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Abstract

Flow emerging from a combination of annular and conical nozzles and impinging onto a cylindrical cavity at elevated all temperature is
considered, and the flow field and heat transfer rates from the cavity are computed. In the simulations, two cavity depths and four average jet
velocities at nozzle exit are accommodated. Reynolds Stress Turbulence model is introduced to account for the turbulence. Air is used as working
fluid while steel is considered as the cavity material. It is found that the Nusselt number attains high values in the neighborhood of the stagnation
zone at the cavity bottom surface, which is more pronounced for 1 mm depth cavity.
© 2008 Elsevier Masson SAS. All rights reserved.
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1. Introduction

Jet impingement is widely observed in process industry and
one of the important applications of jet impingement is high
power laser processing. The impinging jet influences the heat
transfer rates from the irradiated field and prevents the heated
surface from the high temperature oxidation reactions. Depend-
ing on the type of laser processing, assisting gas can be inert
avoiding the chemical reactions and influences the heat transfer
rates only at the impinging surface. This situation is observed
for laser cutting of thin sheet metals, plastics, and ceramics. The
impinging gas can assist the process through enhancing the ma-
terial removal rate from the irradiated section while modifying
the heat transfer rates from the surface. Assisting gas usually
emerges from a nozzle, which is situated co-axially with the
laser beam. Moreover, depending on the nozzle type and cavity
shape formed in the workpiece by a laser beam, fluid struc-
ture and heat transfer rates from the cavity change. The nozzles
used in the laser processing can be annular or conical. How-
ever, combination of annular and conical nozzles may result
in improved heat transfer rates from the cavity surface. Conse-

* Corresponding author.
E-mail address: bsyilbas@kfupm.edu.sa (B.S. Yilbas).
1290-0729/$ – see front matter © 2008 Elsevier Masson SAS. All rights reserved.
doi:10.1016/j.ijthermalsci.2008.06.014
quently, investigation into the heat transfer rates from the cavity
surface due to jet emerging from the annular and conical noz-
zle combination and impinging onto the cavity at elevated wall
temperature becomes necessary.

Considerable research studies are carried out to examine jet
impingement and heat transfer rates. Thermal performance of
heat sinks with confined impinging jet was investigated by Li
et al. [1]. They indicated that an appropriate impinging dis-
tance with the minimum thermal resistance could be found at
a specific Reynolds number, and the optimal impinging dis-
tance increased as the Reynolds number increased. The heat
transfer characteristics of turbulent round jet impinging on an
inclined concave surface were examined by Lee et al. [2]. They
showed that the displacement of the maximum Nusselt num-
ber from the stagnation point increased with increasing surface
angle or decreasing nozzle-to-surface distance. Heat transfer
due to laminar jet impingement onto an isothermal wall within
one side closed long duct was examined by Dagtekin and Oz-
top [3]. They showed that the mean Nusselt number increased
almost linearly with increasing Reynolds number at the isother-
mal surface. The velocity measurement in a turbulent impinging
jet was carried out by Birch et al. [4]. They showed that the
outer shear layer of the wall jet produced a mean flow field,
which was essentially the same as a simple free shear layer.
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Nomenclature

H enthalpy . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . K/kg
h heat transfer coefficient . . . . . . . . . . . . . . . . W/m2 K
K thermal conductivity
k turbulent kinetic energy
L length along cavity bottom . . . . . . . . . . . . . . . . . . . m
p pressure
P rate of production
Rij Reynolds stress
Rih energy generation due to Reynolds stress
Re Reynolds no.
r distance in the radial direction
t time
T temperature
u∗ friction velocity
U arbitrary velocity
V axial velocity component
∀ volume
x distance in the axial direction

Greek

α thermal diffusivity
Γ arbitrary diffusion coefficient
ε energy dissipation
λ turbulence intensity
μ dynamic viscosity

ν kinematic viscosity
ρ density (function of temperature and pressure for

gas)
τ shear stress
σ variable Prandtl no.
θ nozzle cone angle
Φ viscous dissipation
φ arbitrary variable
Π energy transport due to pressure excluding strain in-

teractions
Πw energy transport due to wall reflection
Λ energy transport by diffusion

