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Abstract - Thermal jet flows are the type of flow frequently encountered in engineering applications. This article aims to
determine if the SST k-w turbulence model, including Low-Reynold Correction, accurately estimates the Nusselt number in
impinging jet flow; because of this, computational results were compared with experimental studies. This comparison was made
on a line (r/D) from stagnation point to exit. In this article, the heat transfer phenomenon in the impinging zone was observed
computationally with the SST k-w turbulence model on three impinging jet geometries with different boundary conditions using
ANSYS FLUENT software. The boundary condition on the upper plate differs depending on whether there is confinement. The
boundary condition on the impinging plate differs depending on whether there is a heat flux or fixed surface temperature. The
flow type is a steady state. The software solver type is pressure-based because the flow velocity is too low compared to the local

sound velocity.

Keywords - Impinging thermal flow, Turbulent flow, Two equations turbulence model, Nusselt number, Computational fluid

dynamics.

1. Introduction

The impinging jet flow is frequently used in the industry
due to its high heat and mass transfer. This method can achieve
a high amount of heat and mass transfer, especially in the
impinging area, by cooling or heating the gas or liquid fluid
directed by the nozzle and impinging it on the surface.

Gopalakrishnan and Disimile (2018) validated the
impinging jet flow at a constant Reynolds number at different
angles. The results were very close to the experimental
evidence with the SST k-o model they used at 7500 Reynolds
number and impinging angles of 30, 45, and 60 degrees,
respectively. In addition, Gaussian dimensionless velocity
profiles were also compatible with the experimental work in
both the horizontal and vertical axis. Derdouri et al. (2019)
computationally investigated the effect of cavity width on
thermal behavior in round-impinging jet flow. The distance
from the nozzle outlet to the impinging plate is taken as H=2D
and Re=23000. The SST k- model was used to observe the

turbulence effect. Veeranjaneyulu et al. (2018) investigated
the effect of the impinging plate on jet flow in different
material structures. SST k-o was used as the turbulence
model, and the Re number was taken as 5000, 10000, 15000,
20000, and 25000, respectively. Sinha and Raje (2021)
investigated an anisotropic SST turbulence model for the
boundary layer and compared a new SUQ-SST model with
experimental studies. It is seen that the new model made
improvements in predicting Reynold stress anisotropy and
flow separation. Yu and Thé (2016) made validation for
pollutant dispersion within a building array using SST k- as
a turbulence model. They observed that the SST k- model is
better than standard k-e¢ in predicting flow simulation.
Garnayak and Patro (2020) investigated heat transfer from a
small three-dimensional rectangular channel due to turbulent
jet impinging. Numerical simulations were performed using
the finite volume method with the SST k- turbulence model.
They also compared the heat transfer enhancements with and
without cross-flow effects and found that the heat transfer rate
with cross-flow is higher than without cross-flow.
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From the above studies, it can be seen that there are not
enough studies in the literature about the SST k- turbulence
model with low Reynolds correction despite studies including
SST k-o. In this study, the heat transfer phenomenon in the
impinging zone was observed computationally with the SST
k- turbulence model, including Low Reynolds Correction on
three impinging jet geometries with different boundary
conditions using ANSYS FLUENT software, and the analysis
results were compared with the experimental studies in the
literature.

2. Material and Method
2.1. Computational Method

There are two approaches to solving an engineering
problem involving any fluid. These are the experimental
approach and the computational approach. The first of these
(experimental) usually requires a high cost and a long time in
the application. For this reason, with the development of
computer technology, less costly and less time-consuming
computational methods have emerged than experimental
studies. The use of computational methods, which are
becoming popular in the industry daily, is based on computer
algorithms and memory. Computational Fluid Dynamics
(CFD), a particular interest in computational methods, has
emerged mainly due to the complexity of engineering
problems involving fluids. While computational fluid
dynamics is generally used to validate experimental studies in
academic studies, it is also used to solve many problems that
arise in the industry. There are many commercial programs
available today that use computational fluid dynamics. While
preparing this study, ANSYS FLUENT commercial program
was used.

2.2. SST k- Turbulence Model

Looking at the historical process, many 2-equation
turbulence models have been proposed. (Pope, 2000) In these
models, k is usually taken as the first variable, but the second
variable differs. In homogeneous turbulence, the presence of
the second variable is not essential, but the difference is in the
diffusion term in non-homogeneous turbulence. With w=¢/k,
k, and o are expressed by eq. (1) and eq. (2), respectively.
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2.3. Geometry

As the first geometry, van Heiningen et al. (2002) used
the geometry they studied experimentally. As seen in Fig. 1a,
the jet geometry is symmetrical, and the nozzle diameter is
D=14.1 mm. The length of the impinging plate is 35.46D from

the axis of symmetry to both sides, and the distance from the
impinging plate to the nozzle exit is taken as H=2.6D.

