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Abstract—The effect of swirl on heat transfer by axial and radial laminar jets impinging on a flat plate has

been investigated numerically through the solution of Navier—Stokes and energy equations. Heat transfer

is reduced substantially by the superposition of swirl on axial jets. Significant enhancement in heat transfer

has been observed in the case of a radial jet with superimposed swirl on it. For a swirl number of unity,
the heat transfer is enhanced by 77%. Copyright © 1996 Elsevier Science Ltd.

INTRODUCTION

Impinging jets are commonly used in many industrial
applications to enhance heat or mass transfer from
the impingement surface. In typical engineering appli-
cations, such jets are usually turbulent and arranged
in banks to produce high transfer coefficients over an
extended area. Most engineering applications use an
impinging axial jet (Fig. 1), which produces high
transfer coefficients with a relatively low pressure
drop. In a recent review paper Viskanta [1] presents
the state of knowledge on heat transfer by impinging
jets. In recent years, the radial jet (Fig. 2) has received
increased academic attention and found industrial
application due to its ability to produce moderately
high transfer rates over a large area, while producing
a net force on the impingement surface which may be
positive, negative or zero.

In radial jets, flow discharges from the side of the
feed tube, then curves down and attaches to the
impingement surface due to the Coanda effect. Mod-
erately high transfer coefficients are found on the reat-
tachment ring. Heat transfer coefficients drop outside
the impingement ring, where a wall jet develops. Rela-
tively low heat transfer coefficients are also found in
the recirculation region under the feed tube [2].

Performance of radial and impinging jets can be
varied through manipulation of various geometrical
and flow parameters. The pertinent geometrical par-
ameters in the case of an axial jet are the nozzle exit
height and diameter. The radial jet possesses two
additional parameters, viz, the exit angle and the dis-
charge width. Furthermore, the parameters, such as,
Reynolds number, Prandtl number, Grashof number,
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entrance profile and entrance swirl have an effect on
the resultant flowfield and the transport coefficients.
In particular, swirl is an interesting parameter,
because it is independent of the mass flow rate ; conse-
quently, massflow limited systems can benefit directly
from swirl-induced transport enhancement.

Swirl is generally quantified by swirl number which
is defined as angular momentum flux divided by axial
momentum flux and jet diameter

G(I
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As the swirl number is increased in an axial jet, the
rate of entrainment from the surroundings, the radial
extent of the jet and the decay rate of the axial velocity
are increased. In a free axial jet, even a weak swirl can

b
'
.
1
t
¢

Entrained
Fluid 2

)|

Impingement '
u, X

Surface
Fig. 1. Axial jet.
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¢r friction factor

G momentum flux [kg m s~

h dimensionless jet height from the
impingement plate

H dimensionless height of the enclosing
wall

L dimensionless radius of the
impingement plate

Nu,  local Nusselt number, equation (7)

P dimensionless pressure

Do dimensionless local surface pressure

Ds dimensionless average surface pressure

Pr Prandtl number

r radial coordinate

R radius of the feed tube [m]

Re Reynolds number

S swirl number, equation (1)

NOMENCLATURE

dimensionless time
T dimensionless temperature

-~

u dimensionless velocity component in
x-direction

v dimensionless velocity component in r-
direction

w dimensionless velocity component in
g-direction

Uy entrance velocity [m s~ ']

X axial coordinate.

Greek symbols

v dynamic viscosity [m?s~']

P density [kg m™7

0 azimuthal coordinate

3 jet exit angle

1) angular velocity {rad s™'].

induce an adverse pressure gradient and decrease the
axial velocity [3]

Huang er al. [4] have performed a parametric
numerical study of partially confined laminar jets with
swirl and they have concluded that swirl encourages
recirculation, thereby decreasing transport co-
efficients. Additionally, they note that swirl below
S = 0.2 has very little effect on the flow field or trans-
port rate.

An experimental study by Ward and Mahmood [5]
has found that swirl can strongly affect the nature of
the local heat transfer coefficients in the impingement
region, eliminating and smoothing the characteristic
two-peak distribution with swirl as low as S = 0.24.
At higher swirl numbers, the heat transfer at the
impingement point is severely depressed, with the heat
transfer peak occuring at a nondimensional location
between 1.5 and 2. Most importantly, however,
imposed swirl is found to reduce the overall heat trans-
fer at all jet heights and Reynolds numbers of interest.
They present a Nusselt number correlation which pre-
dicts a reduction of the average heat transfer accord-
ing to (1—5)" for § < 0.48.

