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1. Introduction

Impinging jets are widely used in industrial appli-
cations, as they have the highest heat and mass transfer rates
in the impingement region. Impinging jets have been widely
applied in many areas such as for cooling in electrical and
electronic equipments as well as for heating, drying, and
freezing in food, paper and textile industries, heating steel
plates, cooling turbine blades and electronic components,
tempering glass, and drying papers and food products. Im-
pinging jet introduces high velocity of fluid stream to the
impinged surface, leading to the high momentum transport
and consequently high heat transfer rate on the surface [1,
2]. Several experimental and numerical studies have shown
the ability to improve the heat transfer through the imple-
mentation of multiple swirling jet system. Swirling jets are
widely encountered in engineering facilities, e. g. cyclone
combustors, combustion engines, tangentially fired fur-
naces, and swirl burners. They are often utilized to improve
heat transfer in heating, ventilation, and cooling systems.
When high heat transfer coefficients are needed over a wide
area, swirling jets are usually used for heat transfer devices.
These, they presents an interesting flow pattern for practical
and theoretical outlooks. Such configurations can be used
extensively in many structures and industrial applications,
e. g. air conditioning, drying of food products, textiles,
films, papers, and burners and many others [3,4,5]. The ef-
fects of the orifice arrangement for both single and multiple
jets as well as the geometries of the impinged surface on
heat transfer have been studied by both numerical and ex-
perimental investigation. The local structure of turbulent
swirling impinging jets is investigated experimentally by
Nuntadusit et al. [1]. They concluded that over the range in-
vestigated, the maximum Nusselt number is found with mul-
tiple swirling impinging jets at the jet-to-jet distance S/D=4.
Stephane Maurel et al [6] were concluded that the develop-
ment of a general correlation can predict the evolution of the
axial velocity whatever the thickness of the jet and the dis-
tance to the impact. According to the distance H from the
impact wall and the initial thickness of the jet, the develop-
ment will be relatively differently because of confinement
that determines the expansion of the jet. The results are
compared and validated with experimental measurements
obtained by laser Doppler anemometry. A stereo PIV
(Particle image velocimetry) technique using advanced pre-
and post-processing algorithms is implemented for the ex-
perimental study of the local structure of turbulent swirling

impinging jets were used by Sergey and al [7]. They exam-
ined the influence of the PIV(Particle image velocimetry)
finite spatial resolution on the measured dissipation rate and
velocity moments and analyzed and compared with theoret-
ical predictions. For this purpose, they realized a special se-
ries of 2D PIV(Particle image velocimetry) measurements
was carried out with vector spacing up to several Kolmogo-
rov length scales. It was found that the magnitude of pres-
sure diffusion decreased with the growth of the swirl rate. In
general, the studied swirling impinging jets had a greater
spread rate and a more rapid decay in absolute velocity when
compared to the non-swirling jet. According to Huang and
El-Genk [8], the circular conventional impinging jets en-
hance heat transfer, but produce non uniform azimuthal dis-
tributions of the local and surface average Nusselt numbers.
In these bell-shaped azimuthal distributions, Nusselt num-
bers peak at or near the stagnation point, then drop exponen-
tially with azimuthal distance from the stagnation point.
Roux et al [9] devoted to the experimental investigation of
dynamics during turbulent round jet impingement for a
Reynolds number of 28000 and a distance of 5 diameters of
impact, the jet is excited by a high speaker on a range of
Strouhal number ranging from 0 to 1.5, thereby changing
the dynamic structure of the jet. Various analysis tools have
been applied in order to observe the influence of acoustic
forcing on the coherent structures of the flow. According to
Goldstein et al [10] and Gauntner et al. [11] the flow field
down into four parts:

- Region I: The region of established flow from the in-
jection to the end of the cone orifice potential;

- Region 11I: the established flow zone characterized by
the weakening of the axis velocity and development of the
jet;

- Region I11: the deflection region where the jet is de-
flected from its initial axial direction;

- Region 1V: the wall jet region where the velocity is
primarily azimuthal and where the boundary layer whose
thickness increases azimuthally, is subject to virtually zero
pressure gradients (Fig. 1).

