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Abstract: One of the methods of heat transfer enhancement is utilization of the turbulent impinging
jets, which were recently applied, for example, in the heat exchangers. Their positive impact on
the heat transfer performance was proven, but many questions related to the origin of this impact
are still unanswered. In general, the wall-jet interaction and the near-wall turbulence are supposed
to be its main reason, but their accurate numerical analysis is still very challenging. The authors’
aim was to construct the numerical model which can represent the real phenomena with good
or very good accuracy. Starting with an analysis of single jet and obtaining the agreement with
experimental data, it will be possible to extend the model towards the whole minijets heat exchanger.
The OpenFOAM software, Bracknell, UK was used for that purpose, with our own implementation
of the {-f turbulence model. The most difficult area to model is the stagnation region, where the
thermal effects are the most intensive and, at the same time, strongly affected by the conditions in the
pipe/nozzle/ orifice of various size (conventional, mini, micro), from which the jet is injected. In the
following article, summary of authors’ findings, regarding significance of the velocity profile and
turbulence intensity at the jet place of discharge are presented. In addition, qualitative analysis of
the heat transfer enhancement is included, in relation to the inlet conditions. In the stagnation point,
Nusselt number differences reached the 10%, while, in general, its discrepancy in relation to inlet
conditions was up to 23%.

Keywords: jet impingement; heat transfer enhancement; turbulence characteristics; {-f RANS
model; OpenFoam

1. Introduction

Various flows occurring in the engineering systems can be turbulent and their accurate
scientific analysis is still very challenging. One of the methods of heat transfer enhance-
ment is utilization of the turbulent impinging jets [1,2]. Jet impingement, phenomena
occurring when the fluid stream hits the surface, is an example of a very demanding topic
for the researchers, especially when combined with the heat transfer [3]. The available
results, obtained by the numerical and experimental approaches, very often share the same
unsolved drawback: lack of universality.

To make it more general, it is a common practice to present the obtained data in a
non-dimensional way. Such representation can be found in numerous articles and books
regarding the topic of the jet impingement. As this phenomenon is used to enhance
the heat transfer rates, the typical results presented in such publications consist of the
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hydrodynamic and thermal data, for example, the local and mean values of Nusselt number
on the impinged surface, defined by Equation (1),

OCEfD

Nu = T

)

for local velocity profiles, local values of normal and shear stresses, turbulence parameters,
etc. They are obtained at various values of Reynolds number calculated at the jet inlet,
defined by Equation (2),

MbD

Re = v )

and some geometrical parameters, such as H/D ratio, representing the distance H between
the pipe/nozzle/orifice and the impinged wall, divided by the pipe/nozzle/ orifice diame-
ter, D. The meaning of symbols from Equations (1) and (2) are as follows: & is the so-called
effective heat transfer coefficient, W/ (mZ-K), which takes into account an impact of the
turbulence on the convective heat transfer by using the eddy diffusivity approach [4]; A is
the thermal conductivity of the fluid, W/(m-K); u, is the bulk velocity at the inlet, m/s;
and v is the kinematic viscosity, m?/s.

Such non-dimensional approach can be seen in numerous publications, just to mention
Grenson et al. [5] or Yadav and Agraval [6]. Information about the exact values of the
diameter or other geometrical parameters is usually available; however, it is not always
comprehensive information, especially for the research based on the numerical approach.
Unexperienced readers can easily get the conclusion that some published results from
particular sources can be treated as absolute and universal (for a given constraint, for
example, Reynolds number or the ratio of H/D)—but, it is not right. The research presented
by Lee and Lee [7] and Donovan and Murray [8] has revealed that impinging jet flows
at the same Reynolds number but at different values of the inlet pipe diameter lead to
discrepancy in the Nusselt number.

