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Abstract An experimental investigation was carried out
to study the behavior of a turbulent air jet impinging on
a heated plate. The study of the flow field was performed
using a particle image velocimetry. A three-dimensional
numerical model with Reynolds stress model has been
conducted to examine the global flow. Numerical results
agree well with experimental data. The main properties of
the fluid occurring between the nozzle and the flat plate are
presented. In addition, the effect of the distance between
the nozzle exit and the plate (h/e = 14 and 28) were inves-
tigated and detailed analysis of the dynamic, turbulent dis-
tribution and temperature fields were performed. The wall
shear stress and the pressure fields near the heated plate
are then explored. Results showed that the mean velocity
and the heat transfer characteristics of small nozzle-to-plate
spacing are significantly different from those of large noz-
zle-to-plate spacing.

1 Introduction

Impinging jets have received considerable attention due to
their inherent characteristics of high rates of heat transfer.
Such impinging flow devices allow for short flow paths and
relatively high rates of cooling from comparatively small
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surface area. Impinging jets are encountered in wide range
applications. Major industrial applications of impinging
jets include heating, cooling, and drying of food products,
textiles, papers, processing of some metals and glass, cool-
ing of gas turbine blades and the outer walls of combus-
tion chambers, cooling of electronic equipment, etc. Due
to this diverse range of applications, significant attention
has been paid to impinging jets. Many investigations of the
heat transfer characteristics of impinging jets have been
performed in the past decades [1-9]. Heat transfer rates in
case of impinging jets are influenced by parameters such as
Reynolds number, jet-to-plate spacing, radial distance from
stagnation point, confinement of the jet, nozzle geometry,
curvature of the target plate, roughness of the target plate
and turbulence intensity at the nozzle exit.

The impingement of a jet on a solid surface has a scien-
tific interest due to the presence of different flow regimes.
The flow field of an impinging jet divided into three regions
[10]. Firstly there is the free jet zone, which is the region
that is largely unaffected by the presence of the impinge-
ment surface. This region can also be divided into two sub-
regions: the zone of flow development is where the core of
the jet still persists and centerline velocities are thus con-
stant. Secondary, there is a stagnation zone that extends to
a radial location defined by the spread of the jet. The stag-
nation zone includes the stagnation point where the mean
velocity is zero. Finally, the wall jet zone extends beyond
the radial limits of the stagnation zone.

The configuration of a plane jet impinging normally on
a flat plate has been studied most by several authors. Gut-
mark et al. [11] examined an experimental study of the
turbulent structures of a two-dimensional impinging jet.
The mean velocity, turbulent stresses are measured and the
energy balances for the three fluctuating components are
calculated. They found that velocity varies linearly in the
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immediate vicinity of the plate. The jet is not affected by
the presence of the plate over 75 % of the distance between
the nozzle and the plate.

The behavior of a three-dimensional impinging jet has
been reported by Cooper et al. [12], Knowles and Myszko
[13] and O’Donovan and Murray [14]. Actually, Cooper
et al. [12] report an extensive set of measurements of a tur-
bulent jet impinging orthogonally onto a large plane sur-
face. Two Reynolds numbers were been considered, 2.3.10%
and 7.10%, while the height of the jet discharge above the
plate ranges from two to ten diameters, with particular
attention focused on two and six diameters. The experi-
ment has been designed so that it provides hydrodynamic
data for conditions the same as those for which Baughn and
Shimizu [15].

Knowles and Myszko [13] reported an experimental
study of a circular jet impinging onto a flat ground board.
The nozzle to ground board separation (h) varying between
2 and 10 diameters (d). Measurements were performed in
the free and wall-jets using cross-wire hotwire anemom-
etry, mean velocity, normal and shear stress results being
presented. Nozzle height was found to affect the initial
thickness of the wall-jet leaving the impingement region,
increasing h/d increasing the wall-jet thickness.

O’Donovan and Murray [14] presented experimental
results of fluid flow and heat transfer relating to an axi-
ally symmetric impinging air jet. It has been shown that at
low nozzle to impingement surface spacing the mean heat
transfer distribution in the radial direction exhibits sec-
ondary peaks. These peaks have been reported by several
investigators and have been attributed, in general, to an
abrupt increase in turbulence in the wall jet boundary layer.