The detailed experimental and numerical investi-
gation of the mean flow field behavior of an isothermal tur-
bulent impinging jet in a room has been carried out by Chen
et al. [12]. They found that the comparisons between the
predictive results and the experimental data reveal that both
of the tested turbulence models are capable of capturing the
main qualitative flow features satisfactorily. They men-
tioned that the predictions from the Re-Normalisation
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Fig. 1 Diagram of Characteristic regions in impinging jet
flow [10, 11]

Group (RNG) k—¢ model predicts slightly better of
the maximum velocity decay as jet approaching the floor,
while the The shear stress transport (SST) k—w model ac-
cords slightly better in the region close to the impingement
zone which is crucial for spreading of the jet inside the
room. The work presented in this study is an experimental
study of the impact of a multi-jet system on a flat plate. The
realization of this original experimental bench in order to
show that the examined parameters (imbalance in tempera-
ture) have a significant effect on the flow characteristics.

2. Experimental setup

The realized experimental device consists of a
frame of the cubic form 5 of metal with dimensions (1.20 m
X 1.20 m x 2.0 m) [4]; having at its upper part the devices
for blowing hot air (hair dryer), directed from the top down
to the bottom and different types of diffusers 1 depending
on the configuration studied part. This device allows scan-
ning the maximum space provided by a particular arrange-
ment of the rods supporting the thermal sensors 2; the tem-
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Fig. 2 a - Experimental facility and test assembly; b - sche-
matic of swirling generator device
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perature field is explored with a portable anemometer unit
Velocicalc plus 4. The probe rods are supported by easily
guided vertically and horizontally to scan the maximum
space, a horizontal plate 3 material formica. The ambient
temperature T, is obtained from the measurements of tem-
perature T in different parts of the jet. The temperature at the
origin blowing Tmax is raised for each type and configuration
of the jet (Fig. 2).

2.1. The swirl number
The swirl is characterized by a dimensionless num-

ber that defines a measure of the ratio between the angular
momentum G, and the axial momentum G, [13]:
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where S is swirl number; G, is angular momentum flux,
kg ms?; G, is axial momentum flux, kg m? s’%; R is diffuser
radius, m; r and x are axial and radial distance, m.

The swirl number can be evaluated at any position
of the jet because the two quantities are calculated. Swirling
helps promote and improve the process of mixing and trans-
fer, as well as the jet has the advantage of quickly flourish
in free jets. This number S can be written as according to
[15] as follows:

].tga

where « is the angle of the fins built swirl generator; R, is
the radius of the vane diffuser support; R, is the radius of

diffuser.
Note that in the case of a swirler without hub

R, =0, the expression becomes according to [14]:
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In this study, the axial and tangential velocities W
and U, respectively, were measured at the outlet of a diffuser
with a swirling jet hot wire anemometer triple probes.

2.2. Operating conditions

The experimental setup was placed in a local hav-
ing the following dimensions: Length = 4 m, width =3.5 m
and height = 3 m. There must be a free flow of the isolation
and testing, the initial temperature at the blowing diffuser
was 90° ¢ for each jet.

2.3. Measurement procedure
The values of the initial temperature T; and the flow

value of the ambient temperature T, measured by the tem-
perature sensors of precision (1/100). They are raised until



the temperature stabilizes. The ten minute delay was suffi-
cient to achieve this stabilization, after measuring, the tem-
peratures for a given configuration, and the pairs of blowing
is stopped and the movement of the rods proceeds door sen-
sors to other measurement point.

2.4. Measurement errors

The reduced temperature T, of measurement is ob-

tained by reference to the maximum average temperature at
the outlet of the blowing diffusers and at room temperature:

)

where T, is dimensionless temperature, K ; T, is ambient
temperature, Tmax IS maximum temperature at the diffuser
exit k.

T

a

T = (Ti -T, ) / (Tmax - 4)

Reduced dimensionless axial velocity is obtained
with respect to the maximum velocity at the outlet of the
blowing port.