The explanation of these differences is related to the research done by Garimella
and Nenaydykh [9], who investigated the effect of nozzle geometry (diameter, H/D ratio,
nozzle wall thickness) on the local heat transfer coefficients. The analyzed cases referred
to a single jet with nozzle diameters in the range of 7 x 107 to 6.35 x 1073 m and also
various nozzle aspect ratios in the range of 0.25-12, at constant Reynolds number and
H/D ratio. They indicated considerable differences between the results in the stagnation
zone for all analyzed cases. The stagnation point results were even two times higher for
double inlet diameter. In addition, they have shown the substantial impact of nozzle
shape on the obtained results. The conclusions presented in Reference [9] were confirmed
by Lee et al. [10], who also obtained different thermal results in the stagnation zone,
depending on the inlet dimension. In their opinion, the reason was connected with the
intensity of turbulence in the jet core, variable for different inlet diameters. Royne and
Dey [11] studied an influence of nozzle shape on the results and indicated similar findings.
The problem becomes even more complex when possible effect of the differences in the
experimental methods and inaccuracy of error estimation are considered. It was discussed
by Zhou et al. [12], who have shown that even small changes of particular elements of the
experimental system, such as thickness of the impinged and heated plate, lead to various
results of the heat transfer intensity.

The long-term aim of authors’ research is to construct the numerical model assuring
the results as close as possible to the experimental ones in the case of single jet and jets
array and then model the transport processes in the minijets heat exchanger [1]. At first,
however, it is necessary to clarify the uncertainties reported in the literature. Therefore,
in this paper, the research regarding an influence of inlet flow definition on the thermal
processes occurring during the jet impingement on the flat surface is discussed. It develops
the idea of turbulence intensity significance raised by Lee et al. [10]. To evaluate its impact,
qualitative analysis of the heat transfer enhancement is included, in relation to two various
turbulent inlet conditions. The results, regarding the thermal and hydrodynamic boundary
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layers, turbulence kinetic energy, and its budget, together with the enstrophy flux analysis,
are presented and discussed.

2. Numerical Considerations

Simulations were performed with the use of OpenFOAM (GNU General Public Li-
cence, v2006, ESI-Open CFD, Bracknell, UK), the finite volume based, open-source software.
It also allows us to implement user-programmed functionalities, which were used in the
case of {-f model and other work conducted for the purposes of presented work.

2.1. Numerical Model

The jet impingement numerical analyses require the conservation laws of mass, as
in Equation (3); momentum, as in Equation (4); and energy, as in Equation (5), to be
combined [4]. In the article, the Reynolds Averaged Navier-Stokes (RANS) approach is
considered:
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where u; ; are the components of velocity vector, m/s; p is the fluid density, kg/ m3; pis
the pressure, Pa; y is the fluid dynamic viscosity, Pa-s; Sij is the tensor of strain rate, 1/s;

ufu} is the term for the Reynolds stress tensor, m?2/s2; O is the mean fluid temperature, K; 6

is the fluctuation of fluid mean temperature, K; a is the thermal diffusivity, m?2/s and @
represents the turbulent heat fluxes, K-m/s.

As analyzed flow was turbulent for the assumed conditions, it was necessary to com-
bine the Navier-Stokes equations with the appropriate turbulence modeling. Turbulent
heat fluxes were modeled with the use of the turbulent Prandtl number [4]. While other,
more advanced formulations were also proposed to be coupled with RANS-based turbu-
lence models, such as the one of Kenjeres, Gunarjo, and Hanjalic [13], that basic approach
is also capable of providing sufficient results.

The selected RANS model was the Hanjalic’s et al. {-f model [14]. Authors proved it is
suitable for the jet impingement simulations [15,16]. This model consists of four additional
equations system, representing k (turbulence kinetic energy), ¢ (the dissipation of k), {
(fluctuation of the velocity normal to streamlines v2 normalized by k), and f (relaxation
function), which plays a major role in controlling the turbulence production near the wall:

2 .
aax]-(”fk) = G—s+;xj[<v+;i> ;fj] @)
aax].<”‘f€) _ ‘”GTW+£]KH3) aaj]] ®)
60 = 1o (o) 3] K

2viy-f = 1(a+af)(e-3) (10)
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where G is the turbulence kinetic energy production term, m?/s3, Ce1, Cez, C1, C'a, 0, O,
and o are the model specific constants, T is the time scale, and L is the length scale.