Subscript

amb ambient
i, j arbitrary direction
jet gas jet at inlet
l laminar
max maximum
p a typical node in the computational grid
ref reference
t turbulent
v viscous sublayer
w wall
The non-linear flow and heat transfer dynamics of a slot jet im-
pinging on a slightly curved concave surface were studied by
Eren et al. [5]. They developed new correlations for local, stag-
nation point, and average Nusselt number as a function of jet
Reynolds number and dimensionless circumferential distance.
The numerical simulation of turbulent heat transfer in a plane
impinging jet was carried out by Hattori and Nagano [6]. They
indicated that the Nusselt number decreased monotonously in
the wall-jet development direction. Multiple flow patterns and
heat transfer in confined jet impingement were examined by Li
et al. [7]. They showed that the flow patterns mainly depended
on the Reynolds number, and the flow dynamics and thermal be-
haviors were similar in the stagnation region. The experimental
and numerical investigation of a confined impinging air jet at
high Reynolds numbers were carried out by Baydar and Oz-
men [8]. They indicated that there exited a linkage among the
sub-atmospheric region, turbulence intensity, and heat transfer;
in addition, the predictions of standard k–ε turbulence model
were in agreement with the experimental results except for the
nozzle-to-plate spacing of less than one. Shuja et al. [9] inves-
tigated jet impingement onto a flat plate and heat transfer rates
from the surfaces. They showed that nozzle configuration has
significant effect on the heat transfer rates. Yilbas et al. [10,11]
studies jet impingement onto cavities. They indicated that heat
transfer rates changes around the cavity surface. However, the
early studies [10,11] were limited with single nozzle (conical or
annular) and, therefore, the extension of the early studies is nec-
essary to include the influence of combination of annular and
conical nozzles onto flow structure and heat transfer. Conse-
quently, present study examines the flow field and heat transfer
rates from the cylindrical cavity subjected to the impinging jet
emerging from the combined nozzle consisting of annular and
conical sections. The flow field and heat transfer rates are simu-
lated numerically for two cavity depths and various average jet
velocities at the nozzle exit. The cavity wall is kept at 1500 K
to resemble the laser produced cavity. The Reynolds Stress Tur-
bulence Model (RSM) is used to account for the turbulence.

2. Modeling of flow filed and heat transfer

In laser machining applications, an assisting gas jet is used.
The assisting gas jet emerges from a nozzle and impinges onto
the cavity surface in the workpiece. The cavity surface is al-
most at the melting temperature of the substrate material. The
heat transfer rates from the cavity surface depend onto the noz-
zle geometry used and the cavity depth. The heat transfer rates
from the surface influences the laser heating situation. More-
over, in the case of laser thick material processing, one of the
nozzle types used is the annular nozzle [12]. Since the flow
field associated with the gas jet emerging from the combination
of annular and conical nozzles and impinging onto the cavity
with elevated wall temperature is unique, the authors’ could not
find similar work in the open literature. Consequently, inves-
tigation into jet impingement and heat transfer rates from the
cavity resembling the laser heating situation becomes essential.
Jet emerging from a combination of annular and conical nozzles
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(a)

(b)

Fig. 1. (a) 3-Dimensional view of the combined nozzle and the cavity. (b) Geo-
metrical configuration and solution domain of combined nozzle and the cylin-
drical cavity.

Table 1
Size and depth of the cylindrical cavity and cone angles of annular and conical
nozzle combination (Fig. 1(b))

Cavity diameter (m) Cavity depth (m) Annular and conical nozzle angles

Inner angle (θ◦) Outer angle (θ◦
1 )

0.003 0.0005 40 55
0.003 0.001 40 70

and impinging onto a cylindrical cavity is considered. A con-

stant elevated wall temperature is assumed at the cavity surface

to resemble the laser produced cavity. The geometric arrange-

ments of the annular and conical nozzle combination and the

cavity are shown in Fig. 1 (a) and (b), while the nozzle and the

cavity configurations are given in Table 1.
2.1. Conservation equations for the flow filed

The steady axisymmetric flow conditions with the compress-
ibility and variable properties of the working fluid are con-
sidered to formulate the jet impingement onto the cylindrical
cavity. The governing flow and energy equations can be written
in the Cartesian tensor notation as:

(i) The continuity equation

∂

∂xi

(ρUi) = 0 (1)

(ii) The momentum equation

∂

∂xi

(ρUiUj )

= ∂p

∂xj

+ ∂

∂xi

[
μ

(
∂Ui

∂xj

+ ∂Uj

∂xi

)
− ρRij

]
(2)

(iii) The energy equation

∂

∂xi

(ρUiH) = ∂

∂xi

[
μ

σ

∂H

∂xi

− ρRih

]
(3)