Ur:Ui/Umax ' (5)
where U is axial mean velocity, m/s; Umax is maximum ve-
locity at the diffuser exit, m/s; U, is dimensionless axial ve-
locity, m/s.

Similarly, the azimuthally and axial distances are
given by reference to the diameter of the blowing diffuser in
dimensionless form r/R and x/D. The accuracy for the cali-
bration of the temperature is at least 6: 1 in accordance with
the characteristics of the precision of the calibrated devices.
The accuracy for the calibration of the pressure is at least
the ratio 2.5: 1 in accordance with the characteristics of the
precision of the calibrated devices. The accuracy for the cal-
ibration of the velocity is at least 1: 1 in accordance with the
characteristics of the precision of the calibrated devices. The
results of the calibration tests of the anemometer portable
device VELOCICALC plus are percentages of tolerance
which the temperature is 0.3 ° C of reading, the pressure is
+1.0% of reading, velocity is +3% of reading. The heat
transfer from the impinging jets is characterized by the
Nusselt number. It is a dimensionless number that quantifies
the heat transfer between a fluid and a wall of the baffle
plate. It represents the ratio of convective exchanges on con-
ductive exchanges [15]:

N,=hL/A, (6)
where H is local convective heat transfer coefficient,
W m2K-L; 1 is the thermal conductivity of air, taken at the
reference temperature, W m*k*; L is length of the plate, m.

It is calculated by an empirical formula:

11
N, =0.332Re2Pr3, (7
where R is the Reynolds number.
It is defined by:
Re=pU D/u , 8
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where p is density of air; U is average velocity, ms™; D is
hydraulic diameter, m; P, is Prandtl number is a dimension-
less number, it represents the ratio of momentum diffusivity
and thermal diffusivity:

p, = uCp /A, 9)
where g is dynamic viscosity, Nsm?; Cy is specific heat,
JkgK™?; A is air thermal conductivity, Wm=k.

2.5. Different types of diffuser configuration

It is interesting to note that we mainly considered
the evolution of the temperature profiles for axial and azi-
muthally multiple swirling jets in five separate configura-
tions designated as A, B, C, D and E. The configurations
comprised three swirling jets in balanced B and E and im-
balanced C and D in temperature and velocity, as well as a
single swirling jet configuration A, which are shown in
Fig. 3 and in Table 1.

Table 1
Different types of diffuser configuration

Config-| Number | Temperature |Velocity dis-| Swirling direction
ura- | of out-| distribution| tribution | of the central jet
tions | let jets
A 1 T 9)

B 3 (TTT) (U, U, U) | Same direction
C 3 (T, T/2, T) | (U,U/2,U) | Same direction
D 3 (T/2, T, T/2)|(U/2, U, U/2)| Same direction
E 3 (T, T,T) (U, U, U) |Opposite direction
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Fig. 3 Different types of diffuser configuration



231

3. Numerical procedure

cor_ Y, Y 2 U
For a steady, three-dimensional, incompressible, TPUL; = A a_xJJrKI 3|7 +#‘§i i (13)
and turbulent flow with constant fluid properties, the gov-
erning equations of conservation of mass, momentum and

. . . : where k is the turbulent kinetic energy, as defined by
energy are written in the Cartesian tensor notation as fol-

lows: k= %u,'_u, ,and & is the tensor identity. An advantage of the
oU. Boussinesq approach is the relatively low computational
6_I =0, (10) cost associated with the computation of the turbulent visco-
% sity 4 . Note that the turbulent viscosity g, is given by:
a(UU, UL ) —
p—( ) L ) N —puiu’ |, (11) e = CupK?/e, (14)
OX; oX;  0X oX; O
with k and € are kinetic and dissipation energy respectively.
cu a _ o ﬂg_ CuT (12) Hence in the present calculation, the turbulence scalar fluxes
Py Yox. x| ox, PRttt are modelled using the gradient-diffusion approach [19],
[20] as:
where U; and T are denote the mean velocity and tempera- c
ture; U/ ,ujand T'are the corresponding fluctuation com- pCprT' - _P_'u‘%7 (15)
Oy i

ponents; —p?u} and —pCpW are the average Reynolds

stresses and turbulent heat fluxes which need to be modelled  where ¢:=0.6 stands for the turbulent Prandtl number.