Many investigations have been carried out to illustrate
the effect of parameters where they affect the evolution of
the turbulent impinging jets. Flow structures of impinging
jets are influenced by factors, such as nozzle-to plate spac-
ing (h/e) [16—-18], Reynolds number (Re) [19] and the tem-
perature of the flat surface [20-22], which have been exam-
ined both experimentally and numerically.

An experimental study of flow field is conducted by
Narayanan et al. [16] for two nozzle-to-surface spacing (3.5
and 0.5 nozzle exit hydraulic diameters). Fluid mechanical
data include measurements of the mean flow field and vari-
ance of normal and cross velocity fluctuations, mean sur-
face pressure, and RMS surface pressure fluctuations along
the nozzle minor axis. The fluid flow results indicate that
past impingement, locations of high streamwise fluctuating
velocity variance occur in the wall jet flow for both noz-
zle spacing. Their work provides an insight into the dis-
tinctly different flow field and heat transport mechanisms
that occur during impingement of the jet transitional and
potential-core regions.
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The flow field of confined circular and elliptic jets was
studied experimentally by Koseoglu and Baskaya [17] with
a laser Doppler anemometry (LDA) In addition, heat trans-
fer characteristics were numerically investigated. Experi-
ments were conducted with a circular jet and an elliptic jet,
jet to target spacing of 2 and 6 jet diameters, and Reynolds
number 10,000. Differences between the circular and ellip-
tic jet, in terms of flow field and heat transfer characteris-
tics, reduced with increase in the jet to plate distance.

Also Ben Kalifa et al. [18] have experimentally inves-
tigated the flow and the heat transfer characteristics of a
round air jet using Particle Image Velocimetry (PIV) tech-
nique. The effect of the nozzle distance (h/d = 1 and 2) on
the dynamic characteristics and the turbulence behavior is
determined. For a fixed Reynolds number, the influence of
the distance between the nozzle exit and the flat plate on
the stagnation point is well captured. The authors found
that when the distance increases, the separation point
approaches to the jet axis. In addition, the results indicated
that the potential core length is found depending on the
nozzle-to-surface spacing (h/d).

The sensitivity of the orthonormal impinging jets with
respect to scale (Reynolds number), boundary conditions
(geometry and surface roughness) as well as inlet condi-
tions is investigated by Hangan [19]. They show that the
flow is only weakly dependent on the distance between the
jet and the surface for distances larger than the ring-vortex
formation length. Radial confinements of diameters less
than approximately 10 jet diameters and axial confinements
placed at less than one jet diameter above the surface affect
the pressure distribution on the impinging plate.

The flow field of plane impinging jets at moderate Reyn-
olds numbers has been computed by Beaubert and Viazzo
[20] a using large eddy simulation technique. Two Reyn-
olds numbers (Re = 3000 and 7500) defined by the jet exit
conditions are considered. The simulations were performed
to study the mean velocity, the turbulence statistics along
the jet axis and at different vertical locations. The effect of
the jet Reynolds number is significant between 3000 and
7500 both on the near and far field structure.

The experiments carried out by Guerra et al. [21] were
conducted for one nozzle to-plate spacing (h/d = 2) and
Reynolds number of 35,000. A constant wall heat flux was
achieved by means of a resistance heater place in close con-
tact with an aluminum disk. Measurements of local veloc-
ity and of temperature distributions are presented as well
as longitudinal turbulence profiles. The mean temperature
profiles were measured through thermocouples.

An experimental investigation on flow structure and heat
transfer from a single round jet impinging perpendicularly
on a flat plate has been performed by Hofmann et al. [22].
Heat transfer has been studied by means of thermography.
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The influence of nozzle-to-plate distance and Reyn-
olds number on local heat transfer coefficient has been
investigated.

Jet impingement heat transfer from a round gas jet
to a flat wall was investigated numerically for a ratio
of two between the jet inlet to wall distance by Vincent
and Walther [23]. The jet Reynolds number used was
1.66 x 10° and the temperature difference between jet inlet
and impingement wall was 1600 K. They did not include
in their investigation the thermal radiation. A consider-
able influence of the turbulence intensity at the jet inlet
was observed in the stagnation region. The choice of tur-
bulence model also influenced the heat transfer predictions
significantly.