The flow field is turbulent; therefore, Reynolds stress tur-
bulence model (RSM), which is based on the second-moment
closure, is used in the analysis. The selection of the turbulence
model is based on the previous study [13]; in which case, stan-
dard two equation models over estimates the turbulent kinetic
energy generation in the stagnation region [14]. The transport
equation of the Reynolds stress (Rij ) is

∂

∂xm

(UmRij ) = Pij + Λij − εij + Πij + Πw
ij (4)

where P,Λ,ε,Π and Πw are the rate of production, trans-
port by diffusion, rate of dissipation, transport due to turbulent
pressure excluding strain interactions and transport due to wall
reflection respectively. Eq. (4) consists of six partial differential
equations; one for the transport of each of the six independent
Reynolds stresses. The production term (Pij ), diffusion (Λij ),
dissipation (εij ), transport due to turbulent pressure (Πij ) and
the modeling of the wall reflection (Πw

ij ) are referred to [15].

2.2. Flow boundary conditions

Four boundary conditions are considered in accordance
with the geometric arrangement of the problem, as shown in
Fig. 1(a).

2.2.1. Solid wall
For the solid wall, the no-slip condition is assumed at the

solid wall, and the boundary condition for the velocity at the
solid wall therefore is

Ui = 0 (5)

2.2.2. Generalized wall functions for normal and shear
turbulent stresses for the RSM model

When the flow is very near the wall, it undergoes a rapid
change in direction; therefore, the wall-functions approach is
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not successful in reproducing the details of the flow. Conse-
quently the turbulent stresses and fluxes at the near-wall grid
points are calculated directly from their transport equations.
In this case, the near-wall region lying between the wall and
the near-wall computational node at xp can be represented
by two layers: the fully viscous sublayer, defined by Rev =
xv

√
kv/v ≈ 20, and a fully-turbulent layer. The wall shear stress

near the wall is employed, i.e. vw|zv = τw/ρ, which serves as
the boundary condition for the vw transport equation.

In relation to normal stresses, the turbulence energy must
decrease quadratically towards a value of zero at the wall, there-
fore a zero-gradient condition for the normal stresses is physi-
cally realistic. This situation is insufficient to ensure an accurate
numerical representation of near-wall effects. An improved ap-
proach for internal cells is needed in respect of evaluating vol-
ume integrated production and dissipation of normal stresses
(these are normally evaluated at cell centers, using linear inter-
polation, and then multiplied by the cell volume). Considering
v2 as an example, the volume-integrated production of v2 be-
tween the wall and the P-node may be approximated by,

∫
Δr

zp∫
0

P22 d∀ ∼=
∫
Δr

xp∫
xv

−2vw
∂V

∂x
d∀

= 2τw

(
Vp − Vv

xp − xv

)
xpΔr (6)

where Vp and Vv follow from the log-law. No contribution
arises from the viscous sublayer, since vw = 0 in this layer. An
analogous integration of the dissipation rate with the assump-
tions,

ε = 2νkv

x2
v

0 � x � xv

ε = C
3/4
μ k

3/2
p

κxv

xv � x � xp

leads to

∫
Δr

xp∫
0

ε d∀ ∼=
[

2νkp

xv

+ C
3/4
μ k

3/2
p

κ
ln

(
xp

xv

)]
Δr (7)

an analogous treatment is applied to v2, while the production of
w2 in the viscous and turbulent near wall layers region is zero.

The values resulting from Eqs. (6) and (7) are added, re-
spectively, to the volume-integrated generation and dissipation
computed for the upper half of the near-wall volume. It should
be noted that for the wall-law approach, the near-wall dissipa-
tion (εp) is not determined from its differential equation applied
to the near-wall cell surrounding the node. Instead, and in ac-
cordance with the log law, this value is obtained via the length
scale from εp = C

3/4
μ k

3/2
p /κzp , which serves as the boundary

conditions for inner cells.

2.2.3. Inlet conditions
The boundary conditions for temperature and the mass flow

rate at the combined nozzle inlet are introduced. Therefore,
at the nozzle inlet: mass flow rate is specified and altered
giving the mean jet velocities at the nozzle exit 25, 50, 75,
and 100 m/s. In addition, temperature is specified, i.e. T =
specified (300 K). The selection of the values of the mean ve-
locities is due to the gas jet velocities, in general, used in laser
gas assisted processing. It should be noted that the flow is com-
pressible and introducing the velocity profile at the combined
nozzle inlet is inappropriate due to the density variation; conse-
quently, mass flow inlet is introduced.

