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Abstract

Jet impingement onto a conical cavity results in complicated flow structure in the region of the cavity. Depending on the nozzle geometric
configurations and jet velocities, enhancement in the heat transfer rates from the cavity surface is possible. In the present study, annular nozzle
and jet impingement onto a conical cavity are considered and heat transfer rates from the cavity surfaces are examined for various jet velocities,
two outer angles of the annular nozzle, and two cavity depths. A numerical scheme adopting the control volume approach is used to simulate the
flow situation and predict the heat transfer rates. It is found that increasing jet velocity at the nozzle exit modifies the flow structure in the cavity
while altering the heat transfer rates and skin friction; in which case, increasing nozzle outer angle and jet velocity enhances the heat transfer rates
and skin friction.
© 2008 Elsevier Masson SAS. All rights reserved.
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1. Introduction

Gas assisted processing is commonly used in laser machin-
ing applications. In this case, assisting gas emerging from the
nozzle impinges onto the irradiated region. Since the laser ir-
radiated region is at elevated temperature, the flow structure
developed within the irradiated region influences the heat trans-
fer rates and skin friction in this region. However, laser beam
irradiation results in cavity formation at the solid surface. The
cavity is at elevated temperature while impinging assisting gas
jet is at room temperature. This situation influences the end
product quality through modifying the heat transfer rates from
the irradiated surface. Since the flow structure in the irradiated
region depends on the jet velocity and geometric configuration
of the nozzle used, investigation into the flow structure due to
various jet velocities at the nozzle exit and nozzle angles be-
comes necessary.

Considerable research studies were carried out to examine
jet impingement and heat transfer rates from the impingement
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surface. Confined impinging and opposing jets are studied by
Hosseinalipour and Mujumdar [1]. They indicated that the pre-
dictions of impinging jets agree with the experimental results
when the turbulence model was selected properly. Jet impinge-
ment and heat transfer were considered by Herwig et al. [2].
They indicated that the instability created in the jet through
the vortex shedding improved the heat transfer as compared
to a steady impinging jet. Seyed-Yagoobi [3] studied the heat
transfer characteristics of the jet impingement emanating from
different types of nozzles. He indicated that self-oscillating jet
impinging nozzle provided improved heat transfer performance
when the nozzle-to-plate spacing was less than the optimal
spacing for the plain jet emerging from the nozzle. Amano and
Brandt [4] investigated the flow structure due to jet impinge-
ment onto a flat plate and flowing into an axisymmetric cavity.
They showed that the near-wall models for the kinetic energy
and turbulent shear stress gave good predictions of the skin fric-
tion coefficients. The effects of nozzle diameter on heat transfer
and flow structure due to impinging jet were examined by Lee
and Lee [5]. They showed that the local Nusselt number in-
creased with increasing nozzle diameter in the stagnation region
while keeping the other flow parameters constant, which was
attributed to an increase in the jet momentum and turbulence in-
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Nomenclature

H enthalpy
h heat transfer coefficient
K thermal conductivity
k turbulent kinetic energy
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
gas fluid (gas) side
i, j arbitrary direction
jet gas jet at inlet
l laminar
m mean
max maximum
p a typical node in the computational grid
ref reference
t turbulent
solid solid side
v viscous sublayer
w wall
tensity level with the large nozzle diameter. Heat transfer due to
jet impingement onto a flat plate and influence of nozzle-plate
spacing on the heat transfer rates were examined by Lytle and
Webb [6]. They indicated that the accelerating fluid between
the nozzle and the plate gap as well as an increase in the local
turbulence resulted in substantially increase in the local heat
transfer rates from the plate surface. The jet impingement and
heat transfer from a small heat source was studied by Womac
et al. [7]. They showed that under the free-surface jet condi-
tions, the heat transfer coefficient could be attenuated by bulk
warming of the thin fluid sheet flowing over the surface, pro-
vided that the nozzle diameter was small and the flow velocity
was low. Large diameter jet impingement onto the surfaces was
examined by Zhang and Ibrahim [8]. They tested various tur-
bulence models and indicated that k–ω turbulence model was
sensitive to the inlet boundary conditions despite the fact that
k–ω model predictions agreed well with the experimental data.
Jet impingement from off-axial nozzle for laser processing was
investigated by Ilavarasan and Molian [9]. They indicated that
the principle of the off-axial gas jet was to provide straight
non-turbulent flow to the laser processing section. The dynamic
characteristics of gas flow inside a laser cut kerf were examined
by Man et al. [10]. They indicated that the behavior of the jet
was strongly influenced by the stand-off distance and the thick-
ness of the workpiece. Convective heat and mass transfer due to
jet impingement on a moving surface was examined by Zum-
brunnen [11]. He used the similarity solution to the momentum
equations to obtain the flow structure in the stagnation region.
Shuja et al. [12] investigated previously jet impingement and
the heat transfer from the impingement surface. However, in the
simulations, the effect of jet velocity at nozzle exit on the heat
transfer rates and skin friction was omitted due to simplicity.
Consequently, extension of the previous study becomes neces-
sary to include the effects of jet velocity on the heat transfer
rates and the skin friction.