to close the equations [16], [17] and [18]. The k-¢ model is an example of two equation mod-
It should be noted that here, the temperature varia-  els that use the Boussinesq hypothesis. Here, two different

tions are negligible and the Mach number is low (<0.3),  closure models, k-¢ model.

which allows us to assume that the fluid is incompressible The boundary conditions are needed for the nu-

(constant density). merical simulation and can have a significant effect on the
The Boussinesq hypothesis, which relates the  numerical results. Table 2 depict the different boundary

Reynolds stresses to the mean velocity gradients, is ex-  conditions introduced in the calculation code (Table 2).

pressed as:

Table 2
Boundary conditions
Variable Boundary conditions
Turbulence intensity 4%
Relaxation factor Pression = 0.3, Density = 0.5, Energy = 1, Other parameters = 0.6
Convergence criteria Energy =10% Other parameters =10
Inlet conditions U=10 ms?, To=363°K,
Hydraulic diameter Dn=0.047 m
Inlet pressure Standard
The numerical simulation has been performed with
a tetrahedral and unstructured mesh composed of 1201672 1 Configuration (a)
cells. A more detailed discretization was used close to the f‘ H=4D
inlets of burner and to the axis to give high resolution where 08F |
required and to save the computational effort and time cal- e | M
culation. Tests with finer grids (up to 1547214 cells) demon- \ ——a—— 73D
strate that the quality of the prediction is not improved by 3P
enhancing the number of cells used is shown in Table 3.
Computations on different mesh have shown that the solu-
tion of the axial velocity does not change significantly T .
(< 4%). TR
1 2 3 4 5 6
Table 3 y/D
Cell number | 520355 | 865421 | 1201672 | 1547214 Fig. 4 Profiles of azimuthal dimensionless temperature for
Nodes number | 105476 | 166655 | 226284 | 287445 configuration A
4. Results and discussion examined as the variation of the height of the impact plate

(2D, 4D, 6D and 8D) for studied configurations (single jet
and three jets) and the variation of the temperatures and ve-
locities just outside the diffuser. The profiles of azimuthal
dimensionless temperature for configuration A

This section is devoted to an extensive study of di-
mensionless temperature profiles depending on dimension-
less azimuthal direction y/D variation for the different meas-
uring stations. The influence of other parameters are
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Fig. 5 Profiles of azimuthal dimensionless temperature for
configuration B

are showed in Fig. 4. The Fig. 4 shows that the temperature
decreases rapidly in the azimuthal direction from a maxi-
mum value close to the blowing orifice to a minimum value
near the impact surface. We also note that the diffuser single
jet (configuration A) gives a low recirculation zone and a
smaller azimuthally spreading compared to multi jets as
shown in Figs. 5 and 6. The azimuthal development of the
single jet (configuration A) reaches a ratio of 4 to 5 times
the diameter in comparison with the multi jets of three dif-
fusers as the development up to 6 times of diameter. The
Fig. 5 shows the dimensionless temperature profiles that ex-
hibit in the first stations the amplitude peaks at the diffuser
exit. A decrease is due to the distance of the diffuser orifice
and jets mixing. In the other stations, the amplitudes of the
impoverished temperature from one station to another to
reach the impact temperature of the deflection jet zone. The
temperature profiles become almost parallel to the obstacle,
the azimuthal temperature amplitudes impact is then

Configuration (b)
H=4D

—&— Z=0.5D
—®&—— Z=1D
—&—— 7=3D
Z=4.5D

EVAY X ,“ 0" Ay
07\\\\|\\\\|\\\\|\\\\ L
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Fig. 6 Profiles of axial dimensionless velocity for configu-
ration B
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Fig. 7 Influence of the impact height on the plate tempera-
ture for configuration B
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reduced. The ambient temperature increased slightly. The
spreading of the global jet is important than the diffuser with
swirling single jet. The average axial velocity profiles of the
configuration B are shown in Fig. 6.

