a deeper understanding of applicable ranges of the
bubble waiting time coe�cient for cryogenic 
uids. Thus chapter 3 forms a combination of literature and novel
work that necessitates its own chapter.

2.2 Single-Phase Jet Impingement

Single-phase 
ow is a well-established �eld of study compared to multiphase 
ow. The understanding gained
from single-phase studies provides a springboard for investigating the mechanisms of enhanced heat transfer
in multiphase impingement 
ows. Detailed below are the various jet types of jet impingement, followed by a
focus on the hydrodynamics of submerged turbulent axisymmetric jets and the parameters in
uencing their
heat transfer performance.

Notable reviews covering this topic are contained in the following references: [44], [80], [145] and [167].

2.2.1 Jet Types

Single-jet impingement can be broadly classi�ed into �ve categories:

1. Free-Surface Jet Impingement (�g. 2.1a ) is de�ned by a jet of high density 
uid (e.g. water) 
owing
through an immiscible low density 
uid (e.g. air) before contacting a solid surface and spreading out
along the surface [193] (or spraying up from the surface if su�ciently large jet nozzle exit Weber numbers
(Wej = �U j dj

� ) and nozzle to surface distances are achieved [149]). The surrounding immiscible 
uid often
has a characteristically low viscosity such that the shear forces at the 
uid-
uid boundary interface are
negligible, allowing the jet to 
ow unimpeded towards the impingement surface.
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Figure 2.1: Types of jet impingement,
reproduced from [131]

(a) Slot Jet (b) Axisymmetric Jet

Figure 2.2: Sub-classi�cation of jet impingement
types (shown for free-surface jet impingement)

2. Plunging Jet Impingement (�g. 2.1b ) involves impingement into a pool of miscible 
uid before con-
tacting the surface. The pool height must be less than the nozzle to surface distance.[193]

3. Submerged Jet Impingement (�g. 2.1c ) involves the 
uid impinging onto a surface with the jet's
complete trajectory being through a miscible 
uid (usually of the same type as the impinging jet). This
case is of particular interest due to the unique e�ects of turbulence induced by the surrounding 
uid
and their resulting impact on the heat transfer coe�cient at the stagnation point and downstream.[193]
Additionally, submerged jets lend themselves to applications in compact con�ned systems. Multiple
studies have been conducted for this type of impingement to evaluate the e�ect of nozzle height, diameter,
Reynolds number, turbulence level and nozzle angle (to name a few parameters) on heat transfer coe�cient
as will be elaborated on insection 2.2.3.

4. Con�ned Jet Impingement (�g. 2.1d ). This is similar to submerged jet impingement, with the main
distinguishing attribute being the non-negligible development of a boundary layer induced by a con�ning
surface that in
uences the 
ow characteristics [193]. It is important to note that this may be applicable
to submerged jets with su�ciently small nozzle heights such that the wall thickness at the lower edge of
the nozzle can be viewed as a con�ning plate of �nite distance.

5. Wall Jet Impingement (�g. 2.1e ). Unlike the other categories, this is characterised by the average
jet exit velocity being parallel to the wall as opposed to perpendicular. Shown in (�g. 2.1e ) is a free-
surface wall jet, although submerged applications could conceivably exist. It could be argued that wall
jet impingement is simply an extension of either the submerged or free jet impingement in the extreme
scenario where the impingement angle is zero.

Utilising nozzle shape, the �rst four categories can be further divided into three subcategories:2D slot jets
(�g. 2.2a ) (provided the slot is of su�cient length to enforce an approximate 2D 
ow far from the bounding
edges), round axisymmetric jets (�g. 2.2b ) and arbitrary shaped jets . Here, arbitrary shape jets are
de�ned to include: square/rectangular jets [168], elliptical jets [161] and any other jet nozzle shapes that fail to
fall into the �rst two subcategories.

Round and slot jets appear most often in literature and will be the focus of the following sections. They have
the additional bene�t of being able to be approximated, in the case of laminar or mean turbulent 
ow, using
axisymmetric and symmetric planar model assumptions respectively. This greatly reduces the number of cells
required in the numerical domain, thereby lowering computational costs. Submerged axisymmetric jets are
the closest in application to the validation case considered inchapter 4 and the subsequent parametric study
(chapter 4).