A more recent paper by the same authors [6] exam-
ines the effect of swirl in a rectangular nozzle array. In
this case, interaction between neighboring co-rotating
jets leads to an overall heat transfer enhancement.
Such an enhancement has been observed only at inter-
mediate swirl numbers (0.12 < S < 0.24) when the
nozzle array is relatively close to the impingement
surface. Nevertheless, the positive results recorded by
these authors suggest that swirl deserves further atten-
tion.

The goal of this work is to examine the two-dimen-
sional axisymmetric flow fields of impinging radial
and axial jets, with a focus on the effects of super-

imposed swirl at the entrance. As such jets are used in
industry to enhance transport rates, we investigate
local and average Nusselt numbers in order to identify
performance trends that could aid in optimization
efforts. Because the principal advantage of the radial
jets is the ability to control the surface normal force,
we also examine the effects of entrance swirl on the
surface pressure. However, we investigate here radial
jets discharging parallel to the impingement surface,
i.e. radial jets with 0° exit angle.

The complete near and far-field flow structure and
temperature fields can be simulated by solving the
unsteady Navier—Stokes and energy equations. In this
work we consider the laminar flow behavior in the
flow regime where the flow becomes periodic and,
later, unsteady aperiodic. Since the overall structure
of such low-Reynolds number flows should be quali-
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tatively similar to that found in the fully turbulent
cases, the trends observed in this work should have a
broad industrial significance.

COMPUTATION SCHEME

The Navier—Stokes and energy equations for
incompressible flows have been solved in non-
dimensional form with constant properties. Effect of
free convection has been neglected here. In cylindrical
coordinates the nondimensional equations with
rotational symmetry are:

continuity equation
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axial momentum equation
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radial momentum equation
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The equations have been nondimensionalized with
the variables v = u/uy,, v = vju,, w = wju,, P = Pjul,
T=T|T,, x=x/R, r=r/R, where bold italicized
variables represent dimensional values and T, is the
ambient temperature. Nondimensional parameters
such as Re and Pr are based on the standard defi-
nitions with a;, as the velocity parameter. Note that
u, is defined as the average velocity at the jet exit,
based on volume flow rate.

The equations have been discretized in time using
the Adams—Bashforth approach. Spatial derivatives
are arranged on a staggered grid, with pressure and
temperature at the center node and velocity com-
ponents on the cell faces. Convection and diffusion
have been linked using a flux-blending scheme with
central and upwind components, in order to minimize
numerical diffusion and assure numerical stability.

oT  d(uT)

ot ox

The discretized equations are then solved using a frac-
tional time step method of Kim and Moin [7].

A computational mesh with 30 x 42 grids (in x- and
r-directions, respectively) was used. Grid spacing was
reduced near the impingement plate to improve Nus-
selt number accuracy. This facilitated the com-
putation of several geometries under myriad, unsteady
conditions. Despite the relative roughness of the grid,
the results showed only minor variation with grid
refinement. For example, for an axial jet with a Rey-
nolds number of 500, the average Nusselt number due
to (30 x 42) grids varied by only 0.013% from that of
the 52 x 82 grids, and 0.6% from that of the 100 x 162
grids.

The exit plane of the computational domain (x = L
and r = H in Figs. 1 and 2) has been modeled with
the assumption of constant pressure. The velocity at
the exit plane is therefore modeled using mass con-
tinuity in the normal direction. In the tangential direc-
tion the efflux velocity gradient has been assumed to
be zero. For the consistancy of the fractional time-
step, intermediate boundary conditions are employed
through the use of the method advocated by Kim and
Moin [7].

All surfaces, with the exception of the constant-
temperature impingement plane, have been assumed
adiabatic. The impingement surface is maintained at
T, =nT,, where u is greater than unity and can be
varied following the requirement of the physical situ-
ation. The surroundings and fluid issuing from the jet
are modeled with 7= T,,. A Prandt! number of 0.72
has been used, which corresponds to room-tem-
perature air. A temperature gradient of zero is used for
flow efflux at the out flow plane of the computational
domain.

