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Abstract

Impinging swirling jets generate interesting flow fields and depending on the magnitude of the swirl velocity, cir-

culation cells develop in the region close to the solid wall. Moreover, axial momentum of the jet is influenced by the

magnitude of the swirl velocity. This, in turn, results in considerable entropy generation in the flow field. In the present

study, confined swirling jet impingement onto an adiabatic wall is investigated. The flow and temperature fields are

computed numerically for various flow configurations. Different jet exit velocity profiles are considered and their effects

on the flow field are examined. The entropy production due to different flow configurations is computed and the ir-

reversibility ratios due to fluid friction and heat transfer are determined. It is found that the jet axis tilts towards the

radial direction as swirl velocity increases and reducing the velocity profile number enhances the entropy generation due

to heat transfer. The irreversibility ratio variation with the velocity profile number behaves opposite for the fluid

friction and heat transfer.

� 2003 Elsevier Science Ltd. All rights reserved.
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1. Introduction

The flow impingements on surfaces find wide appli-

cation in industry. Typical applications include tem-

pering of glass, annealing of materials, cooling of

turbine blades, drying of papers, etc. The use of a single

circular jet results in a localized high heat transfer rate at

the point of impingement. Introducing the swirling

motion in the impinging jet enhances the flow mixing

and improves the heat transfer characteristics.

Considerable research studies were carried out to

explain the jet impinging process. Yang et al. [1] inves-

tigated the heat transfer due to confined impinging jet on

spherically concave surfaces for piston cooling applica-

tion. They indicated that as the reciprocating force

modified the heat transfer from the non-reciprocating

situation, this needed to account for the effect of recip-

rocating motion on heat transfer with-in the coolant

channels of piston to achieve the optimal design of

cooling systems. The hydrodynamic characteristics for a

round jet impingement with annular confinement were

studied by Hung and Haung [2]. They proposed a

mathematical relation between the maximum stress-

friction factor and the Reynolds number for parabolic

and uniform flow velocity profiles. The circulation zones

of unconfined and confined annular swirling jets were

investigated experimentally by Sheen et al. [3]. They used

the scaling analysis to calculate the length of the recir-

culation zone with the swirl number. The variation of

heat transfer in laminar wall jets with different initial

velocity profiles was studied by Korovkin and Sokovi-

shin [4]. They investigated the effect of the shape of

initial velocity profile on the development of principle

hydrodynamic and thermal parameters. The near flow

field of an axisymmetric water jet was investigated using

a particle tracing velocimetry by Romano [5]. He

showed that fluid injected in the jet centerline was ob-

served to be converted to center-rotating vortices. The

flow and heat transfer characteristics of impinging

laminar jets issuing from rectangular slots of different
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aspects ratios were investigated numerically by Sezai and

Mohamed [6]. The effect of the off-center velocity peaks

on the Nusselt number distribution was investigated

and three-dimensional flow structures were detected,

which could not be predicted by two-dimensional sim-

ulations. A numerical study was carried out by Lee et al.

[7] to characterize the thermal behavior of laminar cir-

cular jets. They indicated that very large recovery fac-

tors, over 20, were obtained for high Prandtl number

liquid jets.

The thermodynamic performance of a device, or

process, can be assessed through the measure of the ir-

reversibility generated. The second law analysis was

widely used to evaluate the sources of irreversibility in

flow and thermal systems. Considerable research has

been carried out to examine the irreversibility generated

in flow systems. The numerical predictions of local en-

tropy generation in an impinging jet were carried out by

Drost and White [8]. They indicated that calculation of

local entropy generation was feasible and could provide

useful information. Entropy generation due to heat

transfer from discretely heated plate to an impinging

confined jet was investigated by Ruocco [9]. He showed

that understanding the entropy generation mechanism

allowed one to assess the conjugate arrangement based

on solid fluid coupling criterion. The integral analysis of

two-dimensional jets and entropy generation was pre-

sented by Bejan [10]. He suggested that an important

relationship existed between the empirical components

of the pure fluid mechanics integral treatment and the

temperature, and entropy generation extremes unveiled

by the thermodynamic analysis. Entropic efficiency of

energy systems was studied by Arpaci and Selamet [11].

