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ABSTRACT - The present study aims to conduct a
numerical investigation of dynamical and thermal round
jet behaviour while evolving into a cylindrical cavity.
Stcady-state simulations were performed and the flow
was considered incompressible and fully turbulent. The
numerical method solves both the steady Reynolds
averaged Navier —Stokes equations (RANS) and the
continuity equation in an incompressible fluid. The
closure of the flow equations system is achicved using a
one-scale energy- dissipation model at high Reynolds
number coupled with a wall function treatment in the
vicinity of the wall boundaries.. A very steep gradient of
variables prevails in viscous sublayer so to properly
resolve the flow in the region sufficiently fine grid is
managed. Because the thermal and dynamic aspect can
not be dissociated in such flow configuration, we have
undertaken the both aspects to examine the effect of the
impinging distance, the velocity, turbulent characteristics
on the Nusselt number. So the Reynolds numbers is
ranged between 22 000 and 50 000. The distance between
the jet exit and the bottom wall L¢ is varied from 2 to 30
jet diameters. It is found that the variations of the Nusselt
number on the stagnation point can be correlated by
power laws of the form Nu = CRe". For the same
Reynolds number, the heat transfer intensity of the
bottom surface is much higher than that of the lateral
surface with increasing L¢/d and the distribution of the
local heat transfer coefficient on the lateral surface is
similar to that on a flat plate over which a fluid flows.
The Nusselt numbers for the bottom and the lateral
surfaces increase first, reach their maxima and then
decrease. The maximum Nusselt number occurs for the
case L¢#/d=8 and the initial turbulence rate has not a
significant effect on the Nusselt Number evolution. These

results of thermal transfer are compatible with the
dynamic structure which developed inside the cavity and
emphasize a good precision of calculation by comparison
with the experimental data and numerical prediction of
several researchers.
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1 INTRODUCTION

Impinging jet is a well-known technique for enhancing
heat transfer between a fluid and a surface. A review of
the literature revealed that many of the published work
deals with impinging jets onto different types of surfaces
particularly for heat exchange studies[1], [2], [3], [4], [8].
It is widely utilized in many industrial processes. Such as
drying, annealing, tempering, curing and cooling of
surfaces that are exposed to high heat flux. Taking the
tempering process of glassware as an example, after
being formed in a metal model, a glass work piece is
rapidly cooled by multiple air jets. The process is usually
completed in several minutes during which the
temperature drop may be as large as about 400- 5000 °C.
A well-organized cooling system is the key to achieve
high productivity. A poor cooling system causes an
unfavourable distribution of internal stress which may
give rise to cracking work piece. The adjustment of the
local heat transfer rate is carried out by the control of
flow rate, location and dimension of the jet nozzle. In
order to obtain a reasonable distribution of the local heat
transfer rate, an understanding of the heat transfer
characteristics (especially the local behaviour) of the
impinge jet is of great importance in glass tempering
problem. Across the broad spectrum of applications, a
variety of impingement surfaces is employed. The
particular surface to be investigated in the present paper
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is the surface of a cylindrical cavity with its one end open
to the ambient air. A round nozzle is situated at its axis.
This configuration is often encountered in the tempering
of glassware and the coaling of electronic equipment. A
schematic diagram of the investigated configuration is
shown in figurel.

Figure 1: Geometry and computational domain L=8d
2 Turbulence Model

The considered fluid is assumed Newtonian and
incompressible with constant physical properties. The
flow was stationary. The aerodynamic field is described
by the conservation equations of mass and momentum
expressed by the averages of Reynolds of their
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The standard k-¢ model of Jones and Launder (1972) [5],
based on the concept of Prandtl-Kolmogorov’s turbulent
viscosity was used in its high Reynolds number form. Tt
is based on the concept of turbulent eddy viscosity and
turbulent Reynolds stress tensor is obtained by algebraic
constitutive low:

wm = 2k5, —v, (U, +U.) et E:rta—T
1] 3 1] =] iB J BXI (4)

3/2
v, =C, Lo et "= A
£ Pr,

The turbulence field is then obtained by solving the
modelled equation of k and ¢

v
Uk =v (U +U;)U; + Hv + —th,J} —e(3)
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The molecular diffusion terms were negligible in the
present application provided that the near wall region was
not considered. The value of o, was deduced from the
value of the velocity profile slope in a logarithmic
boundary layer with a von Karman constant k=0.41 using
the relation:
KZ
Sou="7T (7)
sz (CEZ - Cal)

As usual in all one point closures, a single length scale /
=k**/g was used in all the model hypotheses. So the k-g
model will be referred to as single-scale model. The
physical significance is this assumption of an implicit
spectral self-similarity which is imbedded in one point
closures.
The numerical constants are given in Table 1.