The values of k and ε are not known at the nozzle inlet, but
can be determined from the turbulent kinetic energy i.e.

k = λū2 (8)

where ū is the average inlet velocity and λ is a percentage.
The dissipation is calculated from ε = Cμk3/2/aD, where

D is the diameter. The values λ = 0.03 and a = 0.005 are com-
monly used and may vary slightly in the literature [16]. The
turbulence is assumed to be isotropic at the inlet such that:

uiuj = 0

uiui = 2

3
k, no summation over the index i

2.2.4. Outlet
The flow is considered to be extended over a long do-

main; therefore, the boundary condition (outflow boundaries,
Fig. 1(b)) for any variable φ is

∂φ

∂xi

= 0 (9)

where xi is the normal direction at outlet.

2.2.5. Symmetry axis
At the symmetry axis, the radial derivative of the variables

is set to zero, i.e.

∂φ

∂r
= 0 (10)

except for

V = vw = vh = wh = 0 (11)

2.3. Solid side

2.3.1. Constant wall temperature boundary
Two constant temperature boundaries are considered. The

first one is in the radial direction far away from the symme-
try axis at a constant temperature T = Tamb (300 K). It should
be noted that the constant temperature boundary condition is
set at different locations in the radial directions. The boundary
condition (T = constant) located in the radial direction had no
significant effect on the temperature and flow field in the stag-
nation region. Therefore, this boundary condition is set for a
radial distance of 0.015 m from the symmetry axis. The sec-
ond constant temperature boundary is set at the cavity walls (as
shown in Fig. 1(a)) at T = constant (1500 K).
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2.3.2. Solid fluid interface
The coupling of conduction within the solid and convection

within the fluid, termed conjugation, is required for the present
analysis at the solid fluid interface. The appropriate boundary
conditions are continuity of heat flux and temperature and are
termed boundary conditions of the fourth kind, i.e.

Twsolid = Twgas and Kwsolid

∂Twsolid

∂x
= Kwgas

∂Twgas

∂x
(12)

No radiation loss from the solid surface is assumed due to
the small surface area of the cavity.

The heat transfer coefficient is determined from:

h = (−Kwsolid(∂Twsolid/∂n))

(Twgas − Tref)
(13)

where (∂Twsolid/∂n) is the temperature gradient in the solid nor-
mal to the cavity surface while Tref is the reference temperature
and equals to the jet temperature at the nozzle exit. The local
Nusselt number is:

Nu = hL

Kgas

where L is length along the cavity bottom.
The wall shear stress is determined from the rate of fluid

strain at the cavity wall, which is:

τ = μ

(
∂V

∂n

)
(14)

where (∂V /∂n) is the rate of fluid strain at the cavity wall and
n represents the direction normal to the cavity surface.

2.4. Gas properties

The equation of state is used and variable properties of air
are accommodated in the simulations.

3. Numerical method and simulation

A control volume approach is employed to discretize the
governing equations. The discretization procedure is given in
the literature [17]. The problem of determining the pressure
and satisfying continuity may be overcome by adjusting the
pressure field so as to satisfy continuity. A staggered grid ar-
rangement is used in which the velocities are stored at a location
midway between the grid points, i.e. on the control volume
faces. All other variables including pressure are calculated at
the grid points. This arrangement gives a convenient way of
handling the pressure linkages through the continuity equation
and is known as Semi-Implicit Method for Pressure-Linked
Equations (SIMPLE) algorithm. The details of this algorithm
are given in the literature [17].

The computer program used for the present simulation can
handle a non-uniform grid spacing. In each direction fine grid
spacing near the gas jet impinging point and the cavity is al-
located while gradually increased spacing for locations away
from the cavity is considered. Elsewhere the grid spacing is
adjusted to maintain a constant ratio of any of two adjacent
spacing. The number of grid planes used normal to the x and
r directions are 220 and 272, respectively, in the simulations.
The grid independence tests were conducted and it is observed
that the grid selected results in the grid-independent solution.
The grid sizes used for the grid independent tests and resulting
in the percentage variation of the maximum velocity magnitude
along the symmetry axis is 0.1%.

Nine variables are computed at all grid points; these are: two
velocity components, local pressure, five turbulence quantities
and the temperature.