The introduction of two additional (in comparison to conventional k-¢ turbulence
models) variables, { and f, leads to improved accuracy of simulating near-wall momentum
and energy transport, as they represent the possible impact of anisotropic turbulent phe-
nomena (even though the model itself still assumes the isotropic turbulence, similarly as
majority of other RANS models). The aforementioned {-f turbulence model is not typically
available in Computational Fluid Dynamics (CFD) software. It could only be used after
implementing it into the software, which was successfully done.

The steady-state cases were considered. Therefore, Semi-Implicit Method for Pressure
Linked Equations (SIMPLE) algorithm had to be used to control the pressure-velocity
coupling. Its basic operations are as follows [4]:
i+1

initialize u*! and p'*!,

construct and under-relax the momentum equation,

solve the momentum equation to obtain prediction for ui*1,
solve the momentum equation to obtain the prediction for u'*1,

construct and solve the pressure equation for p”l,

correct the cell surface flux and under-relax p'*?,
correct the velocity u'*!, and
check the convergence, move to iteration i + 2, or repeat the algorithm.

All utilized schemes were of second-order accurate, namely linear Upwind for diver-
gence operator and Gauss linear for gradients, with cell-based limiters for velocity and
turbulence variables to control the solution progress, especially at the initial iterations [4].
Convergence rate of residuals was set to reach the values below 1 x 10-8. Nevertheless,
the average Nusselt number at the impinged surface was also monitored to identify the
occurrence of steady-state conditions.

2.2. Geometry and Boundary Conditions

A working fluid was the air, characterized by the properties listed in Table 1. Due to
small temperature difference in the simulated process, these properties were considered as
constant. The type and placement of the boundary conditions are presented in Figure 1,
together with an important geometrical parameters, such as x — radial variable from the
stagnation point, which is used to define the non-dimensional distance along the heated
surface x/D, and h—variable representing a distance between the stagnation point and the
potential jet core termination, which is used to define the non-dimensional distance, /1/D.

Table 1. Working fluid (the air) properties.

Property Value

density p, kg/ m3 1.225
kinematic viscosity v, m2/s 15 x 107°

specific heat capacity ¢, ]/ (kg-K) 1005

Pr (Prandtl number) 0.713

Pr¢ (turbulent Prandtl number) 1
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Figure 1. Boundary conditions placement. Indication of important geometrical variables. Further
explanation is included in Table 2.

Table 2. Boundary conditions.

Type Value
inlet Reynolds number based on the bulk velocity u, 23,000
inlet temperature T, K 293
impinged surface heat flux density g, W/ m? 1000
diameter D, m 0.01
H/D ratio 2

At the inlet, the developed profile was achieved by using the OpenFOAM specific
feature that allows the recycling (mapping) of the upstream flow parameters (after initializ-
ing with the predefined conditions) back to the inlet with every iteration, what simulates
the existence of the infinitely long initial channel. It also allows to maintain constant bulk
velocity at the mapped inlet. Impinged surface was heated with the constant heat flux,
g. Its value was taken from the existing analysis of the heat exchanger [1]. The values at
boundaries are listed in Table 2.

2.3. Mesh Details

It is important to mention that considered cases were axisymmetric, due to the nature
of investigated phenomenon. As a result, it allowed us to reduce the necessary amount
of mesh elements. All elements were hexahedral, apart from wedges at the symmetry
axis proximity. Up to 66,000 elements were generated. In Figure 2, the results of the mesh
independence tests are presented. As the {-f model is the low-Reynolds type of RANS
model, it requires the mesh to be dense enough to define the near-wall flow properties.
In addition, the mesh was refined at the zones of higher gradients of particular variables
and along the direction of the flow. As it can be seen, apart from the most basic mesh, two
others provided complementary results, and there was no need for further refinement.
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Figure 2. The mesh independence test results, conducted for selected number of mesh elements.
Boundary conditions equal to those listed in Table 2.