We note the existence of peaks of amplitudes at
each diffuser orifice, these amplitudes decrease from one
station to another until that the velocity profiles becomes al-
most parallel to the impinging plate. In the presence of the
plate impacts, fluid particles change direction. The area of
impact increases the azimuthal growth of the global jet. The
presented results show the decrease of the mean axial veloc-
ity of the jet at the impact plate. This is partly due to the
turbulence and the obstacle that produces a large azimuthal
development of the jet while approaching the wall region.

Fig. 7 shows the dimensionless temperature pro-
files in the near impact stations for impact heights: 4D, 6D,
and 8D. It is noted that when the height H increases, more
uniform temperature distribution is obtained over the entire
surface of the plate. If H is the minimum, a maximum tem-
perature is obtained on the central zone, which is unwanted
for the heating or cooling for premises. Fig. 8 presents the
dimensionless temperature profiles in the stations closest to
the impact plate. The influence of the parameter of temper-
ature imbalance on the azimuthal distribution of temperature
near the impact plate was studied.

ir H=6D Z=5.5D

0.8F ——=@—— Configuration (b)
——=—— Configuration (c)
—a—— Configuration (d )

0.6

Tr
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Fig. 8 Dimensionless temperature for configuration B, C and
D

We examined the different inlet temperature con-
ditions of configuration D (T/2, T, T/2), Configuration C (T,
T/2, T) and configuration B (T, T, T). It is noted that the
diffuser of the configuration B (T, T, T) gives a good tem-
perature distribution on the surface of the plate. The Azi-
muthal dimensionless temperature and velocity profiles of
configuration B and configuration E respectively are shown
in Fig. 9. The influence of the rotation sense of the central
swirling diffuser was been examined. We note that the tem-
perature increases the lateral ends of the jets through the re-
verse swirl that influences the azimuthal development of the
jet from one station to another. Comparing with the diffuser
same sense of swirling temperature profiles in stations near
the surface impacts the reverse swirl central jet, causes a
slight increase in temperature to the heights impact 2D and
4D.

Attempt to clarify the distribution of Nusselt num-
ber noted (Nu) on the plate is presented in Fig. 10. The
Nusselt Number is a dimensionless number which quantifies
the heat transfer between a fluid and a wall of the impact



plate. It represents the ratio of convective exchanges on con-
ductive exchanges. The azimuthal profile of the Nusselt
number (Fig. 10), has a peak at about 1D to the jet axis, and
decreases with distance from the jet. A second peak at about
3D axis of the jet appears, it says that the convective transfer
increases in areas of separation of jets, Nusselt curves be-
come almost parallel to the plate when approaching the im-
pact plane.
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Fig. 9 Influence of the direction of rotation of the central jet
on: a - the dimensionless temperature Ty, b - the di-
mensionless velocity U,

20

Configuration(b)
=4D
o
191 / /
@
=) L
E K
218 #‘ ﬁ~‘/:xﬁ/
© ~ \.j/ —@— 7=05D
2 ¢ . — = 7=1D
Z T ——4—— 7=2D
I z=3D
171 —»—— 7=35D
7\\\\I\\\\I\\\\I\\\\I\\\\I\\\\I\\\\I
16O 1 2 5 6 7

3 4
y/D
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axial locations for configuration B

The multiple swirling impinging a flat plate jet sys-
tem was simulated numerically by means of the turbulence
model k-¢. It gave results of comparison of temperature and
velocity profiles with those granted to the experimental re-
sults (Fig. 11). This study allowed us to find thermal char-
acteristics of the multiple swirling impinging jets. The quali-
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Fig. 12 a - contour temperature field; b - velocity field vec-
tors at height of impact 4D for configuration B

ty of comparison between the numerical results and the ex-
perimental results is demonstrated in Fig. 12, this compari-
son shows that the model with two transport equations k-¢
used to simulate this case produces results satisfactory. De-
spite the weaknesses of the model k-¢, the latter gave ac-
ceptable results qualitatively. Nevertheless, it is a relatively
simple simulation tool inexpensive to use.