They showed that the heat transfer from a pulse com-

buster became a measure for entropic efficiency of

combustion systems. Second law analysis of combined

heat and mass transfer in internal and external flows was

carried out by Carrington and Sun [12]. They indicated

that the assumption of local thermodynamic equilibrium

gave wrong results due to a strong coupling term be-

tween heat and mass transfer. A study of entropy gen-

eration in fundamental convective heat transfer was

carried out by Bejan [13]. He showed that flow geometric

parameters might be selected in order to minimize the

irreversibility associated with a specific convective heat

transfer process.

In the present study, a swirling confined jet impinging

onto a solid surface was considered. The effect of jet

velocity profiles on the flow and thermal fields is inves-

tigated. The governing equations of flow and heat

transfer are solved numerically using a control volume

approach. The entropy generation due to fluid friction

and heat transfer is computed. The study is extended to

include the investigation of effect of swirl velocity on the

flow field and entropy generation rate.

2. Mathematical analysis

The equations governing the laminar axisymmetric

free jet can be written in the cylindrical coordinate sys-

tem. The flow is assumed to be steady and incompress-

ible with constant properties.

The continuity equation is

r � v ¼ 0

The momentum equation is

qðv � rÞv ¼ �rP þ lr2v

The energy equation is

qðv � rÞT ¼ l
r
r2T þ l

Cp
U

Nomenclature

I irreversibility rate (W)

ISV inlet swirl velocity (m/s)

k thermal conductivity (W/mK)

M Merit number

n velocity profile number

r radial distance/radius (m)

r0 jet exit diameter (m)
_SS000
gen volumetric entropy generation rate (W/

m3 K)

T temperature (K)

�uujet jet mean axial velocity (m/s)

v velocity vector (m/s)

Vmax maximum velocity (m/s)

vr velocity component in radial direction (m/s)

vz velocity component in axial direction (m/s)

vh velocity component in tangential direction

(m/s)

-V volume (m3)

z axial distance

Greek symbols

/ arbitrary variable

l dynamic viscosity (N s/m2)

m kinematic viscosity (m2/s)

q density (kg/m3)

r Prandtl number
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where U is the viscous dissipation term, which is

U ¼ 2
ovr
or

� �2
"(

þ vr
r

� �2

þ ovz
oz

� �2
#

þ ovz
or

�
þ ovr

oz

�2

þ ovh

oz
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þ r
o

or
vh

r
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2.1. The boundary conditions

Fig. 1 shows the jet configuration and the boundary

conditions. The flow velocities are set to zero along the

solid walls, i.e. no slip condition is accommodated.

Inlet condition: �uujet ¼ specified (0.03 m/s) and Tjet ¼
specified (310 K).

Symmetric axis: The radial derivatives of the flow

variables are set to zero, i.e., o/=or ¼ 0, where / is any

flow variable.

Outlet conditions: The mass continuity at the outlet of

the control volume yields the corresponding boundary

conditions at outlet, which are

oðr/Þ
or

¼ 0 and
o/
oz

¼ 0

2.2. The jet exit velocity profiles

The jet exit velocity profiles are considered as in the

form of

vz ¼ Vmax 1

�
� r
r0

�n

where Vmax is the maximum velocity, n is the velocity

profile number and r0 is the jet radius. The values of n
are 1, 1/1.5, 1/2, 1/5, 1/7, 1/10, and 1/200. The mass flow

rate across the jet is kept constant, i.e. the mean velocity

is constant for all jet exit velocity profiles. The Reynolds

number is, therefore, kept constant at Re ¼ 50 to ensure

the laminar flow of free jet in the simulations.

