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Abstract— Computations of heat transfer and fluid flow of an
isothermal two-dimensional jet flowing into a rectangular hot
cavity are reported in this paper. Both velocity and temperature
distributions are predicted by solving the two-dimensional
Unsteady Reynolds Averaged Navier—Stokes (URANS) equations.
This approach is based on one point statistical turbulence
modeling using the energy - specific dissipation (k-c®) model. The
numerical predictions are achieved by finite volume method. This
problem is relevant to a wide range of practical applications
including forced convection and the ventilation of mines,
enclosure or corridors. The structural properties of the flow and
heat transfer are described for several conditions. An oscillatory
regime is evidenced for given jet location, inducing a periodic
behavior versus time. The jet flapping phenomena is detailed
numerically by the instantaneous streamlines contours and the
isotherms within one period of oscillation. The heat transfer along
the cavity walls is also periodic. Time average of mean Nusselt
number is correlated according with some problem parameters
Keywords— Impinging jet; Nusselt number; self-oscillation;
turbulence; cavity

I. INTRODUCTION

Since more than half of century ago, heat transfer by
impinging jet was subject to a great interest in several
industrial and engineering applications, because the high heat
and mass transfer coefficients can be obtained around a jet
stagnation region and the heat transfer characteristics can be
easily controlled. Many publications have confirmed the
dependence of the heat transfer with some number of
parameters, such as Reynolds number, temperature, the
impinging distance, the lateral confining wall and the nozzle
shape [1,7]. The present work is on the subject of a plane
isothermal fully developed turbulent jet issuing into a
rectangular hot cavity (figl). Many researchers [8-13] shown
that, when the jet is set in the mid-plane of a cavity, an
oscillatory flow occurs. These self-sustained oscillations are
generated by an instability produced by the configuration of a
plane jet located between two symmetrical lateral vortices .For
non-symmetrical case of the jet location in the cavity, the same
phenomenon occurs and sometimes is reinforced [12]. But,
when the jet width is reduced compared at that of cavity, from
a certain width, these oscillations are attenuated because the
third component of the velocity in the z-direction becomes
significant due to the side wall effect and a 3D flow is

occurred. For this reason, the case of a circular jet in a
cylindrical cavity is always steady in average (Halouane et al.
[7], Zidouni et al. [5]). So one may consider this problem
bidimensional.

Hot cavity

Fig 1. Configuration, jet hot cavity interaction

Il. PROBLEM STATEMENT

The fluid is assumed in average Newtonian and
incompressible with constant thermo physical properties. The
URANS equations for incompressible flow in Cartesian
coordinates are deduced from the mass, momentum and energy
balance equations, coupled with the equations of the turbulent
quantities as follows:
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Where P, T and U; are mean pressure, temperature and
velocity components respectively. 8 and u;jare the temperature
fluctuation and velocity components fluctuations, respectively.
Xi is the space coordinates and t is the time. The fluid
properties p, p and Pr are respectively density, dynamic
viscosity and Prandtl number. In this paper, the closure of the
equations is achieved using the SST energy- specific
dissipation rate (k-®) turbulence model (Menter
[14] ,Wilcox[15] ).
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Fig2 reports the dynamical, thermal and geometrical
conditions of the present study. Constant values of inlet
boundary conditions are imposed as follow:
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Fig 2. Boundary conditions and parameters

The solution domain was meshed by divided it quadrilateral
cells. The non-uniform structured grids were used.
Refinements before and after the nozzle exit were managed in
order to describe the entrainment accurately. Sufficiently fine
grids were used near the cavity and duct walls to predict very
high gradient of variables prevailed in the viscous sub-layer (fi

93).
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Fige 3. Typical grid of the jet—cavity interaction

ANSYS FLUENT 14.0 CFD[16] code is used as a tool for
numerical solution of the governing equations based on finite-
volume method (Patankar, S.V. 1980[17]). POWER LAW
discretization scheme is selected for convection-diffusion
formulation for momentum and energy equations and second
order scheme for the pressure. The discretized equations were
solved following the SIMPLE algorithm. For time integral the
first order implicit scheme is used, which is unconditional

stable.