Based on a review of the literature, there is a paucity of
information concerning the experimental and numerical sim-
ulation of turbulent impinging plane jet with large h/e ratios
over a smooth flat surface. Moreover, there is an increasing
number of practical applications in which the value of h/e
is large. Therefore, it is of interest to examine this factor on
the evolution of impinging jet. In this study, the second order
model (RSM) was carried out for different nozzle-to plate
spacing (h/e = 14 and 28) at a Reynolds number Re = 3000.
The experiments performed using a Particle Image Veloci-
metry technique (PIV) have been used as the benchmark to
validate the numerical model and for examining the influ-
ence of this parameter on the impinging jet evolution.

J

AX

2 Experimental study

A plane jet of air impinging on a heated smooth flat sur-
face is produced by the apparatus shown in Fig. 1.The
jet emerged from a plane nozzle (3 mm wide and 42 mm
length).. The surface was made of copper, of dimensions
210 x 170 x 8 mm?>. It is located at a distance h from the
nozzle. The position of the plate can be varied to provide
nozzle-to-plate distances between 14 and 28 nozzle widths.
Experimental results were obtained for jet Reynolds num-
ber equal to 3000. It is based on the centerline velocity at
the nozzle exit v; and the slot nozzle width e. The tempera-
ture is uniform and well distributed along the entire plate.
Furthermore, we have used eight thermocouples, which are
integrated and regularly spaced along the impact surface.
In addition, to limit reflection of laser sheet closing to the
plate, the plate is painted with matte black paint.

The jet is seeded with glycerin particles whose diame-
ter is approximately equivalent to 1 um (the seeding den-
sity = 30 particles ml~" of pure jet fluid) (Fig. 1). As its
name suggests, the PIV technique records the position over
time of small tracer particles introduced into the flow to
extract the local fluid velocity. All the velocity measure-
ments were made using the PIV technique. The velocity
fields were measured using the single-frame double-expo-
sure PIV method. This technique is performed with a TSI
Power View system, including a 50 Mj dual YAG laser
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which produces two flat pulses, the duration of one ranging
from 5 x 1072 to 10~% s, a Power View 4 Mhigh resolution
cross-correlation camera (2 k x 2 k resolution, 12 bits), a
synchronizer and “Insight” Windows-based software for
acquisition, processing and post-processing. The time delay
between two pulses depends on the mean flow velocity
and for our case, the time delay is 70 ps. The light scat-
tered by the seeded particles is recorded with CCD cam-
era. The camera records 2 frames that are separated in time
by the time interval dt which is the time interval between
the laser pulses. The images were transferred to the con-
trol computer. Then the local displacement vector for the
images of the particles is determined by mean of cross-cor-
relation method. The final fields were averaged by means
of 200 successive acquisitions. For each point, experimen-
tal uncertainties are estimated with the following criterion:
Ymax~Ymin Viins and V,

av av’
maximum velocity, the minimum velocity, and the average
velocity measured during all the process. The uncertainties
were about 5 %. This process is repeated for all interroga-
tion areas of the PIV image [24].

where V respectively are the

max®> Y min’

3 Numerical simulations
3.1 Governing equations

The experimental geometric and dynamic conditions result
in the generation of a three-dimensional, steady and turbu-
lent flow. It is characterized by the dimensionless Reynolds
number equivalent to 3000. The simulation of the problem
requires the resolution of the conservation laws of mass,
momentum and energy. In the Cartesian coordinate system,
the equations governing this problem are obtained using
the Reynolds decomposition and are thus written in the fol-
lowing form:

d(pu;)
=0
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2
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u;, T and x; are the mean velocity, the temperature and the
coordinate in the i direction, respectively. P represents the
mean pressure. Theoretical analysis and prediction of tur-
bulence requires the use of a turbulence closure model. In
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Fig. 2 Schematic of the model geometry

this study, computations were performed with a second-
orderturbulence model (RSM).
The following equation is solved:
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Where the symbols Cij, Dg, D; P;, Gij, <|>ij and & denote,
respectively, the convective term, the turbulent diffusion,
The viscous diffusion, the stress production, the buoyancy
production, the pressure strain and the dissipation term

[25].
The equation of the turbulent kinetic energy (k) and that
of the dissipation rate of the kinetic energy (¢) which are

relative to the second-order model are defined as follows:
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The empirical constants that appear in the above equations
are given by the following values: C,; = 1.44, Cep = 1.92,
o, = 0.82 and o, = 1.0 [26].