Cp. Ca Ceo OkL Okt Oyt

0.09 1.44 1.92 1.0 1.0 1.3

Table 1: Numerical constants for the k-& model

3 Wall Function Approach

The standard k-¢ model of Jones and Launder (1972)
based on the concept of Prandtl-Kolmogorov’s turbulent
viscosity was used in its high Reynolds number form.
The wall treatment boundary conditions were achieved
using the wall function technique of Launder and
Spalding (1974) that bridges the viscosity affected region
(viscous sub-layer) between the wall and the fully
turbulent region.
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Figure 2 : Near wall treatment
The dimensionless variables, Figure 2, of distance and
velocity are defined as:
Along the lateral walls:

u u
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k, is the turbulent kinetic energy at the first grid point
near the wall.

4 Computational Parameters
4.1 Geometry and Grid Arrangement

The geometrical conditions are specified in Figure 1. The
turbulent air flow at the exit of the nozzle, with diameter
d=2rj.,, was fully developed. The length used for the pipe
was L=24d for all configurations to assume the well
developed flow. The nozzle diameter d was 3.7 cm. The
radius of the cavity R.,, which delimits the computational
domain was equal to 3.94d.

The computational domain and mesh are shown in Figure
3. The grid contains 100*36 points for an 8d
configuration starting upstream of the jet duct. This
configuration was used to check the validity of the
calculations to experiments data carried out by A.
Benaissa (1985) [3]. Such a grid showed good agreement
with the experimental results. There were 60*36 cells
before the nozzle exit which corresponded to 900mm of
the jet duct. A refinement before and after the nozzle exit
was applied so that the entrainment was accurately
described. In the radial direction, 6 cells lay within the jet
duct pipe. The grid was refined near the symmetry axis
(in order to have sufficient accuracy near the stagnation
point and at the edge of the nozzle. A sufficiently fine
grid was managed near the cavity and duct walls because
a very high gradient of variables prevailed in the viscous
sub-layer. The radial and axial grid stretching (coarse
meshes) was applied elsewhere far from the walls. All
results were independent by refining the grid in the two
directions.

The different grids used when changing the distance from
the exit nozzle to the end of cavity are shown below.

Configurations | 4d | 8d | 10d | 15d | 20d | 25d | 30d

80 | 100 | 110 | 135 | 160 | 185 | 210
Grid size X | x X X X X X
36 | 36 36 36 36 36 36

Table 2: Grid and mesh sizes for the studied
configurations.

Turbulence

Near wall meshos
E———————|

20 15 -10 0

Xa
Figure 3 : Grid arrangement for configuration L=4d

4.2 Boundary Conditions

Four boundaries conditions were used in this numerical
prediction. The flow field within the computational
domain are as follow:

4.2.1 Air jet duct inlet

The condition in the inlet jet duct (boundary AC in fig. 1)
is important in predicting the center line velocity and
shear stress. The velocity profile at the nozzle exit is
affected by the nozzle design such as the length-to-
diameter ratio and the nozzle shape. In this paper a
uniform velocity profile was considered. The mean and
turbulent quantities at the inlet imposed are described by:

U=U;, and V=0, (10)
a=10""Uz, (11
&= o'/0.15d, (12)

4.2.2 The wall surfaces

The wall boundary conditions CD, EF and BF (fig.1.)
were used at used at the solid wall of the cavity and duct.
The no-slip boundary conditions were imposed.

For the evaluation of the wall effect on turbulence, the
wall-function and near wall modelling (Launder and
Spalding 1974) approaches have been used to model the
wall bounded turbulent flow. The semi-empirical
formulas are used to bridge the viscosity affected region
(viscous sublayer and buffer layer) between the wall and
the fully turbulent region.

4.2.3 Air exit boundary

The boundary CF in (Fig.1.) is the air exit boundary. The
OUTFLOW (fully developed) boundary conditions were
used. For the OUTFLOW boundary conditions, the
velocity gradients and turbulent quantities across this
boundary were set to zero., the relative static pressure is
assumed to be equal to the atmospheric pressure.

x|, x|, ox =0 (13)

x=0

x=0 ax
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4.2.4 Axis of symmetry

The axis boundary conditions were used along the center
line (AB) in figurel. The radial velocity component V
and the gradient of the other dependent variables were
equal to zero

V=0

aJl okl ol (14)

— = === =0 )
o

ar r=0 or r=0 ar r=0

4.3. Modelling Parameters

Numerical values for mean parameters used in different
computational simulations are given in Table 3.
Parameter of the validation case, were selected according
experiments for configuration L=8d. For the numerical
prediction cases, the parameters used to investigate is the
influence of impinging distance Ly on the flow
characteristics specially the centreline static pressure and
the skin friction at the cavity walls. All the numerical
simulations were carried out at ambient pressure.