Fig. 12, describes the temperature and velocity vec-
tor field for configuration B with a impact height of 4D. we
note that the multi jet system is present as a free jet in the
blowing region, is the established flow region from the in-
jection orifice to the end of the cone potential then it is char-
acterized by weakening of the velocity on the axis and de-
velopment hence the established flow zone, then the jet is
deflected from its initial direction is axial deflection region.
Finally, velocity is mainly azimuthal and where the bound-
ary layer, whose thickness increases azimuthal so called the
wall jet region.

5. Conclusion

The experimental and numerical investigation of
the impact of the swirling multi-jet system on a flat plate has
been realized. To carry out this study, it was necessary at
first to design and achieve an original experimental a test
bench with three diffusers arranged in line. The diameter be-
tween the axes of their centers is fixed at 2D. The experi-
ments were conducted with four different jet distances to
impinging plate (H = 2D, 4D, 6D and 8D). The swirling jet
is obtained by a generator consists of 12 arranged vanes at
60° from the vertical placed just the diffuser exit. We can
say that a key objective in a configuration of multi-jet swirl-
ing system is to access the perfect mix as quickly as possible

with a very high heat transfer from the plate. The optimum
configuration of a system of multiple jets depends on the
type of the following parameters: the impact of height, the
diffuser inlet temperatures, air flow at the inlet diffusers and
the direction of the central swirling jet.

The diffuser having a temperature distribution (T,
T, T) with a reverse direction of the swirl and a central jet
impact height H between 4D and 6D ensures uniform distri-
bution of temperature along the plate and promotes better
the development of the jet. From the standpoint of thermal
homogenization, the optimization of parameters such as ge-
ometry configuration (air diffuser, high impact, jet and plu-
rality of swirl direction of the central jet) clearly shows a
temperature distribution over the entire surface plate while
allowing the diffusion and development of the largest multi-
jet system. The ultimate goal of the numerical methods is to
reduce the number of experimental tests. The comparison
between the numerical results and experimental results pre-
sented in this study indicates that the two-equation model of
transport (k-g) produced satisfactory results. Despite the
weaknesses of the model (k-¢), the latter gave acceptable re-
sults qualitatively. It remains an inexpensive tool to use rel-
atively simple simulation.
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EXPERIMENTAL AND NUMERICAL STUDY OF
SWIRLING MULTI-JET SYSTEM IMPINGING A FLAT
PLATE

Summary

The main emphasis of the present work is the ex-
perimental and numerical analysis of the impact of the swirl-
ing multi-jet system on a flat plate. To carry out this study,
it was necessary at first to design and achieve an original
experimental a test bench with three diffusers arranged in
line. The diameter between the axes of their centers is fixed
at 2D. The experiments were conducted with four different
jet distances to impinging plate (H=2D, 4D, 6D and 8D).
The swirling jet is obtained by a generator consists of 12
arranged vanes at 60 ° from the vertical placed just the dif-
fuser exit. The current study is carried out under uniform
heat flux condition for each diffuser at Reynolds number of
30-103, the air being the working fluid. Experiences con-
cerning the fusion of several jets show that the resulting jet
is clearly more homogenized under swirling influence. In
this perspective, the paper discusses influence of different
factors such as the multi swirling jets, the impact height, the
conditions for entries temperatures and velocities, and the
swirl direction of the central jet on the effectiveness of ven-
tilation performance and optimizing the best configuration.
The CFD investigations are carried out by an unstructured
mesh to discretize the computational domain. In this work,
the simulations have been performed using the finite volume
method, in which the standard k-, is used for turbulence
computations. The validation shows that the K-& model can
be used to simulate this case successfully. The results show
that the examined parameters have a significant effect on the
flow characteristics and behavior of multi swirling imping-
ing jet.

Keywords: swirling jet; impinging jet; multiple jet; thermal
homogenization.
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