4. Results and discussion

Jet emerging from the annular conical nozzle combination
and impinging onto a cylindrical cavity is considered. The in-
fluence of the average jet velocity (Vj ) exiting the nozzle and
depth of the cavity on flow field and heat transfer rates is exam-
ined. The geometric configuration of nozzle is kept the same in
the simulations.

Fig. 2 shows normalized velocity (V/Vj ) contours in the
cavity and in the region of the nozzle exit for different noz-
zle exit average velocity and two depths of the cavity. Flow
emerging from the conical and annular nozzle merges without
forming a significant shear layer between the jets. However, jet
emerging from a conical nozzle (inner nozzle, Fig. 1(a)) influ-
ences the radial expansion of the annular nozzle (outer nozzle,
Fig. 1(b)). This results in a complex flow structure in the region
of the jet outer boundary. In this case, a steep streamline cur-
vature is observed in the region above the cavity edge, which
is more pronounced for the shallow cavity (depth = 0.5 mm).
However, the radial acceleration of the impinging jet upon
leaving the cavity is observed for the sallow cavity (depth =
0.5 mm). This is because of the pressure buildup in the cavity
and small penetration depth of impinging jet into the cavity be-
cause of the small cavity depth (shallow cavity). Consequently,
flow developed between the impinging jet outer boundary and
the boundary of the radial jet emanating from the cavity results
in circulation in this region. Moreover, increasing the imping-
ing jet average velocity at the nozzle exit influences the flow
field around the cavity. This is more pronounced for the shallow
cavity. In this case, increasing impinging jet velocity enhances
the radial acceleration of the flow emanating from the cavity.
The flow expansion around the cavity edge, due to sharp edges,
contributes to the radial acceleration flow emanating from the
cavity.

Fig. 3 shows pressure coefficient (ΔP/ 1
2ρV 2

j ) in the close
region of nozzle exit and the cavity for two cavity depths and
four average impinging jet velocities at the nozzle exit. Pres-
sure coefficient increases with increasing velocity in the region
close to the cavity bottom. This is because of the penetration
of the impinging jet into the cavity, which in turn results in
high pressure region close to the cavity bottom wall. In the
case of the shallow cavity (depth = 0.5 mm), the kinetic en-
ergy of the impinging jet is not totally dissipated in the cavity
due to radial acceleration towards the cavity exit. This results in
shallow pressure region in the cavity bottom region. Increasing
jet velocity alters the pressure coefficient slightly in the cavity.
This is more pronounced for the deep cavity (depth = 1 mm).
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Fig. 2. Normalized velocity magnitude (V/Vj ,Vj is the average velocity at the nozzle exit) contours in the region of nozzle exit and the cavity.
The thermodynamic pressure developed in the vicinity of the
cavity wall contributes to the pressure buildup in the cavity. It
should be noted that the cavity wall is assumed to be at elevated
temperature (1500 K) to resemble the laser heating situation.
Consequently, convective heat transfer from the cavity wall to
the fluid enhances the gas pressure and temperature in the vicin-
ity of the cavity wall. The formation of the circulation cell in the
neighborhood of the impinging jet and the radial jet emanat-
ing from the cavity is evident for the shallow cavity; in which
case, the constant pressure contours forms the complete circle.
In this case of the deep cavity, the size of the circulation cell is
relatively smaller than that corresponding to the shallow cavity.
The development of the large circulation cell is because of the
radially accelerated jet, which emanates from the cavity. The
flow developed due to the shear between the impinging jet outer
boundary and the boundary of the radial jet emanating from the
cavity is responsible for the large circulation cell formation.

Fig. 4 shows normalized temperature contours (T/Tj ) in the
region close to the nozzle exit and in the cavity for two cavity
depths and four average jet velocities at the nozzle exit. Tem-
perature profile changes with the cavity depth. Jet penetration
into the cavity enhances with increasing the cavity depth. This
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Fig. 3. Pressure coefficient contours in the region of nozzle exit and the cavity.
modifies temperature distribution in the cavity. Moreover, the
effect of jet velocity on temperature distribution in the cavity
is not significant, provided that some small effects are visible
from the temperature contours. The small effect of jet veloc-
ity on temperature contours in the cavity is associated with the
convective and conduction heating of the fluid by the cavity
walls. It should be noted that the cavity wall temperature is
kept constant at 1500 K during the simulations. However, the
radial acceleration of the jet emanating from the shallow cav-
ity suppresses the thermal boundary layer thickness around the
cavity edge. The thermal boundary layer thickens in the region
of the cavity wall, because of the convective and conduction
heating as well as the stagnation pressure buildup around the
cavity wall. This is particularly true at the cavity wall bottom.
Moreover, increasing jet velocity reduces the thermal boundary
layer thickness around the side wall of the cavity. In this case,
the radial acceleration of the flow in the cavity exit region is
responsible for thinning the boundary layer in this region.