In the present study, jet impingement onto a conical cavity
with elevated wall temperature is considered and the effects of
jet velocity on the heat transfer rates and the skin friction are
examined. In the simulations, four jet velocities, two annular
nozzle outer cone angles and two conical cavity depths are ac-
commodated. The selection of the magnitude of the jet velocity
is due to the jet velocities used in the laser gas assisted process-
ing. The Reynolds stress turbulence model is used to account
for the turbulence while air is employed as working fluid.

2. Mathematical modeling

The steady flow conditions with the compressibility and
variable properties of the working fluid are considered to for-
mulate the jet impingement onto the cylindrical cavity. A con-
stant temperature is considered at the cavity wall to resemble
the laser produced cavity, i.e. cavity wall temperature is kept
at 1500 K as similar to the melting temperature of the substrate
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(a)

(b)

Fig. 1. (a) Geometric view of the annular nozzle and the cavity. θ represents the annular nozzle cone angle. ho represents the stand off distance. (b) Grid independent
test results obtained for dimensionless velocity magnitude along the symmetry axis. D is the hydraulic diameter of the annular nozzle exit and Vm is the mean
velocity at the nozzle exit (Vm = Vjet at the nozzle exit). It should be noted that x-axis location x/D = 2 corresponds to 0.023 m from the x-axis origin.
Table 1
Size and depth of the cavity, and annular nozzle outer cone angle

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

Inner angle (θ◦) Outer angle (θ1
◦)

0.003 0.0005 25 55
0.003 0.001 40 70

material. The geometric arrangements of the annular nozzle and
the cavity are shown in Fig. 1(a), while the nozzle and the cav-
ity configurations are given in Table 1.
2.1. Flow equations

The governing flow and energy equations for the axisymmet-
ric impinging steady jet can be written in the Cartesian tensor
notation as:

(i) The continuity equation

∂

∂xi

(ρUi) = 0 (1)
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(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
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/ν ≈ 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
Table 2
Mean jet velocity at the nozzle exit

Mean jet velocity, Vjet (m/s)

25
50
75

100

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,

∫
�r

zp∫
0

P22 d∀ ∼=
∫
�r

xp∫
xv

−2vw
∂V

∂x
d∀

= 2τw

(
Vp − Vv

xp − xv

)
xp�r (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

∫
�r

xp∫
0

ε d∀ ∼=
[

2νkp

xv

+ C
3/4
μ k

3/2
p

κ
ln

(
xp

xv

)]
�r (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 mean jet

velocity at the nozzle exit is introduced. Therefore, at the noz-
zle exit: T = specified (300 K) and the values of the mean jet
velocity is given in Table 2. The selection of the values of the
mean velocities is due to the gas jet velocities, in general, used
in laser gas assisted processing.
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The values of ♣ and ε are not known at the 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].

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

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

∂φ

∂xi

= 0 (9)

where • 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).

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)
Table 3
Air properties used in the simulation

Density ρ (kg m−3) Ideal gas (ρ = P/RA⊕)

Thermal conductivity K (W m−1 K−1) 0.0242
Specific heat capacity cp (J kg−1 K−1) 1006.43
Viscosity ν (kg m−1 s−1) 1.7894 × 10−5

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. It should
be noted that at the gas temperature in the vicinity of the wall
(Twgas) is considered when computing the heat transfer coeffi-
cient.

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 for air and the properties em-
ployed are given in Table 3.

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 375 and 300, respectively, in the simulations.
The grid independence tests were conducted and it is observed
that the grid selected results in the grid-independent solution.
Fig. 1(b) shows the grid independent test results.

Nine variables are computed at all grid points; these are: two
velocity components, local pressure, five turbulence quantities
and the temperature.
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Fig. 2. Normalized velocity magnitude (V/Vjet) for the conical cavity depth of 1 mm.
4. Results and discussion

Jet impingement onto a conical cavity is considered and the
effects of annular nozzle exit velocity and nozzle outer angle on
the heat transfer rates and the skin friction are examined. Four
jet velocities, two outer angles of annular nozzle, and two cavity
depth are accommodated in the simulations. Air is considered
as the working fluid.