RESULTS AND DISCUSSION

Computations have been performed for radial and
axial jets in air (Pr = 0.72) for various Reynolds num-
bers which varied between 10 and 1000. At low
Reynolds numbers, steady solutions are obtained.
However, as the Reynolds number is increased, first
periodic, then chaotically unsteady solutions, are
observed. No attempt has been made in this work to
identify the transition points between the different
regimes, as previous work by Huang er al. [2] has
examined this question in a similar geometry.

From the computed temperature field, local Nusselt
number on the impingement plate has been calculated
based on the formula

T, 0T
Nu, = T —T.)ox L N
Similarly, from the velocity field, the local

coefficient of friction has been calculated according to

1 v

= 2Re 0x ®)
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Fig. 3. Axial jet streamlines for § = 0 and S = 1 at Re = 500. Shading contours indicate circumferential
velocity.

Note that the friction coefficient, as defined here, is
actually the component of the friction coefficient in
the radial direction. In addition, it should be recog-
nized that the unsteady nature of the solutions
obtained in this study required time-averaging to yield
appropriate values.

Axial jet with swirl

The axial jet geometry considered in this study has
a nondimensional radius of 0.5, an exit at 1.25 non-
dimensional units above the impingement surface, and
is located in a partially enclosed cavity of height (H)
3 and radius (L) 5. As previous work by Laschefski ez
al. [8] has shown that the effect of the entrance velocity
profile on the resultant heat transfer is relatively small,
a parabolic entrance velocity profile is assumed.

A simplistic solid-body rotational profile has been
assumed at the jet exit, such that w = rw. The swirl
number has been varied between 0 and 1 at Reynolds
numbers of 200, 500 and 1000. Figure 3 presents
streamlines and circumferential velocity contours for
Re=500 and S=0 and S=1. Swirl-induced
increases in entrainment are clearly visible when the
streamlines are compared. Also of note is the thicker
boundary layer for S = 1. As a consequence of this
thickened boundary layer, and in agreement with the
literature, increased swirl leads to a reduction in heat
transfer. In addition, the surface pressure in the
impingement region is substantially reduced.

Figure 4 illustrates the Nusselt number distribution
on the lower wall due to varying swirl numbers. In
agreement with the previous work of Huang et al. [3],
small swirl number has minor influence on the Nusselt
number distribution. As the imposed swirl approaches
S =1, much greater effects were observed. Indeed,
the peak Nusselt number at S =1 was reduced by
approximately 34%. Because of the large area con-
sidered, the local values at the impingement point
have somewhat less influence on the average Nusselt

40 Nu,
-==P X 10
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Fig. 4. Local Nusselt number and nondimensional surface
pressure distribution for an impinging jet at Re = 500.

number. Consequently, this large reduction at the
impingement point led to only a 3.3% drop in the
average Nusselt number. However, since the impinge-
ment point pressure played a larger role in the average
pressure, the 78% local reduction led to a 48%
reduction in the total surface pressure for S = 1.

Both of these effects can be explained by noting the
increased entrainment of the quiescent fluid into the
jet. This leads to decay in jet speed and a consequent
reduction in the pressure force on the impingement
surface. At Re = 500 and S =0, the ratio of fluid
entrained into the cavity to fluid injected through the
axial jet is found to be 1.69. This ratio increased slowly
with increasing swirl to a value of 1.81 at S = 1.0.

It may be mentioned that in one of the earlier studies
[9] in the related area the numerical result for the pure
axial jet (without superimposed swirl) was com-
pared favourably with the results of Deshpande and
Vaishnav [10].

Radial jets
The radial jet considered here has a nondimensional
radius of 0.5, an exit width of 0.5 and is positioned
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Fig. 5. Radial jet streamlines with Re = 500.

such that the center of the jet exit is located at 1.25
nondimensional units above the impingement surface.
As with the axial jet, the partially confined domain of
H =3 and L = 5 encloses the radial jet. A parabolic
entrance profile, which issues at an angle 3 = 0° from
the jet exit normal (positive downward), has been
assumed. A typical flow field, at Re = 500, is illus-
trated by Fig. 5.

In order to examine the effect of the upper wall on
the quantities of interest, a test was performed in
which the cavity height was doubled to a non-
dimensional value of 6. Curiously, under standard
conditions, the upper wall had very little influence on
either the heat transfer or the reattachment point.
However, the upper wall can have a very significant
influence for high free convective effects and negative
flow exit angles (where fluid emanates in the upward
direction). The effects of free convection and jet incli-
nation angle will be considered elsewhere.