2.2.2 Hydrodynamics of Submerged Turbulent Jets

Figure 2.3 displays the axial velocity, radial velocity and turbulence pro�les of a fully developed submerged
2D free stream jet as it enters a body of 
uid of the same composition of that issuing from the jet. Here,um

denotes the time averaged mean velocity at the centreline in the axial direction which is a variable quantity.
uj is a constant and denotes the value ofum at the precise instant that the 
uid leaves the nozzle. u0 is the
root-mean-square of the turbulent velocity 
uctuations. Turbulence intensity based on the local mean velocity
is de�ned as I m = u0=um , whilst the turbulence intensity based on the mean velocity at the exit of the nozzle is
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(a) Radial variation of velocity and turbulence

(b) Axial variation of velocity and turbulence

Figure 2.3: Schematic variation of velocity and turbulence, adapted
from [55]

(a) Free stream jet

(b) Impinging jet

Figure 2.4: Development and propagation of
vortices in axisymmetric turbulent jet,

reproduced from [212]

de�ned as I j = u0=uj . As one can see from�g. 2.3b, the jet initially exits the nozzle with I m = I j � 0. However,
as the distance from the nozzle increases, both turbulence intensities increase. This is due to the interaction of
the outer 
uid layer of the jet with the slower surrounding 
uid resulting in Kelvin{Helmholtz like instability
[212]. This causes vortex formation (see�g. 2.4a ) and results in the entrainment of the surrounding 
uid
as well as the production of mixing-induced-turbulence at a variety of length scales in this outer jet region
(see�g. 2.3a ). The oscillations in velocity (caused by the turbulence) propagate temporally through the 
uid
towards the centreline. It is important to note that the increase in axial turbulence does not a�ect the mean
velocity of the jet axis (um ) until approximately �ve jet diameters from the exit. This denotes the end of the
`potential core' past which point, the axial velocity decreases monotonically due to the sharing of momentum
with the entrained 
uid. The precise termination point of the potential core is de�ned as the location along
the jet centreline where the dynamic pressure decays to 95% of its original value at the nozzle exit [212].I j

reaches a maximum at a length of approximately eight diameters at which point, the slowing mean velocity has
a dampening e�ect on I j . However, I m continues to grow due to the value ofum decaying faster than that of
u0 [55].

The addition of a perpendicular impingement surface in the path of the jet results in the formation of a stagnation
point at the wall-jet-axis intersection ( �g. 2.5 ). Leclerc 1950 [104] and Schrader 1961 [163] independently showed
that the e�ect of a wall boundary condition (and resulting reduction in velocity) is only felt by circular jets
emanating at roughly 1-2 jet diameters from the wall. Thus the development of the free stream characteristics
of the jet leading up to impingement are expected to and have been proven to play a role in the velocity
and thermal boundary layer development at impingement. The reduction in velocity as 
uid approaches the
stagnation point ( �g. 2.3b) is accompanied with an increase in pressure due to Bernoulli's principle.

From the stagnation point, the 
ow turns through �
2 radians and accelerates radially outwards. The resulting

pressure pro�le along the wall is shown in�g. 2.6 and is relatively insensitive to Reynolds number. In axisym-
metric jets, Schrader 1961 [163] showed empirically that the boundary layer thickness is expected to remain
very thin and approximately constant within a radius of approximately 1.1 jet diameters of the stagnation point
for laminar 
ows. However, a slightly contradictory result was found in an empirical solution by Kezios 1956
[90], who showed a slight thinning in the boundary layer at approximately 0.5 diameters from the stagnation
point. This phenomenon is believed to manifest itself in turbulent 
ows as well and is is thought to result from
the large negative pressure gradients surrounding the immediate vicinity of the stagnation zone (�g. 2.6 ) which
serve to stabilize the 
ow in this region and prevent transition to turbulence, coupled with 
uid acceleration at
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Figure 2.5: Free-surface jet impingement 
ow regions, reproduced from
[81]

Figure 2.6: Pressure distribution along the
wall of a free-surface axisymmetric jet

(impingement height: a = 2 dj ) , reproduced
from [6]

the stagnation point due to the conservation of momentum [212]. Supporting evidence of this thinning is found
in section 2.2.3.