3.2 Flow configuration and boundary conditions

The geometrical configuration is presented in Fig. 2.
The jet is emitted from a nozzle of rectangular section
(I x e = 42 x 3 mm?). The Reynolds number based on the
nozzle width was 3000. Two different distances between
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Fig. 3 Instantaneous visualization of the flow in the symmetry plane for Re = 3000 and Tp = 54 °C

the nozzle exit and the flat plate “h/e” are examined in this
study: 14 and 28. The computational domain is 200e x 42e
X 42e in the longitudinal (x), vertical (y), and lateral (z)
directions, respectively.

The boundary conditions for the flow field simulation
are specified as follows. The mean jet velocity is v; and
with a ambient temperature (Ta = 22 °C). A turbulence
intensity of 5.8 % is imposed by the experience. Wall func-
tions are performed on the impingement plate with zero
roughness and non-slip condition. The impingement plate
is at a temperature Tp, of 54 °C.

The wall function approach is based on two regional
near-wall flow division [27]; the viscous and log-law sub-
layer. The use of wall functions requires that the first grid
point adjacent to the wall is within the logarithmic region:
30 < y+ < 100 and most preferable, however, is the lower
limit: y+ = 30. At outlet, along the x and z directions,
the boundary zero gradients in the normal direction are
prescribed.

3.3 Numerical method

The resolution of the aforementioned governing equa-
tions conditions is carried out using the finite volume
method (FVM). This method allows the discretization of
these equations using the first-order upwind interpolation
scheme. The pressure velocity coupling is achieved through
the SIMPLE algorithm [28]. The elimination method of
Gauss associated with an under-relaxation technique is
used to solve the resulting tridiagonal matrix.

To describe the behavior of the global flow particu-
larly dynamics and heat transfer variation induced by the
impinging air jet on a heated flat plate, we adopted a fine

mesh in zones where interesting interactions take place.
The mesh system was non-uniform, highly refined near the
jet nozzle. The interaction region where the jet impact the
target was very complicated that is why the grid layout near
this flat surface was specified to be much finer than that in
the downstream region.

4 Results and discussion

Figure 3 gives an overall view of the mean flow field in
terms of nozzle-to-impingement-plate distance, obtained
for Re = 3000 and for a heated plate (Tp = 54 °C) as
determined from the PIV techniques. The flow field of an
impinging jet divided into three regions: Firstly, there is the
free jet region; this region is divided also to two zones: The
first zone is called the potential core zone, where the cen-
terline velocity is equal to the nozzle outlet velocity and the
turbulence intensity level is relatively low. After potential
core disappeared, the jet fluid discharging from the nozzle
is developed in the developing zone due to large penetration
of the mass in strong shear layer. The jet shear layers also
actively participate in the entrainment of ambient fluid and
in the growth of turbulent flow fluctuations. An oscillating
flow is roll up to form vortices, which increase in size and
strength with the axial distance. The variation of nozzle-to-
plate distance has an effect on the expansion of the flow, it
became less strong with increasing jet-to plate separation
(h/e = 28). As jet the approaches the plate, a flow field is
characterized by an impingement zone. The impinging jet
shows very complicated flow phenomena inside the stagna-
tion zone also known as the impact zone, due to interac-
tion between the air jet and the solid impingement plate,
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Fig. 4 Effect of nozzle-to-plate distances on the evolution of the mean velocity magnitude for Re = 3000 and Tp = 54 °C

consisting of a reflection and sudden change of flow direc-
tion toward the radial direction from the stagnation point.
The preservation of the coherent vortices in this zone is a
strong function of jet-to-surface spacing. These vortices
appear to be smaller in this zone for a small h/e. Further,
from the axis jet, the flow enters a wall jet region where
the flow moves laterally outward parallel to the wall. The
impact of the distance between the jet exit and the plate is
remarked. For a lesser jet-to surface separation, the wall
jet exhibits higher levels of turbulence. A boundary layer
between the plate and the fluid is also formed, and as the
flow develops downstream, both the mixing shear layer and
the boundary layer grow. In contrast, the re-entrainment of
buoyant fluid by the wall jet became progressively weaker
for a smaller h/e (h/e = 14). The vertically rising plume
flow is well established and more developed for a higher
nozzle-to-plate spacing than the other case (h/e = 14).This
features performed the heat transfer between the heated
plate and the global flow.