The common practice in an analysis of the heat transfer processes is to keep the
dimensionless first node distance from wall y*, defined in Equation (11), at values of about
1 to fully simulate the boundary layer [4]. While it is possible to use the {-f model in
combination with the wall-functions, as proposed by Popovac and Hanjalic [17], such
approach was omitted in the presented paper to achieve an effect from the previous

sentence.

u*
vt = (1)

where v is the distance between the wall and the first mesh node near it, m and u” is the
friction velocity, m/s. For the purposes of presented research this criterion was lowered to
0.5 to increase the near-wall mesh refinement.

2.4. Validation of {-f Model

In Figure 3, selected validation data of {-f model is presented, in the basis of com-
parison between the experimental data [18] and the numerical results obtained with the
utilization of typical k-¢ [4] and {-f models. It is related to the wall-normal flow conditions
and the boundary layer is generated due to jet impingement. As can be seen, the agreement
obtained when using the Hanjalic’s model is significantly higher.

An agreement of the {-f model based results with the validation data was the most
important factor, but also the relative time of simulations was an added value and an
important aspect for the future, more complex simulations. While this model can be
perceived as the improved version of classical k- model, its formulation was based on many
assumptions originated from various turbulence modeling approaches [14]. It allowed to
minimize the drawbacks of the eddy viscosity models, especially the overprediction of the
turbulence production in the flow stagnation areas, where the velocity values are relatively
small, but the vorticity reaches high values.
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Figure 3. Numerical model validation. Reference experimental data [18] versus k-¢ and {-f models
results. Velocity profiles (left side) and turbulence kinetic energy profiles (right side) for indicated
values of non-dimensional distance x/D from stagnation point.

3. Preliminary Research
3.1. Issues of Non-Dimensionalization

The issue mentioned in the Introduction, an accurate understanding of non-dimensional
data from scientific literature regarding jet impingement is especially challenging when
it comes to the numerical works. However, it is not limited only to them. An example of
possible significant discrepancies can be shown based on experimental results by Lee and
Lee [7] and Donovan and Murray [8]. In their publications, local Nusselt number values
at various Reynolds numbers, calculated for the jet inlet and particular H/D cases, were
shown. For both inlets, the Reynolds number was equal to 20,000, and the flow leaving
the pipe was described as fully developed. The only noticeable difference was the actual
diameter of the pipe, in which the inlet conditions were generated; in Reference [7], it was
0.025 m, in Reference [8], 0.0135 m. An example of possible significant discrepancies is
presented in Figure 4, which summarized their findings related to the Nusselt number at
the impinged surface. In Figure 4a, the case corresponds to the ratio H/D = 2; in Figure 4b,
the case is H/D = 4. Inlet Reynolds number was equal to 20,000.
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Figure 4. Experimental results of jet impingement analysis [7,8]. Inlet Reynolds number equal to 20,000, (a) H/D = 2, (b)

H/D =4.

As can be concluded, the differences are noticeable, not only for the results along the
surface, at which Nusselt number was calculated, but also within the stagnation zone.

While previously referenced research [7-11] concerned the experimental investiga-
tions, the authors, in their own numerical research, also obtained similar discrepancies
in the results, as presented in Figure 5, where effect of a relative increase of the diameter
size on the thermal performance results is visualized. For both cases, the working fluid, its
properties, inlet conditions (Reynolds number equal to 30,000, inlet temperature equal to
300 K, fully developed turbulent conditions), and outlet definition were exactly the same.
In addition, numerical configurations did not differ.

240 =
200
. 160 et - ................. 2D
A120 [T T SNIT S e
80 Tl
40
0 1 2 3 4

x/D

Figure 5. Comparison of numerical results obtained at constant inlet Reynolds number Re = 30,000,
constant H/D = 2 and various values of the inlet diameter. {-f turbulence model, authors” own
research.