Figs. 2 and 3 show contour plots of normalized velocity mag-
nitude (V/Vjet) in the cavity region for different jet velocities at
the nozzle exit, two depths of the conical cavity and two outer
cone angles of the annular nozzle. Jet impingement results in a
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Fig. 3. Normalized velocity magnitude (V/Vjet) for the conical cavity depth of 0.5 mm.
stagnation zone along the symmetry axis in the cavity. The im-
pinging jet under goes a streamline curvature above the cavity
inlet. This is particularly true for outer cone angle of 55◦. More-
over, the radial expansion of the jet is observed for outer angle
of 70◦; in which case, normalized velocity (V/Vjet) becomes
1.3 indicating the radial expansion of the jet in the nozzle exit
region. Increasing average jet velocity at the nozzle exit sup-
presses this situation due to enhancement of axial momentum
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Fig. 4. Normalized temperature (T/Tjet) for the conical cavity depth of 1 mm.
along the symmetry axis. Radial acceleration of the flow in the
cavity, due to pressure differential, mixes with the radially ex-
panding jet in the region next to the cavity exit. This situation
is more pronounced for the outer cone angle of 70◦. In the case
of a deep cavity (cavity depth = 1 mm), stagnation zone moves
further into the cavity around the symmetry axis. Although, the
radial flow developed in the cavity accelerates further towards
the cavity exit because of the high pressure differential accru-
ing in the region next to the stagnation zone, the impinging jet
emerging from the nozzle suppresses the flow acceleration to-
wards the cavity exit. This is more pronounced for the outer
cone angle of 55◦. Consequently, the axial momentum of the
impinging jet influences the flow acceleration in the region of
the cavity exit. The accelerated flow expands semi-radially at
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Fig. 5. Normalized temperature (T/Tjet) for the conical cavity depth of 0.5 mm.
the cavity exit for the outer cone angle of 70◦. Consequently,
the flow structure generated in the cavity changes with the an-
nular nozzle outer cone angle. As the average jet velocity at the
nozzle exit increases, the semi-radial expansion of the flow is
partially suppressed because of the axial momentum of the im-
pinging jet.
Normalized temperature (T/Tjet) contours in the cavity re-
gion corresponding to different average jet velocities at the noz-
zle exit, two cavity depths, and two annular nozzle outer cone
angles are shown in Figs. 4 and 5. Temperature contours fol-
low almost the velocity contours in and above the cavity. Due
to high temperature at the cavity wall, the flow in the cavity is
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Fig. 6. Heat Transfer coefficient for the conical cavity wall surface. The location 0 along the cavity wall surface represents the cavity edge.
at higher temperature than that of in the impinging jet. This sit-
uation is more pronounced for the outer cone angle of 55◦. The
flow developed in the cavity suffers from the conduction and
the convection heating due to the low velocity. Consequently,
conduction heating in the fluid enhances temperature rise in the
flow. This results in thickening of the thermal boundary layer in
the cavity. As the average jet velocity at nozzle exit increases,
thermal boundary layer thickness reduces in the cavity and the
radial acceleration of the flow due to the pressure differential
suppresses further the thermal boundary layer thickness. More-
over, for the outer cone angle of 70◦, the radial flow of the jet
causes the flow mixing with the high temperature fluid emerg-
ing from the cavity in the region of the cavity exit. This results
in extension of the high temperature region further towards the
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Fig. 7. Shear Stress at the conical cavity wall surface. The location 0 along the cavity wall surface represents the cavity edge.
downstream of the flow. This is also true for the outer cone an-
gle of 55◦, provided that this expansion is not as much extended
as that of 70◦. Consequently, annular nozzle cone angle and the
average jet velocity at the nozzle exit have a coupling effect on
the temperature behavior. In this case, increasing both the outer
cone angle and the cavity depth enhances the extension of high
temperature in the downstream stream of the flow field.
Fig. 6 shows heat transfer coefficient along the cavity wall
for different average jet velocities at the nozzle exit, two cav-
ity depths, and two cone angles of the annular nozzle. It should
be noted that the distance in the figure represents the distance
along cavity surface and the location 0 m along the cavity sur-
face represents the cavity edge. Since the conical cavity is sym-
metrical, the heat transfer coefficient remains the same with the
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rotation of the cavity surface along the symmetry axis. There-
fore, the heat transfer coefficient is independent of the rotational
angle along the symmetry axis. The heat transfer coefficient re-
mains almost the same along the cavity surface in the region
of the cavity exit and it decays sharply with increasing dis-
tance along the cavity surface against the symmetry axis (where
r = 0 m). This is true for all the depths and the outer cone an-
gles because of the flow mixing in the region of the cavity exit
and the radial acceleration of the flow emanating from the cav-
ity remains high in this region. Moreover, the sharp decay of the
heat transfer coefficient is attributed to creeping like flow and
the thick thermal boundary layer near to the stagnation zone;
in which case, convection cooling of the cavity surface by the
fluid is less as compared to the cavity exit region. Increasing
average jet velocity at the nozzle exit enhances the heat trans-
fer coefficient through increasing the convective heat transfer
rates from the cavity surface. The flow acceleration in the ra-
dial direction in the cavity is responsible for the enhancement
of heat transfer coefficient. Although impinging jet at high ve-
locity moves the stagnation zone further inside the cavity, due
to pressure differential in the region next to the stagnation zone,
the radial acceleration enhances the flow velocity in the cavity.
This reduces the thermal boundary layer thickness in the cav-
ity and improves the heat transfer rates from the cavity surface.
The radial acceleration of the flow, due to pressure differential
in the cavity, also results in the maximum heat transfer coeffi-
cient moving in the cavity. This is true for all the cavity depths.
Moreover, the location of the maximum heat transfer coefficient
further moves into the cavity with increasing nozzle angle.