Fig. 5 shows the Nusselt number variation along the cavity
bottom for different jet velocities at nozzle exit and two cav-
ity depths. It should be noted that the distance 0 m represents
the cavity edge while 0.0014 m represents the cavity center.
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Fig. 4. Normalized temperature (T/Tj ,Tj is jet temperature at the nozzle exit) contours in the region of nozzle exit and the cavity.
The Nusselt number increases with increasing jet velocity at
the nozzle exit. This is more pronounced at the cavity edge
where the radial acceleration of the flow emanating from the
cavity enhances the heat transfer rates from the cavity bottom.
Heat transfer rate reduces to almost zero at the cavity center
due to the stagnation region developed, which in turn results
in considerably low Nusselt number. In addition, the thermo-
dynamic pressure developed in the boundary layer next to the
cavity bottom suppresses the heat transfer from the cavity wall.
The Nusselt number increases sharply in the vicinity of the
stagnation region, which is particularly true for the deep cav-
ity. The sharp increase in the Nusselt number is associated with
the pressure differential developed across the stagnation zone
and its neighborhood. Consequently, flow acceleration due to
pressure differential in this region is responsible for the sharp
increase in the heat transfer coefficient. However, the side walls
of the cavity suppress the flow acceleration in the cavity result-
ing in reduced heat transfer rates and the Nusselt number. This
situation is observed lightly for the shallow cavity; in which
case, radial acceleration of the flow is not suppressed consid-
erably by the cavity side walls. As a consequence, a radial jet



S.Z. Shuja et al. / International Journal of Thermal Sciences 48 (2009) 975–984 983
Fig. 5. Nusselt number along the cavity wall for two cavity depths and different
average jet velocities at the nozzle exit.

is formed, which emanates from the cavity enhancing the heat
transfer rates and the Nusselt number in this region.

Fig. 6 shows the wall shear stress along the cavity wall for
different average jet velocities at the nozzle exit and two cavity
depths. It should be noted that the distance 0 m represents the
cavity edge while 0.0014 m corresponds to the cavity center.
The shear stress reduces in the region of the cavity center due
to the stagnation zone. However, it increases sharply reaching
its maximum in the neighborhood of the stagnation zone. This
is because of the attainment of the high rate of fluid strain due to
radial acceleration of the flow in this region. The location of the
maximum shear stress at the cavity bottom changes with the
mean jet velocity at the nozzle exit. This is more pronounced
for the deep cavity (depth = 1.0 mm). Consequently, increasing
averaged jet velocity influences the flow structure in the cavity.
Moreover, wall shear stress reduces slightly for the deep cavity
(depth = 1.0 mm). This because of the rate of fluid strain in the
region of the cavity bottom, which becomes small for the deep
cavity due to the small radial acceleration in the bottom region
of the cavity.

5. Conclusions

The jet emerges from a combined nozzle, including annular
and conical nozzles, and impinges onto a cylindrical cavity with
elevated wall temperature is examined. The flow field and heat
Fig. 6. Wall shear stress along the cavity wall for two cavity depths and different
average jet velocities at the nozzle exit.

transfer rates are simulated for four average velocities at the
nozzle exit and two cavity depths. It is found that a radial jet is
developed emerging from the cavity due to pressure differential
developed between the stagnation zone and its neighborhood.
The streamline curvature affect contributes to the radial accel-
eration of the jet emerging from the cavity, which is more pro-
nounced for the shallow cavity. The Nusselt number attains high
values in the region next to the stagnation zone at the cavity bot-
tom, which is particularly true for the deep cavity. In this case,
the radial acceleration of the flow occurs due to the pressure dif-
ferential developed in this region. The Nusselt number attains
higher values for the deep cavity than that corresponding to the
shallow cavity. Moreover, increasing average jet velocity at the
nozzle exit enhances significantly the Nusselt number due to
increased convective cooling. The wall shear stress reduces sig-
nificantly at the cavity bottom, provided that it increases when
the radial acceleration enhances the rate of fluid strain in the
cavity wall. The wall shear stress attains slightly higher values
for shallow cavity as compared to the deep cavity.
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