In Fig. 4, we analyzed the influence of the height
between the nozzle and the plate on the development of
the mean velocity magnitude at three different longitudi-
nal locations (x/e = 5, x/e = 7 and x/e = 14) and for the
Reynolds number equal to Re = 3000. Comparison with
our experimental data for different position show excel-
lent agreement near the wall particularly in terms of the
location and magnitude of the maximum velocity. For
x/e = 5, the mean velocity magnitude is important show-
ing the entrainment of the air jet caused by the presence
of the heat plate. A peak in the mean velocities magnitude
appears near the wall (at normal position y/e = 2) due to
the large pressure gradient originating from the stagnation
point. The maximum value decreases with increasing h/e
because the flow of this case may have a lower boundary
layer thickness with a slightly higher degree of turbulence.
The maximum of velocity magnitude is found at longitudi-
nal station x/e = 7. This maximum is only just below the

@ Springer

mean axial velocity at the jet exit. Going further longitudi-
nally for x/e = 14, the peak of the mean velocity magnitude
decreases because the air jet loses energy in the wall region
and the velocity profile is widened in spatially. The mean
velocity magnitude, for a larger distance between nozzle-
to-plate h/e = 28, decay is faster near the plate and thus
more efficient turbulent mixing is required.

Figure 5 displayed the effect of jet to plate spacing on
the evolution of the dimensionless turbulent kinetic energy
along the vertical coordinate (y/e) and at different longitu-
dinal locations (x/e = 5, x/e = 7 and x/e = 14). The kinetic
energy distributions, for different nozzle to-plate spacing
and for different longitudinal positions, especially near the
wall, show a very good agreement between the numeri-
cal simulation and the measured data. Near the stagnation
zone (x/e = 5), the turbulent kinetic energy passes through
a maximum near the wall around the vertical position
y/e = 2. The highest levels of k/ vj2 are found for the greater
nozzle to plate spacing due to the presence of the shear
layer between the jet and the ambient air. Further down-
stream at the longitudinal stations x/e = 7 and x/e = 14,
the entrainment of the air jet into the wall jet region has
resulted in a loss of flow kinetic energy and may cause a
lower transfer rate. The effect of different jet-to-target
plate distances persist along the wall jet region. It is con-
cluded, therefore, for larger wall to-jet spacing (over 28 jet
nozzle width), the turbulence kinetic energy increases as
the distance from the exit jet, y/e, is decreased, reaches a
peak near the wall. Thereafter the magnitude of peak value
appears to be slightly lower than the other case.

The influence of nozzle-plate distance on the evolution
of the Reynolds stress W//v]-2 is shown in Fig. 6. Over-
all, the Reynolds stress obtained from the RSM model
exhibit good agreement with the data using PIV technique.
The behavior of the Reynolds stress near the centerline,
x/e = 5, slowly increases towards the wall reaching a
peak value of normal coordinate y/e = 0.15. For the case
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Fig. 6 Effect of nozzle-to-plate distance on the evolution of the Reynolds shear stress Wy / vj2 /vj2 for Re = 3000 and Tp = 54 °C

he = 14, W/ /vj2 has a sharp rise near the wall exceeding
that of the case h/e = 28. It should be noted the presence of
a negative levels of Reynolds stress for nozzle —plate dis-
tance h/e = 28. This value are found at the vertical station
y/e =5, due to the presence of the shear layer between the
jet and the ambient air. As one moves away from the axis
jet, an increase of the Reynolds stress near the wall (which
occurs also for two cases of nozzle-plate distance h/e = 14
and h/e = 28) arises from the shear induced by the flow
acceleration away from the stagnation point. The figure
shows that the fluctuating velocities decrease with increas-
ing the nozzle-to-plate spacing (h/e = 28). The decrease
of the fluctuating velocity components simply reflects
that the fluid in this zone passes through a more dynamic
part of the turbulent mixing layer. Going further from
the stagnation zone, x/e = 14, the streamlines of the flow