Fig. 7 shows the shear stress along the distance at the cav-
ity wall for different average jet velocities at the annular nozzle
exit, two cavity depths, and two annular nozzle outer cone an-
gles. The wall shear stress attains maximum at the cavity exit
and it decays sharply with increasing distance along the cav-
ity surface against the symmetry axis. This situation is true for
all the cavity depths and the outer cone angles of the nozzle.
However, the gradual decay of the shear stress along the cavity
surface occurs while reducing the jet velocity at the nozzle exit.
This is because of the creeping like flow generated in the cav-
ity. The rate of fluid strain remains low and the boundary layer
thickness becomes thick in the cavity. This, in turn, results in
low shear stress in the wall region of the cavity. Moreover, at-
tainment of high values of the shear stress at the cavity exit is
attributed to the radial flow in this region. In this case, the rate
of fluid strain remains high and the boundary layer thickness
becomes small. However, in the stagnation region, the flow ve-
locity becomes small and the boundary layer thickness remains
high; consequently, shear stress becomes small in the region
close to the stagnation zone in the cavity. The shear stress at-
tains slight high values for the outer cone angle of 70◦ and
Vjet = 100 m/s. This is because of the radial acceleration of
the flow in the region of the cavity wall generating the high
shear stress in wall region of the cavity, particularly towards the
cavity exit. In the case of deep cavity (cavity depth is 1 mm),
similar situation is observed provided that the value of the shear
stress increase slightly.
5. Conclusion

The flow emerging from the annular nozzle and impinging
onto a conical cavity results in a stagnation zone along the sym-
metry axis in the cavity. The size of the stagnation zone is influ-
enced by the annular nozzle outer cone angle, cavity depths, and
the average jet velocity at the nozzle exit. In this case, increas-
ing cavity depth (1 mm) and reducing both the outer cone angle
(55◦) and the average jet velocity at the nozzle exit enhances
the size of the stagnation zone in the cavity. However, the radial
expansion of the jet occurs for the annular nozzle outer cone
angle of 70◦. The radially accelerated flow emerging from the
cavity mixes with the impinging jet in the region of the cavity
exit. As the average jet velocity at nozzle exit increases, the flow
mixing results in a complicated flow structure at the cavity exit,
which modifies slightly the streamline curvature of the imping-
ing jet. Moreover, the pressure differential in the cavity, in the
neighborhood of the stagnation zone, is responsible for the ra-
dial acceleration of the flow in the cavity. This situation is more
pronounced for the deep cavity and the nozzle outer cone angle
of 70◦. The heat transfer coefficient attains high values in the
region of the cavity exit because of (i) the flow mixing in this
region, and (ii) occurrence of the radially accelerated flow in
this region. This is more pronounced for the high jet velocities
at the nozzle exit. Moreover, the radial acceleration of the flow,
due to pressure differential in the cavity, results in the maximum
heat transfer coefficient occurring in the cavity and the location
of the maximum heat transfer coefficient moves further into
the cavity with increasing nozzle angle. The heat transfer co-
efficient reduces along the cavity surface against the symmetry
axis. This is because of the thickening of the thermal boundary
layer and low flow velocity, which suppresses the heat trans-
fer rates from the cavity wall. The wall shear stress increases
along the cavity surface towards the cavity exit. The attainment
of high rate of fluid strain is responsible for the development of
the high shear stresses. Moreover, the flow velocity remains low
and the boundary layer thickness becomes large in the region
close to the symmetry axis. This causes the low shear strain
while lowering the shear stress in this region.
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