Dcav chl Ld Lc d Re
29cm B.7cm 24 2 <T,;<30 | 20000 <Re < 100000

Table 3: Summary of the simulation conditions
S5 Numerical Procedure and
Methodology

The governing differential transport equations, put in
form of Equation 15, were transformed to algebraic
equations before being solved numerically. In
axisymmetric cylindrical coordinates, this equation can
be written as equation 16. The finite volume scheme of S.
Patankar (1980) [7], which involved intcgrating the
governing equation about each control volume, yielding
discrete equations that conserve each quantity on a
control-volume basis was applied to Equation 15.

div(pU®)=div(T,grad®)+S, (15)

Computational

;(é{ 1pUD) + gr ( rpV(I))J =

A (16)
1 i[rl"m@}ri(ﬂ"@@) +8S,
riox ox ) or or

Where the ‘scalar’ variable®, the diffusion coefficient I'p
and source term Sq in the respective governing equation
are given in Table 4.
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Table 4: Diffusion Coefficient and Source terms in the
generic transport Equation (6)

Per = B+ W >
u.:Cupk:

Goul (U VY fauY favY (VY]
Ml e Tl ") )

C,, C.1, Ceo, ok and oy, are specified in Table 1.

These equations were discretised using the second order
upwind scheme to achieve best accuracy. The
interpolation scheme (PLDS) was used with the staggered
meshes, Figure 5. Pressure-velocity coupling was
achieved using the SIMPLE (Semi-Implicit Method for
Pressure-Linked Equations) algorithm. The governing
equations were solved using the T.E.A.M code [7].

6 Results and Discussions

6.1 Dynamic Field description

Figure 4 shows the evolution of the developed eddies in
the cavity for different impinging distances at Re=20 000,
50 000, 100 000. At a short impinging distance 2d< L¢
<8d, the principal jet strikes the frontal wall and returns
towards the exit of the cavity. The exit flow is divided
into two parts:

1.A first part leaves the cavity at low speed

2.The second part was aspired by the jet by giving rise to
a steady toroidal eddy (swirl) at the bottom of the cavity.
This zone is characterized by a low mean velocity, an
important turbulent energy and a negative pressure due to
the Coanda effect , Mataoui A. (2000) [8]. The principal
jet is also narrowed. When L¢> 44, the centre of this eddy
remained motionless when the impinging distance
increased.

From the impinging distance L>10d, Figures 4, a contra
rotating secondary eddy appeared at the bottom of the
cavity. The mean velocity of this secondary swirl was
very weak. Its dimension grew gradually when the
distance L¢increased. Its maximum velocity was attained
for L=28d. At L¢> 20d (Figure 4), a third eddy appeared
at the bottom of the cavity with a very low speed. It
reached its maximum size with L, = 28d. In this case, a
fourth swiri with an wrregular form and infinitesimai
speed appeared. This one tended to be stretched in the
horizontal direction.

For all examined impact distances, we observed a small
eddy around the jet duct which is due to a negative
pressure around the duct. This is confirmed by Benaissa
A. (1985) [3]. He observed around the jet a black net
carbon smoke used for visualization returning in the
cavity. This is due to an aspiration of the external fluid
creating a small swirl on the external wall of the jet duct.
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Figure 4: Velocity contours plots in the cavity at variable
Ly (Re=20 000, 50 000, 100 000).

6.2 Thermal Field description

2.1.1 Evolution of Nusselt number with the Flow
characteristics

Lig..
up = 7|qu]“ > Nu, = 7L|qu‘ (17
MT, —T) MT, = Ty)

7 N

With q.p= —KL?—lJ 1wt = —k[%J (18)
o Xp B

The lateral and frontal cavity walls Nusselt number
distribution is studied for several impact distances from
the exit jet to the bottom of the cavity.