11l RESULTS AND DISCUSSION

For each case, a grid independency test is carried out by
refining and adjusting the grid in the two directions. Fig 4
shows the effect of grid size on the average Nusselt number
distribution on the cavity bottom and laterals walls for the jet-
cavity interaction, Ls= 25 and Ly = 10. It is observed that grid
independence is achieved at 220 x 120 distributions beyond
which no further significant change in average Nusselt number
distribution is noticed, we have chosen this grid to save
computational time. The grid independence tests are checked
for each jet-cavity interaction. Additionally, the influence of
the time step is also deepened. Knowing that the frequencies of

oscillation of jet flapping are relatively low, a first order time
scheme is achieved for time interpolation. For each case, the
courant number is about unity for the most part of the flow
field.
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Fig 4. Effect of grid refinement for (L =25and Ly=10) and Re =4000

For a given jet location inside the cavity (L,= 8.5, Ls= 30),
fig5. shows the Fourier transforms of the velocity components
time signals, the mean pressure and the mean temperature at
several points. The first peak of the Fourier modes distribution
accurately determines the fundamental frequency. This figure
confirms the periodic behavior of dimensionless time-averaged
of each variable, for a given Reynolds number, the period of
the oscillation is analogous at all point of the configuration.
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Fig5. Fourier modes

Fig6 shows four stages during one period of oscillation, for
a given Reynolds number of Re = 4000 and jet exit location of
Ln=8.5, L#=40; the experimental visualization photo of
Mataoui et al. [12] and their corresponding computed values of
the vorticity magnitude contours and the streamlines contours .
Furthermore, the reverse flow at the opposite side of the
impingement of the jet is highlighted at each instant.
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Qualitatively, good agreement is obtained between the two
predictions. The jet in the cavity generates the development of
two main counter rotating eddies on each side of the jet. These
two eddies are evidenced by the calculated streamlines and
vorticity contours. The vortical structures follow the motion of
the jet flapping. Instantaneously, vorticity magnitude is
significant within the shear layer of the jet, all eddies center
and close to the cavity wall. Furthermore, at the cavity corners,
one detects some secondary eddies. One also observes, that
each two neighboring eddies are counter rotating. The
oscillatory phenomenon is due to the instability generated by
the pattern of a jet flowing between two eddies. Therefore, the
self-sustained oscillations are produced by the periodic
deflection of the jet axis due to the Coanda effect (Shakouchi
[10], Mataoui et al. [12]and Mataoui and Schiestel [13]).
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Fig 6. Flow structure :(a) experimental flow visualization (Mataoui et al. [12]).

(b) contours of vorticity magnitude and (c) streamlines contours

For the thermal study, the instantaneous field temperature and
the streamlines contours for each 1 / 8th period of oscillation
for a Reynolds number Re = 6000 and jet exit location (L= 25,
L = 8.5) are illustrated in fig 7. Due to the oscillatory aspect
of the jet, the cooling of the confined space of the cavity varies
over time. The exchange of heat is great in the stagnation
region which changes its position over time. Development of a
thermal boundary layer in the vicinity of each hot wall. An
important heat exchange occurs in the region of interaction of
two counter rotating vortices. While the two vortices
interaction zone which rotates in the same direction does not
entail any decrease in the heat. The aspiration phenomena is
clearly visible in this figure, a reversal in the aspiration of air
between the lower and upper outlet sections of the cavity is
carried out over time. This aspiration caused a cooling of the
wall which is adjacent of the cavity outlet where aspiration
occurs.

The variation of instantaneous local Nusselt number along the
three walls of the cavity during one period, for the case L¢= 25
and Ly, = 8.5, Re = 6000 are illustrated in fig8. The local

43

Nusselt number varies versus time and position; it is deduced
from the temperature gradient at the hot plate as:
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Fig7. The temperature field.

Nu(t, x) = — LS [ﬁj
’ Tw =T J\oN Jyan

Where n is the perpendicular direction to the corresponding
wall.

In this figure the streamlines contours justify the Nusselt
number variation, particularly the stagnation point’s location
where the jet impinges the wall. The deflection of the jet
induces dissimilar local Nusselt number distribution on each
cavity wall. Since the heat transfer rate is closely related to the
flow pattern behavior. It is observed from this figure that each
maximum Nusselt number corresponds to the stagnation points
of the jet. We note also several secondary peaks in the
distribution of the Nusselt number; these maxima are points of
interaction of two counter rotating vortices that develop by
moving and changing volume over time.