3. Entropy analysis

The volumetric entropy generation rate can be for-

mulated as [14]

_SS000
gen ¼

k
T 2

oT
or

� �2
"

þ oT
oz

� �2
#
þ l
T

U

The first term on the right side of the equation is the

volumetric entropy generation due to the heat transfer

while the second term is the contribution due to the fluid

friction. The irreversibility rate associated with the flow

system can be written as

_II ¼
I
-V
_SS000
gen d-V

where -V is the volume. The irreversibility ratio, which is

the ratio of irreversibility rate due to fluid friction, or

heat transfer, to the total irreversibility rate due to fluid

friction and heat transfer, i.e.:

IFriction ¼

H
-V
_SS000
gen d-V

� �
FrictionH

-V
_SS000
gen d-V

� �
Friction

þ
H
-V
_SS000
gen d-V

� �
Heat Transfer

and

IHeat Transfer ¼

H
-V
_SS000
gen d-V

� �
Heat TransferH

-V
_SS000
gen d-V

� �
Friction

þ
H
-V
_SS000
gen d-V

� �
Heat Transfer

3.1. Numerical Solution

The flow domain is overlaid with a rectangular grid

(staggered grid arrangement) as shown in Fig. 1. A nu-

merical scheme employing a control volume approach is

introduced to discretize the governing equations of flow.

All the variables are computed at each grid point except

the velocities, which are determined midway between the

grid points. The grid independent tests were conducted

and a grid consisting of 80	 75 grid points was selected

on the basis of less computation time without compro-

mising the grid independency. It should be noted that

the convergence criteria was based on the residuals,

which were set 10�6 during the simulations. The pressure

linkages through the continuity equation, known as the

SIMPLE algorithm, are used [15]. This procedure is an

iterative process for convergence. The pressure link be-

tween continuity and momentum is established by

transforming the continuity equation into a Poisson

equation for pressure. The Poisson equation implements

a pressure correction for a divergent velocity field.

Fig. 1. Layout and grid distribution employed in the simula-

tions. The arrows represente the jet inlet and swirl directions

while r0 (0.0127 m) is the jet radius.
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4. Results and discussions

A laminar confined swirling jet impinging on an

adiabatic wall is considered. The flow and temperature

fields are computed numerically. Entropy generation

due to fluid friction and heat transfer is obtained and the

corresponding irreversibility ratios are determined. In

the analysis, several jet velocity profile numbers are

considered while five different swirl velocities are em-

ployed to account for the effect of swirling motion on the

entropy generation. Air is used in the simulations. In

addition, the maximum jet and swirling velocities con-

sidered in the present study results in laminar flow in the

solution domain.

Fig. 2 shows the velocity vectors in the solution do-

main. When no swirling is introduced, a circulation cell

next to the impinging jet and above the wall is generated.

The velocity profile number effects the size of the cir-

culation cell, i.e. the cell size increases as the velocity

profile number reduces. The orientation of the circula-

tion cell changes slightly in such a way that it extends

slightly towards the jet exit. In this case, a uniform like

jet profile generates a considerable shear layer across the

jet, which in turn results in a circulation cell at the jet

exit. Moreover, this shear layer drags the flow in the

outer region of the cell to circulate at a high velocity.

The flow leaving the solid wall mixes with the high ve-

locity circulating flow. Consequently, the velocity in the

circulation cell increases, which in turn, results in ex-

pansion of the cell and the orientation of the cell chan-

ges. This is also evident from Fig. 3, in which radial

velocity component (vr) is shown. In the case of low

swirl velocity, the size and orientation of the circulation

cell do not change much for velocity profile of n ¼ 1.

This is due to the gas jet velocity profile, which is almost

a triangle shape. In this case, the velocity gradient be-

tween the jet outer radius and the outer region of the

circulation cell is small, which in turn reduces the mag-

nitude of the shearing force across the jet and the cir-

culation cell. When the velocity profile number decreases

to n ¼ 1=200 (a uniform like velocity profile) the velocity

gradient across the jet and the circulation cell outer re-

Fig. 2. Velocity vectors corresponding to different flow configurations. n is a velocity profile number and ISV represents inlet swril

velocity.
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gion become large. This in turn amplifies the shear force