As the second geometry, Del Frate et al. (2011) used the
geometry they studied experimentally. As seen in Fig. 1b, the
jet geometry is symmetrical, and the nozzle diameter is D=26
mm. The length of the impinging plate is 10D from the axis of
symmetry to both sides, and the distance from the striker plate
to the nozzle exit is taken as H=2D.

As the third geometry, Guerra et al. (2005) used the
geometry they studied experimentally. As seen in Fig. 1c, the
jet geometry is symmetrical, and the nozzle diameter is
D=43.5 mm. The length of the impinging plate is 420 mm
from the axis of symmetry to both sides, and the distance from
the impinging plate to the nozzle exit is taken as H=2D.

Jet uniform D=14.11 mm
velocity profile . Confinement plate
L A ,
| /D=2.6 Impinging plate |
'y T :
| 35.4D=500 mm 35.4D=500 mm
1st Geometry (a)
D=26 mm
Jetuniform oy,
velocity profile
80D-2080 mm
Unconfined
E /D=2 Impinging Plate E
10D=260 mm 10D=260 mm
2nd Geometry (b)
D=43.5 mm
Jet uniform e
velocity profile
L=1350 mm Confinement Plate
, )
E /D=2 Impinging Plate E
1 v 1
420 mm B 420 mm
3rd Geometry (c)
Fig. 1 Impinging jet geometries a) Confined b) Unconfined c)
Confined
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2.4. Boundary Conditions

The first geometry is the constrained jet with a constant
surface temperature. As seen in Fig. 2a, air enters from the
nozzle outlet at a temperature of 310 K and a speed of 12 m/s.
The impinging plate is at a uniform temperature of 348 K; the
limiting top plate is the fixed wall. The air outlet is to the
atmosphere at atmospheric pressure.

The second geometry is the unconstrained (immersion) jet
with constant heat flux. As seen in Fig. 2b, air enters the
system from the nozzle exit at a temperature of 293 K and a
speed of 13 m/s. The impinging plate is subjected to a uniform
heat flux of 200 W/m?, and the model does not have a limiting
top plate. The air outlet is to the atmosphere at atmospheric
pressure.

The third geometry is the constrained jet with constant
heat flux. As seen in Fig. 2c, air enters the system from the
nozzle exit at a temperature of 291.65 K and a speed of 12 m/s.
The impinging plate is subjected to a uniform heat flux of
7000 W/m?, and the limiting top plate is considered a fixed
wall in the model. The air outlet is to the atmosphere at
atmospheric pressure.

u,v=0 Tj=310K u,v=0
(Noslip) Uj=12m/s (Noslip)
T
P=0. ¢ y P=0
i Ts = 348K e
' T 1
Ist Geometry (a)
Tj = 293K
Uj=13m/s
u,v=0 i u,v=0
(Noslip) <— (Noslip)
P=0 P=0
A
P=0 ! { P=0
i q=200W/m> >
1 T 1
2nd Geometry (b)
Tj=291.65K
Uj=12m/s
u,v=0 [Tt u,v=0
(Nc}slip) (No;lip)
'S q=7000 Wm? 1570
' f 1
3rd Geometry (c)

Fig. 2 Impinging jet boundary conditions a) Constant surface
temperature b) Constant surface heat flux c¢) Constant surface
temperature

The boundary conditions used are summarized in Table

1.
Table 1. Boundary xonditions used
Constant (van
1. Geometry | Confined Surface Heiningen,
Temperature | 2002)
. Constant (Del Frate,
2. Geometry | Unconfined Heat Flux 2011)
. Constant (Guerra,
3. Geometry | Confined Heat Flux 2005)

3. Results and Discussion
3.1. The Geometry which is Confined and has Constant
Surface Temperature

The y+ values in different mesh sizes in the SST k-
model of the van Heiningen geometry are shown in Fig. 3.

8-
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= Fine
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/D
Fig. 3 Comparison of y* value in different mesh sizes as a chart

The y+ values in different mesh sizes in the SST k-
model of van Heiningen geometry are shown in Table 2.

Table 2. Comparison of y* value in different mesh sizes

Max y+ Min y+ Average y+
Course 7.2 0.5 2.9
Medium 4.8 0.3 1.9
Fine 3.8 0.2 15

While the lower surface has a constant temperature of 348
K in the van Heiningen geometry when the air jet outlet
temperature is taken as 286 K, the Nusselt number is lower
than the experimental result in the SST k- model at the
stagnation point, as seen in fig. 4. Different mesh sizes do not
differ significantly. The results are close to the experimental
study from just after the stagnation point along the impinging
surface. In the range 0 < r/D < 5, the value of the secondary
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peak is lower than in the experimental study but occurs
approximately between 4 < r/D < 6.