are approximately parallel to the wall and there is a very
marked reduction in turbulence intensity. Thus, the shear
weakens gradually further downstream and the turbulence
intensity takes on an almost uniform level in the wall jet.
The present part is concerned in the wall shear stress and
wall pressure distributions produced on the plane surface
while reviewing the influence of nozzle —to-plate distance
h/e. The wall shear stress and the wall pressure distribution
are dimensionalised by pvj2 where v; is the jet exit veloc-
ity and p is the air density. Figure 7 depicts the wall shear
stress distribution for fully developed jet impingement for
different jet-to target separation (h/e = 14 and h/e = 28).
Based on this analysis, it appears that the magnitude of the
shear stress increases when moving away from the axis jet
and there is a peak which occurs near the stagnation zone
at longitudinal station x/e = 10. The evolution of the wall
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shear stress is considerably affected by the higher jet-plate
distance h/e = 28. As observed, the peak value appears to
be greatly shorter under this later jet height. This is consist-
ent with the observation of Alekseenko and Markovich [29]
that the wall shear stress is more pronounced for lower jet
heights, which exhibit lower free-stream turbulence levels
near the stagnation zone. Therefore, this feature gives rise
to increase the wall friction and the heat transfer rate.

The distribution of the dimensionless wall pressure dis-
tributions according to the dimensionless axial coordinate
(x/e) and under the effect of the distance nozzle -to- plate
distance is presented in Fig. 8. The figure clearly reveals
that the maximum pressure occurs at the stagnation point
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(x/e = 0) for the all nozzle-to-plate spacing is studied and
it decreases with increase in longitudinal direction x/e. The
observed distribution of the mean pressure exhibits a bell-
shaped Gaussian profile at the —2.5 < x/e < 2.5 zone, with a
peak pressure at the stagnation point (x/e = 0). This feature
of the pressure profile is reported by many others example
Tu et al. [31] and Beltaos et al. [30]. Furthermore, the wall
pressure distribution was found to be sensitive to the noz-
zle-to-plate spacing. At low separation distance (h/e = 14),
the stagnation pressure, at the position x/e = 0, is rather
larger than the other spacing, due to rapidly decreasing of
axial velocity in the deflection zone.

Finally, we proceeded to the elaboration of the thermal
fields at various nozzle to-plate spacing. The dimensional
temperature distribution 6 = TT 7;9 in the flow is shown in
Fig. 9. This figure clearly reveals that the distribution of the
temperature have similar behavior for the different nozzle-
to-plate spacing; they are decomposed into two parts, the
first part with sharp slopes away from the plate corresponds
on the abrupt reduction of the temperature. The second part
characterized by a much more gradual slope near the plate,
is distinguished by a slower decay until the stabilization
of the temperature is attained. Generally, we observed that
the temperature distribution is slightly affected by the vari-
ation of the nozzle to-plate spacing. For x/e = 0, and for
a greater nozzle-to-impingement plate distance (h/e = 28),
There is an important thermal transfer of the flow field
near the heated plate. Near of the jet centerline (x/e = 5
and x/e = 7) and for a short nozzle-to-impingement plate
distance (h/e = 14), the temperature of the fluid becomes
greater. However, farther along the jet axis (x/e = 14 and
x/e = 21), the temperature of the fluid obtained for larger
plate separations (h/e = 28) becomes smaller than in the
case for h/e = 14, owing to the presence of the vertically
rising plume flow.

5 Conclusion

A numerical simulation model has been performed to
investigate the dynamical and turbulent aspect of a turbu-
lent air jet impinging on a heated plate. These results are
compared with our experimental data. The experimental
technique is that of a non-intrusive measurement of par-
ticle image velocimetry (PIV). According to the results,
the second order turbulence closure model (RSM) gives a
good agreement with experimental data. The results show
that the flow field is affected by varying the nozzle to-
plate spacing (h/e = 14 and h/e = 28). For a turbulent air
jet (Re = 3000), the influence of the distance between the
nozzle exit and the flat plate on the evolution of the mean
velocity and on the turbulent fluctuation is remarked. The
nozzle-to-plate spacing has a strong influence on the flow



Heat Mass Transfer (2017) 53:1305-1314

1313

144 yle

h/e =28

yle

x/e=0
x/e=5
x/e=7
x/e=14
x/e=21

Fig. 9 Effect of nozzle-to-plate distance on the evolution of the temperature for Re = 3000 and Tp = 54 °C

character, both within the vertical jet and within the wall
jet region. For the smaller spacing, the mean velocity and
turbulence measurements become important and the wall
heat transfer becomes high. In addition, the wall shear
stress and the wall pressure is found depending on the noz-
zle-to-surface spacing (h/e). The wall shear stress distribu-
tion and the wall pressure are more pronounced for lower
jet heights. Therefore, this feature gives rise to increase the
wall friction and the heat transfer rate.
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