At the same Reynolds number, the heat transfer intensity
of the bottom surface is much higher than that of the
lateral surface, see figures below.

a. Influence of the impinging distance

Turbulence
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1500 ] ——L=20d
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Figure 5a: Nusselt Number on the frontal wall at
different impinging distance

In figure5a, the first peak (maximum Nusselt number)
corresponds to the stagnation point and decrease to
r=0.5d which corresponds to the section jet this
maximum is due to the existence of a quasi uniform a
velocity profile around the stagnation point. For a more
important impinging distance, this maximum disappears
because of the attenuation of the jet, see figure 4. The
second peak around r=1.4d, corresponds to the
development of a wall jet on the frontal cavity wall.
These first two peaks were also noticed by Merci B

002 in their etudy of 2 turhnlent avieuvmmetric 1ot
wevv3), WG SWUGY O 4 wirouwilhnt axiSymmcuic jo

impacting a planc plate. Merci B noticed the second peak
location around r=2d from the axis of the jet. This
discrepancy from our case can be explained by the
presence of lateral wall which confines wall jet and
reduce its section.

Figure 3b: Nusselt Number on the Lateral wall at
different impinging distances

In figure 6a and 6b, we can obscrve that an increasing of
Reynolds number causes a systematic increasing of the
Nusselt number, this is well revisable.

0,7
n
0,6
0,5+
Configuration L=8d
0,4 Re=50000
= —— Re=37400
Z 0,34 — Re=23000
0,24
0,1
0]0 T T T T T T
-20 -15 -10 -5 0 5
Xa

Figure 6a: Nusselt Number on the Lateral wall at
different Reynolds number
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On the side wall, figure 5b, for impinging distance L;
< 8d, we observe two peaks: The first peak is located at
the section x=-5d for L=4d and at the section x=0 for
L=8d.The second peak is located at x=2.5d for the L=4d
and x=0 for the L=8d. When L; > 15d, the evolution
contain only one peak at the section x=10d.

The distribution of the local heat transfer coefficient on
the lateral surface is similar to that on a flat plate over
which a fluid flows this is also found by Hai-jun Kang
(1989).

0,5
0,41
0,31

_
=]
Z

0,2]

20 15 0 -5 0 5 10 15 20 25

Xa

3000 /\ N\ Configuration L = 8d

] Re=50000
2500

| Re=37400

— Re=23000
51500
z i
1000
500 —

0 —71 - 1 - 1 " 1 " T 1T ' 1

00 05 10 15 20 25 30 35 40

Figure 6b: Nusselt Number on the frontal wall at
different Reynolds number

The bibliography survey highlighted the importance of
the turbulence generated by the jet on the characteristics

of transfer of heat on the impinging walls. We can note

that certain authors justified the variation of their results

compared to the others is due to imprecision of that initial

turbulence rate R.S.Amano (1984) [2] & [8].

We examined this effect on the fontal and lateral cavity
wall. The curves are slightly different even the evolution
profile is the same. So we can conclude that the rate of
initial turbulence is a significant parameter especially on
the frontal wall. Its influence on the side wall is somewhat
negligible, this is well confirmed by Risso F. (1997)[11] .
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Figure 7a :
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Nusselt Number Evolution with Initial
turbulence intensity on the frontal wall

0.8 1
0,7
0,6
05 Configuration L=8d Re=37400
L — a=10° ‘
2 0,4 a=10°
R
0,3 a=10
0,2
0,14
0,0 T T T T T T
-20 -15 -10 -5 0 5
Xa
Figure 7b : Nusselt Number Evolution with Initial

Turbulence Intensity on the Lateral wall
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Figure 8: Correlation of Nusselt number at the
stagnation point



Finally a good correlation of Nusselt number at the
stagnation point for a fixed Reynolds number (Re= 37400
) between the impinging distance ( L;) and the nozzle jet
exit diameter ( d ), is found, figure 8 . For the
impingement distance 2<L,<12 the correlation 1is
expressed by the following relation:
~ 0,207
AT (Li/\
d

AN 1y By ¥~
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7 Conclusion

The heat transfer and dynamic behaviour of a turbulent

axisymmetric jet flowing into a cylindrical cavity has

been modelled numerically. A parametrical study has

been made by varying the distance between the jet exit

and the bottom surface of the cavity and varying the

Reynolds numbers.

This study allowed us to deduce these points:

= The Nusselt number at the stagnation point can be
correlated by power laws of the form Nu = CRe".

= At the same Reynolds number, the heat transfer
intensity of the bottom surface is much higher than that
of the lateral surface with increasing L¢/d.

= Nusselt numbers for the bottom and the lateral surfaces
increase first, reach their maxima and then decrease.

= The maximum Nusselt number occurs at Ly/d=8.

= The local heat transfer coefficient, for the bottom
surface, decrease with the increase in radius.

» The distribution of the local heat transfer coefficient on
the lateral surface is similar to that on a flat platc over
which a fluid flows.
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