Further away from the stagnation point, as the pressure gradient reduces, the boundary layer is expected to
grow, transition to a turbulent and then continue growing as distance from the stagnation point increases and
radial velocity decreases. This region is termed the "wall jet region" (�g. 2.5 ). Strong vortices (see�g. 2.4b)
may result in 
ow reversal within the wall jet region, temporarily degrading the heat transfer coe�cient in this
region [212].

2.2.3 Parameters In
uencing Heat Transfer Characteristics

In cooling applications, the surface of interest is heated by either a constant heat 
ux or constant surface
temperature boundary condition (in excess of the incoming 
uid temperature). The local single-phase heat
transfer coe�cient ( h) is de�ned as [212]:

h =
_q

Tl � Tw
=

� kl
@T
@n

Tl � Tw
(2.1)

where kl is the local thermal conductivity of the 
uid, n is the direction normal to the wall, Tl is the local
temperature of the 
uid and Tw is the wall temperature and _qC is the convective heat 
ux. In the case of high
Mach number jets, where the associated reduction in velocity results in an appreciable increase in local 
uid
temperature, Tl is replaced with Tl 0. Where Tl 0 is the calculated local liquid temperature in the case of an
adiabatic wall [212].

Due to the unknown variation in 
uid temperature along the surface, some authors may choose to compute the
heat transfer coe�cient based on properties de�ned at the jet exit:

hj =
q

Tj � Tw
=

� kj
@T
@n

Tj � Tw
(2.2)

where kj and Tj are evaluated at the jet exit.

The non-dimensional Nusselt number is then de�ned as:

Nu =
hj dj

kj
(2.3)

Refer to �g. 2.7 at a Rej = 30 000. This is a characteristic plot of Nusselt number along the wall for an
axisymmetric jet at small nozzle to jet surface spacing (L=dj � 4 [within the potential core]) [85] and low
inlet turbulence intensity. One should note the presence of two prominent peaks. The �rst peak is thought to
be attributed to either the thinning of the boundary layer until x=D = 0 :5 [55] or the increase in turbulent
kinetic energy in this region due to turbulent mixing on the outer edge of the 
uid 
ow [141]. However, local
thermal boundary layer thinning, as a result of 
ow acceleration, is supported by a numerical study conducted
by Rohlfs et al. 2014 [157]. The second peak is attributed to the transition from laminar to turbulent 
ow [55]
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and its exact location has been found to be dependent on both Reynolds number and impingement height [139].
Following the second peak, the Nusselt number decreases monotonically with increasing radial distance. This
is due to thermal and hydrodynamic boundary layer development as a result of local 
uid temperature increase
and reduced radial velocity. [139].

Several key parameters have been identi�ed that in
uence the heat transfer coe�cient of the jet, including:
Reynolds number, jet impingement height, inlet turbulence intensity, swirl, pulsating jet inlets and impingement
surface shape.

Figure 2.7: Variation of the heat transfer coe�cient
along the impingement wall for an axisymmetric jet at
di�ering Reynolds numbers (L/D=2), reproduced from

[85]

Figure 2.8: Radial distribution of Nu for an
axisymmetric air jet ( Re = 66 000, I j ( nozzle a ) � 3:2%,

I j ( nozzle b ) � 0:5%), reproduced form [67]

Reynolds number

The jet Reynolds number is de�ned as:

Rej =
� j uj dj

� j
(2.4)

where the 
uid properties of density ( � j ) and viscosity (� j ) are evaluated at the jet inlet temperature and
pressure.

As shown in �g. 2.7 , increasing the Reynolds number results in an increase in the Nusselt number due to a
reduction in boundary layer thickness.

Inlet turbulence intensity

Increasing the inlet turbulent intensity at the nozzle exit (through use of rougher pipes or turbulence promoters
within the nozzle (such as mesh grids)) results in a signi�cant increase in heat transfer at the stagnation point.
This shifts the maximum of the inner peak to the centre of the jet and overrides the e�ect of boundary thinning
seen at lower inlet turbulence intensities (see�g. 2.8 ). This emphasizes that the initial turbulence level upon
arrival at the stagnation point plays a critical role in determining the boundary layer formation and hence heat
transfer characteristics in this region [55].