across the jet and the circulation cell. Consequently, the

impinging jet influences the circulation cell, and the

orientation as well as the size of the cell change. In

the case of the high swirl velocity (v ¼ 0:04 m/s), the flow

field changes considerably. In the case of profile with

n ¼ 1, the circulation cell shifts away from the solid wall

and moves towards the impinging jet. The inertia force

in the radial direction becomes comparable to the inertia

force in the axial direction. Moreover, a second circu-

lation cell with clockwise rotation close to the stagnation

region is generated. When the velocity profile number

decreases to n ¼ 1=2 while swirl velocity remains same

(v ¼ 0:04 m/s), the flow field changes and the size of the

clockwise circulation cell increases. Therefore, the im-

pinging jet spills towards the exit port rather than im-

pinging onto a solid surface opposing the jet. In this

case, the jet exiting velocity is parabolic and swirling of

the jet results in the radial momentum component being

larger than the axial momentum. Therefore, the jet ex-

iting velocity spills and bends towards the radial direc-

tion. This can also be seen from Fig. 4, in which axial

component of the velocity (vz) is shown. As the velocity

profile number further decreases to n ¼ 1=200, the jet

exiting profile becomes uniform like. The flow is similar

to that corresponding to jet velocity profile number

n ¼ 1=2. However, jet exiting the nozzle expands further

towards the exit port. This occurs because the radial

momentum is considerably larger than the axial mo-

mentum. It should be noted that the uniform like ve-

locity profile reduces the value of the maximum

velocities in the axial direction, since the mass flow rate

exiting the nozzle is same for all jet velocity profiles.

Fig. 5 shows the temperature contours in the control

volume for different velocity profile number and swirling

velocities. Temperature contours are highly concen-

trated in the region close to the nozzle exit and along the

jet axis for low swirl velocities. In this case, radial mo-

mentum is negligibly small as compared to the axial

momentum. Moreover, the effect of jet velocity profile

Fig. 3. Radial velocity (vr) contours corresponding to different flow configurations. n is a velocity profile number and ISV represents

inlet swril velocity.
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number on the temperature contours is not significant

when swirl velocity is zero. As the swirl velocity in-

creases to 0.02 m/s, the flow field expands radially, which

in turn extends the temperature contours away from the

jet axis. This is more pronounced as the velocity number

reduces to n ¼ 1=200. The nozzle exit velocity is uniform

like for the velocity profile number of n ¼ 1=200, i.e. jet
expands radially away from the jet axis since the maxi-

mum axial momentum reduces due to low maximum

nozzle exit velocities. When the swirl velocity increases

to 0.04 m/s, the radial momentum becomes almost as

important as the axial momentum. This results in tilting

the jet axis towards the radial direction and flow ex-

pands further in this direction. Since the temperature

profiles follow the velocity profiles, temperature profiles

also tilt similar to the velocity profiles.

Fig. 6 shows the volumetric entropy contours due to

heat transfer for different jet profile numbers and swirl

velocities. The entropy contours close to the nozzle exit

are concentrated in the region close to the jet boundary.

This is because of the temperature difference between the

jet and its surroundings. In this case, a large temperature

gradient occurs across the jet boundary. As the swirl

velocity increases, the entropy contours extend further

into the flow surrounding of the jet. However, the en-

tropy contour is tilted towards the exit port, i.e. it bends

in the radial direction. This is more pronounced as the

jet velocity profile number reduces to n ¼ 1=200. The
low jet velocity profile number results in uniform like

profile, which in turn, forces the flow to bend toward the

radial direction. Consequently, temperature gradient

across the jet and its surrounding becomes larger in the

radial direction. This results in excessive entropy gen-

eration in the radial direction.

Fig. 7 shows the irreversibility ratio (Ip=Itotal, ratio of

irreversibility due to fluid friction over total irreversibility

Fig. 4. Axial velocity (vz) contours corresponding to different flow configurations. n is a velocity profile number and ISV represents

inlet swril velocity.
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due to fluid friction and heat transfer) with velocity

profile numbers for different swirl velocities. Increasing

swirl velocity reduces the irreversibility ratio. This is

more pronounced for the velocity profile numbers less

than 1/5. Moreover, irreversibility ratio does not change

considerably as velocity profile number increases (>1/5),

provided that at high swirling velocity (ISV¼ 0.04 m/s)

the irreversibility ratio remains the same for all velocity

profile numbers. The high irreversibility ratio generation

at low velocity profile numbers occurs because of the

enhanced viscous dissipation across the jet and it�s sur-
rounding. In this case, the nozzle exit velocity profile

number is uniform like and the velocity gradient across

the jet and its boundary becomes high. This enhances

the entropy generation and, therefore, irreversibility is

enhanced. Increasing swirling velocity changes the orien-

tation of the jet axis. This in turn improves the stream-

line curvaturing of the impinging jet in the region close

to the solid wall and reduces the axial stress at the nozzle

exit, i.e. the viscous dissipation decreases at the nozzle

exit; consequently, the irreversibility contribution of vis-

cous dissipation is small.