Radial jet with swirl
As with the swirling axial jet, a solid-body
rotational profile has been assumed at the jet exit;

consequently, the circumferential velocity is given by
w = Rw. Simulations have been conducted at Rey-
nolds numbers of 200, 500 and 1000 for swirl numbers
ranging between 0 and 1.

A typical swirling radial jet and associated flow
field, at Re = 500 and S = 1.0, is presented in Fig. 6.
Asillustrated here by the shading zone, a large amount
of circumferential momentum has been injected into
the flow field which has finally evolved into a bound-
ary-layer-like ‘wall swirl’ along the impingement
surface. Through comparison with Fig. 5, it becomes
obvious that the location of the reattachment ring has
moved significantly fowards the axis of symmetry.

The circumferential velocity component leads to
increased entrainment into the main flow stream. Such
an entrainment has the effect of augmenting the so-
called ‘Coanda effect’ by lowering the pressure in the
recirculation zone. At Re = 500, this moves the reat-
tachment point inwards, and possibly also contributes
to increases in the transport coefficient. At Re = 500,
the ratio of fluid entrained into the cavity to fluid
injected through the jet rises from 1.37 to 3.16 as the
swirl number is increased from 0 to 1.

X
Fig. 6. Radial jet flow field with entrance swirl S = 1. Shaded regions indicate swirl velocity,
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Fig. 7. Radial jet local Nusselt numbers at inclination angle
9 = 0° for Re = 500.

In contrast to the transport coefficient reductions
observed with axial jets, significant local and average
Nusselt number increases can be obtained with swirl-
ing radial jets. The local effect of swirl on the Nusselt
number distribution can be observed in Fig. 7, where
results are presented for swirl numbers of zero and
0.25. In each of the cases, the value of the average
heat transfer enhancement, relative to the no-swirl
values is 12.0%.

Figure 8 shows the variation in average surface
pressure and heat transfer coefficient with swirl for
various Reynolds numbers. With increasing swirl
number, the average Nusselt number increases sig-
nificantly and the surface suction force is also
increased. The percentage increase in heat transfer,
relative to the no swirl case, varies with the Reynolds
number ; the total enhancement at S = 1.0 was 77%
for the Re = 200 case, 66% at Re = 500 and 65%
at Re = 1000. The nondimensional suction force
increased strongly with swirl and Reynolds number.
At S = 1.0 and Re = 200, 500 and 1000, surface suc-
tion relative to the S = 0 case increased by factors of
1.6, 6.6 and 11.9, respectively.

CONCLUSIONS

Laminar axial and radial jets respond very differ-
ently to the superimposed swirl. As noted in the litera-

= Average Nusselt number
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A  Re=1000
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Fig. 8. Average Nusselt number and surface pressure for
radial jets with Reynolds numbers of 200, 500 and 1000 as a
function of entrance swirl.

ture, and confirmed in this study, the Nusselt number
produced by an axial jet is always reduced by the
superimposed swirl. However, as not previously
noted, the impingement force directly under the nozzle
exit can be greatly reduced by high levels of swirl, as
can the average pressure force. Both the heat transfer
and surface pressure reduction are caused by
additional entrainment within the flow stream;
however, the amount of external fluid entrained into
the cavity does not rise dramatically with increasing
swirl number.

In sharp contrast, the superimposed swirl on a rad-
ial jet results in a large rise in the average and local
Nusselt numbers, the suction force, and the amount
of external fluid entrained into the cavity.

The predicted increases in heat transfer at S = 1.0
reach as high as 77% for the Re = 200 case, 67% for
Re = 500 and 66% at Re = 1000. These increases are
accompanied by increases in the average suction by
as much as a factor of 11.9. Significant enhancement
is also observed at lower swirl numbers. Swirl as low
as S =0.25 can also improve overall heat transfer
performance.

Since small amounts of swirl in axial jets do not
greatly reduce heat transfer, it is probably not necess-
ary to take extraordinary measures to minimize its
occurance in most systems. In contrast, even small
amounts of swirl can significantly increase heat trans-
fer with radial jets. However, since any such increase
incurs momentum losses, careful consideration should
be taken before the application of swirl. In any case,
such application should probably await experimental
data.
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