Jet impingement height

The dimensionless impingement height (and ) is de�ned as:

and =
H
dj

=
a
dj

(2.5)
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a = H is the height of the nozzle above the stagnation point.

Increasing impingement height results in increasing turbulence intensity of the jet at stagnation point arrival
(see section 2.2.2). In addition, the diameter of the jet is expanded as it propagates through a larger free
stream region [212]. This results in the "lip" of the jet expanding with increasing impingement height. This
is evidenced by the broadening of the wall pressure pro�le shown in�g. 2.10 . Recalling that large negative
pressure gradients are attributed to suppressing the transition to turbulence [55], this results in the location
of the outer peak in Nusselt number shifting to the right as the impingement height is increased (see�g. 2.9 ).
The magnitude of the second peak is seen to decrease with a shift to the right as a result of a thicker thermal
boundary layer (lower wall-
uid temperature di�erential) and reduced 
uid velocity as the jet expands radially.
At large impingement heights the second peak is seen to disappear entirely. Depending on the initial turbulence
of the jet, the inner peak may be present at low impingement heights, but is seen to 
atten and shift to the
stagnation point with increased impingement height due to increased turbulence intensity upon arrival.

There is a large drop in peak stagnation point pressure as the impingement height is increased beyond the
potential core length (illustrated by the transition from H=dj = 10 to H=dj = 12 in �g. 2.10 ). Increases in
impingement height outside of the potential core serve to deteriorate the average Nusselt number [29] due to
lower impingement velocity and decreased jet turbulence intensity (I j ).

Figure 2.9: Variation of the heat transfer coe�cient along
the impingement wall for an axisymmetric air jet at
di�ering impingement heights, reproduced from [139]

Figure 2.10: Wall pressure distribution for a
planar air jet at Re = 11 000, reproduced from

[182]
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Concave impingement surfaces

Surface curvature (k) can be de�ned as:

k =
dj

D surface
=

r j

Rsurface
(2.6)

where r j is the radius of the jet and Rsurface is the radius of the surface (see�g. 2.11 ).

Figure 2.11: Visual representation of parameters presented
in eq. (2.6)

Figure 2.12: Stagnation point Nusselt number of an
axisymmetric jet at varying surface curvatures,

impingement heights and Reynolds numbers, reproduced
from [106]

Lee, Chung, and Won 1999 [106] demonstrated that the stagnation point Nusselt number (�g. 2.12 ) and wall jet
Nusselt number (�g. 2.13 ) increases consistently with increasing surface curvature over a range of impingement
heights and Reynolds numbers. Similar results for enhancement on curved surfaces have been found by [198],
[176], [68] and [56]. These have been attributed to:

ˆ Increases in surface area (over that of a 
at plate) [68].

ˆ Increases in radial 
uid acceleration at the stagnation point and hence enhanced boundary layer thinning
[106]

ˆ The formation of large scale Taylor-G•ortler vortices during turbulent transition that enhance turbulent
mixing. It is beleived that centrifugal forces create 
ow instability along the surface resulting in pairs of
counter rotating vortices with axis of rotation in the streamwise direction (see �g. 2.14 ) [176], [56], [162],
[188].

Erasmus, Lubkoll, and Backstr•om 2021 [46] successfully used the transition SST RANS turbulence model to
predict the heat transfer and pressure drop of a single axisymmetric air jet impinging on a concave hemispherical
surface.

Ekkad and Kontrovitz 2002 [43] experimented with single-phase impingement of an array of air jets onto a
dimpled surface with the varying dimple depths and dimple placement both inline and staggered. No manifold
was utilized to reduce cross 
ow e�ects. It was found that dimples reduced the heat transfer coe�cient compared
to impingement on a 
at plate. This was attributed to a bursting phenomenon that caused the turbulence
generated in the dimple to break up the potential core and presumably lead to thicker thermal boundary layers
particularly surrounding the stagnation pointy. It was found that the deeper inline dimples performed the best
of the tested con�gurations. It is worthy to note that cross
ow e�ects in
uence this study and that nozzle
diameter and height was not varied in this study.

Jet impingement height and Reynolds number e�ects were found to behave in a similar manner to those presented
in section 2.2.3and section 2.2.3.
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