60
e 1/D=2.6, Exp.
50 (van Heiningen, 1982)
i C ourse |\ rech
Medmm (This study)
Fine
Nu 30—
o
. "

/D
Fig. 4 Comparison SST k- @ turbulence model, which has low-
Reynold correction with experiment study in the van Heiningen
geometry

While the lower surface has a constant temperature of 348
K in van Heiningen geometry when the air jet outlet
temperature is taken as 310 K, the Nusselt number is slightly
higher than the experimental result in the SST k-o model at
the stagnation point, as seen in fig. 5. There was no significant
difference in different network structures. The results are close
to the experimental work from just after the stagnation point
along the impinging surface. The value of the secondary peak
in the range 0 < r/D < 5 is close to the experimental study but
occurs approximately between 4 < r/D < 6.

60 — e /D=2.6, Exp.
(van Heiningen, 1982)
50 Course
b )
40 * e Medium Mesh
'. Fine (This study)

/D
Fig. 5 Comparison SST k- turbulence model, which has low-
Reynolds correction with experimental study in the van Heiningen
geometry

3.2. The Geometry which is Unconfined and has Constant
Heat Flux

The y+ values in different mesh sizes in the SST k-o
model of Del Frate geometry are shown in fig. 6.

The comparison of the minimum, maximum and average
y+ values in different mesh sizes in the SST k- model of Del
Frate geometry is shown in Table 3.
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Fig. 6 Comparison of y* value in different
mesh sizes as a chart

Table 3. Comparison of y* value in different mesh sizes

Max y* Min y* Average y*
Course 16 1.3 11.1
Medium 2.9 0.3 2.2
Fine 0.6 0 0.4

While the bottom surface has a constant heat flux of 200
W/m? in Del Frate geometry, when the air jet outlet
temperature is taken as 293.55 K, the Nusselt number has the
same value as the experimental result in the SST k- model at
the stagnation point, as seen in figure 7. From the point of rest
along the impinging surface, close results are obtained with
the experimental study. In the range 0 < r/D < 2, the value of
the secondary peak occurs close to the experimental study but
occurs at approximately r/D=2.
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Fig. 7 Comparison SST k- turbulence model, which has low-
Reynolds correction with experimental study in the Del Frate geometry

3.3. The Geometry which is Confined and has Constant Heat
Flux

The y+ values in fine mesh sizes in the SST k-o model of
Guerra geometry are shown in Figure 8.
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Fig. 9 Comparison SST k- o turbulence model with experimental
values a) Effect of turbulence intensity (LS=0.003)  b) Effect of length
scale (Tu=%?2)
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The comparison of the minimum, maximum and average
y+ values in Fine mesh structures in the SST k-o model of
Guerra geometry is shown in Table 4.

Table 4. Comparison of y* value in fine mesh size
Max y* Min y* Average y*
1.3 0.16 1.01

Fine

While the lower surface has a constant heat flux of 7000
W/m? in Guerra geometry, when the air jet outlet temperature
is taken as 291.65 K, the Nusselt number in the SST k-® model
at the stagnation point is much higher than the experimental
result, as shown in Figure 9a. The secondary peak along the
impinging surface occurs around 2 < r/D < 3.

As shown in Figure 9a, the Nusselt number value and
graphic trend differ with changing turbulence intensity on the
second peak. When turbulence intensity is taken %2 based on
Figure 9a, changing of Nusselt number with different length
scales has seen in Figure 9b. A %2 turbulence intensity inlet
length scale of 0.005 has shown the best compatibility with
the experimental result.

4. Conclusion

It has been observed that different mesh sizes do not make
a significant difference in the confined geometry (van
Heiningen geometry) with constant surface temperature. In
addition, it has been observed that the jet exit temperature
increased the Nusselt number in the impinging region.

It has been observed that the numerical values are very
close to the experimental values in the unconfined geometry
(Del Frate geometry) with constant heat flux.

It has been observed that although the numerical values
are far from the experimental values at the stagnation point, as
from r/D>0, numerical values are close to experimental values
in the confined geometry (Guerra geometry) with constant
heat flux. In addition, it has been observed that although
inaccuracy in stagnation point, with %2 inlet turbulence
intensity 0.005 m length scale showed a better trend on second
peak estimation.

It is known from the studies in the literature that the SST
k-o model is successful in impinging jet flow. In this study, it
has been observed that the SST k- model gives more accurate
results with Low Reynold correction in impinging jet flow.
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