Fig. 8 shows the irreversibility ratio (It=Itotal, the ratio
of irreversibility due to heat transfer over the total ir-

reversibility due to fluid friction and heat transfer) with

velocity profile number and swirl velocity as variable.

The behavior of the curves is opposite to those shown in

Fig. 7. In this case, the irreversibility ratio increases as

the velocity profile number increases to 1/5 and beyond

1/5, the irreversibility ratio remains almost constant with

increasing velocity profile number. Moreover, the irre-

versibility ratio increases considerably as the swirl ve-

locity increases. This indicates that the temperature

gradient in the flow field especially across the jet outer

boundary increases with swirl velocity, which, in turn,

enhances the entropy generation. Consequently, uniform

Fig. 5. Temperature contours corresponding to different flow configurations. n is a velocity profile number and ISV represents inlet

swril velocity.
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like heating in the flow field is suppressed by increasing

swirling velocity. The irreversibility ratio due to heat

transfer is considerably higher than that corresponding

to fluid friction as shown in Fig. 7. This is because of the

temperature difference between the jet and its sur-

roundings, which results in large temperature gradient in

the flow field.

5. Conclusions

Laminar confined and swirling jet impinging on a

solid wall is considered. To examine the effects of jet

velocity profile and swirl velocity on the flow field, a

velocity profile number is introduced, while different

swirl velocities are considered for each velocity profile

Fig. 7. Irreversibility ratio due to fluid friction with velocity

profile number for different swirl velocities, ISV.

Fig. 6. Entropy contours due to heat transfer. n is a velocity profile number and ISV represents inlet swril velocity.

Fig. 8. Irreversibility ratio due to heat transfer with velocity

profile number for different swirl velocities, ISV.
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number in the simulations. To determine the amount of

dissipation associated with the fluid friction and heat

transfer, entropy analysis is carried out and irrevers-

ibility ratios are obtained for each flow configuration. In

general, it is found that increasing swirling velocity tilts

the axis of the impinging jet in the radial direction, in

which case, irreversibility associated with the viscous

dissipation reduces while its counter-part due to heat

transfer increases. The effect of jet velocity profile

number on the flow field and irreversibility is significant.

The specific conclusions derived from the present study

can be listed as follows:

1. The size and orientation of the circulation cell close

to the solid wall change as the velocity profile number

and swirl velocity change. A secondary circulation

cell is generated close to solid wall as the swirl veloc-

ity increases. This is more pronounced as the velocity

profile number reduces. In this case, radial momen-

tum component becomes comparable to axial mo-

mentum, which in turn, results in tilting of the jet

axis in the radial direction.

2. Temperature contours show similar behavior to the

velocity profiles. Consequently, the effect of velocity

profile number on the temperature contours is more

pronounced when the swirl velocity increases. In this

case, the temperature rise at the solid wall surface be-

comes insignificant, since the tilting of the jet axis pre-

vents the hot flow to impinge normal to the wall

surface.

3. Entropy generation across the jet outer boundary is

considerably higher than any other location in the

fluid. This occurs because of the rapid temperature

change across the jet outer boundary, i.e. the temper-

ature gradient is large in this region, which in turn re-

sults in high entropy generation rate.

4. The irreversibility associated with heat transfer is lar-

ger than that corresponding to fluid friction. The be-

havior of the irreversibility caused by fluid friction

and heat transfer are almost opposite, i.e. increasing

velocity profile number enhances the entropy genera-

tion due to heat transfer, but the entropy generation

is suppressed with increasing velocity profile number.

Moreover, the irreversibility due to heat transfer in-

creases as swirl velocity increases while that corre-

sponding to fluid friction decreases with increasing

swirl velocity, i.e. swirl velocity has opposite effect

on the irreversibility due to heat transfer and fluid

friction.
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