(4)

To examine the effect of jet location and Reynolds number, on
the overall flow and heat transfer process, the instantaneous
variation of the instantaneous average Nusselt number at each
cavity wall is deduced by integrating it over the length of the
corresponding wall, as follows:

1L
N, (t)=Eé Nu(t.1)dl

The instantaneous average Nusselt number varies periodically
for all analyzed cases of this study. For the symmetrical
interaction (L,=10), fig 9 shows the variations of the
instantaneous average Nusselt number of the upper and lower
side cavity walls. Similar trend is obtained for all horizontal
impinging distance (Lg). Moreover, instantaneous average
Nusselt numbers of the upper and lower walls are fully
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coupled: a maximum peak of Nuaw(upper wall) corresponds to
a minimum value for the Nua(lower wall) and vice versa. The
two signals are in opposite phases for the side cavity walls. On
the other hand, the Nusselt number on the bottom is closely
related to the horizontal impinging distance Lf, when Ls
decreased Nuaw(bottom wall) increases. However, the shape of
the instantaneous signals of Nuaw(bottom wall) is completely
different due to the symmetrical flapping motion of the jet (for
one period the jet impinges the bottom twice), the frequency of
the signal is twi(éﬁe of the frequency of the phenomenon.
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Fig.8 The streamlines and the local Nusselt number for the three walls of
the cavity( L=25 and L,=8.5 Re=6000)
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Fig.9 Average Nusselt number of the three walls of the cavity Re=4000

The effect of the Reynolds number on the instantaneous
average Nusselt number along of all the walls is given in fig.
10. This figure confirms that the increasing of Reynolds
number enhances the heat transfer for the three cavity walls.
Furthermore, the frequency of oscillation increases when
Reynolds number augments like the flow field. This result
reproduces the available experimental data of Mataoui et al.
[12].

44

Re=8000 - - - Re=5500 -+ Re=4000
. Lower wall upper wall

1. 8 o
.- .- Al - R e ! -
o L . S Y j
4 4
00 05 10 15 20 25 30 35 40 00 05 10 15 20 25 30 35 40
t(s) (s)
Bottom wall

00 05 10 15 20 25 30 35 40

t(s)

Fig10. Influence Reynolds number on the average Nusselt number for the
three walls of the cavity

In fig 11, we have plotted the evolution of average Nusselt
T

number (m=-|1fj Nugyr (t)dt Jon the walls of the cavity
0

according to the impact distance L: for different values of

Reynolds number and for two heights of the jet (symmetrical

case L, = 10 and asymmetrical case L, = 6.5). The analyses of

this figures leads to the following observations:

e The increase of Reynolds number enhances the heat
transfer on all the walls of the cavity.

e The evolution in the average Nusselt on the bottom is
closely related to the impact distance Ly, increasing of L
reduces the heat transfer.

e However, on the two laterals walls of the -cavity,
increasing the impact distance has a slight influence on
the heat transfer mainly for the symmetrical case (Ln=10).

e The heat transfer on the side walls of the cavity depends
of the height of the jet, for a symmetrical position of the
jet the value of the average Nusselt number is the same on
both upper and lower side walls. As for the asymmetric
case the exchange of heat is less intense on the nearest
wall of the jet exit.
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The effect of the position of the jet into the cavity on the
average Nusselt number along all walls is illustrate in fig 12.
The figure shows that the heat transfer is closely related to the
impinging distance (Lf) and the Reynolds number Re.
However, the height of the jet slightly affects.
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Fig 12. Effect of the position of the jet on mean Nusselt number for the three
walls of the cavity

For three heights of the jet The average Nusselt numbers
Nu_, are correlated with jet Reynolds number and nozzle-to-

bottom wall distance Ly, following the curve fitting technique
using least-squares method as shown in fig13. This correlation
is obtained with a maximum error of 2% in comparison to the

predicted values of average Nusselt number . [1]
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CONCLUSIONS

A comprehensive numerical simulation for the forced

convection heat transfer of a slot jet impinging a hot
rectangular cavity is examined in this work using one point
closure turbulence model. Depending on the location of the jet
exit inside the cavity several flow regimes occur. In this paper,
we have focused on the heat transfer self-oscillation
phenomenon. The comparison of the flow structure by the
present simulation with experimental results shows a good
agreement is obtained qualitative and quantitative. For a given
jet location inside the cavity, all variables have a periodic
behavior versus time with the same frequency. Deflection of
the jet is verified numerically by the instantaneous streamline
contours within a period of time.

Due to the self-oscillation of the jet, the three walls of the
cavity are cooled simultaneously. The heat transfer along the
cavity walls is also periodic and depends on the variation of
the size of the eddy at each instant. For each cavity wall, the
numerical predictions show that the instantaneous average
Nusselt is also periodic with the same period than that of the
flow field. The time evolution of local Nusselt number for the
symmetrical interaction of the side walls of the cavity are in
opposite phase (same magnitude). The heat transfer is closely
related to the impinging distance (Lf) and the Reynolds
number Re. However, the height of the jet slightly affects. The
evolution of average Nusselt number is correlated according to
the impinging distance and Reynolds number.
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