The majority of the available software packages are based on the finite element,
volume, or difference methods. The computational time of particular simulation depends
mostly on a number of these discrete parts, which together represent the real model.
Therefore, it is important and common practice of CFD users to reduce their number.
Typically, the fully developed flow is generated with a usage of mapped/periodic boundary
conditions techniques, instead of creating the mesh and simulating long enough pipes for
the flow to develop. As it will be proved in the next pages, such an approach can lead to
different results. Additionally, typical CFD meshing manipulation techniques might lead
to other paradox situations. From the CFD methods point of view, there is no difference
between the mesh of one shape and another corresponding mesh, in which all the distances
between nodes were obtained by the multiplication of the same distances from the first
mesh. As a result, even with complete change of geometry, obtained results would not vary
between two meshes; an example might be the simulation of two various pipe flows, of
different diameters. In reality, on the other hand, such flows are characterized by different
conditions, as indicated, for example, in Figures 4 and 5.
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3.2. Inlet Turbulence Definition

To analyze the problem mentioned in the previous section, two various profiles at the
inlet were investigated. Varying parameters, defining it, chosen in accordance with the
method of Behnia et al. [19,20], are listed in Table 3.

Table 3. Investigated conditions at the inlet.

Inlet Reynolds Number Based

Name on the Bulk Velocity, Inlet u./u;, Ratio Inlet Turbulence Intensity, I
case [ 1.2 5.8%
case II 23,000 1.1 3.4%

The turbulence intensity I was calculated with the utilization of Equation (12) [4]:

!
I = w = i gk, (12)
Up Up 3

where 1 is the velocity fluctuation, m/s; and k is the turbulence kinetic energy, m?/s2.

As it can be concluded, the applied -f model assumes the isotropic fluctuations of
the velocity.

In Figure 6, the velocity profiles, as well as the profiles of turbulence intensity, I,
are shown, with noticeable differences between investigated cases. The velocity ratio
uc/uy represents the centerline velocity 1, divided by the bulk velocity u;,. For both cases,
the second value remained the same, which allowed the comparison. The “case I” can
be, though, as the software-related fully developed profile, obtained by the inlet mapping
technique. The “case II” represents the values obtained by simulation of already developed
flow through the circular pipe. It can be seen, when analyzing Figure 6a, that bigger
differences between the values occurred for the turbulence intensity, as shown in Figure 6b.
Nevertheless, it also can be noticed that the near-wall values of the turbulence intensity
do not differ significantly, which indicates and proves the fact that the boundary layer is
already established in both cases.

0.1

case I

0.08 - = =casell
0.06

~
0.04 o
. /
0.3 case | 002 pm====———- -
- = =case Il
0 0
0 0.1 0.2 03 0.4 0.5 0 0.1 0.2 0.3 04 0.5
x/D x/D
(a) (b)

Figure 6. The velocity profiles (a) and the turbulence intensity I (b) at the inlet, for both analyzed cases.

4. Results of Main Studies and Discussion

The boundary conditions listed in Table 2 were selected as they refer to the widely
used benchmark case, presented, and verified by the ERCOFTAC (European Research Com-
munity on Flow, Turbulence and Combustion) Association. It is based on the experimental
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investigation of Yan [21] and Cooper et al. [18], as well as Baughn and Shimizu [22]. Some
numerical insight about the case is provided in Reference [19,20].

In Figure 7, the Nusselt number results obtained at the impinged surface with both
inlet conditions are presented, in reference to verified experimental data [21]. Close to
the stagnation point, different results can be observed, while, away from the stagnation
point, where the wall jet is already generated and developed, minor differences can be
seen, and the tendency is constant (“case I” providing slightly higher values of convective
heat transfer). At the stagnation point, the values obtained with “case I” assured better
accuracy. However, the important feature of local Nusselt number curve, its secondary
peak, that occurs for particular combinations of H/D and Reynolds numbers [15,16], was
significantly better expressed when the “case II” was used. Its physical meaning is related
to the fact that, while first peak originates from the jet features itself intensifying the heat
transfer, the latter is generated during the formation and evolution of impinging surface
boundary layer and also lead to enhanced thermal process. Authors have proven in their
research work [15,16] that the chosen turbulence model is suitable to adequately simulate
both peaks, thus correctly illustrating the phenomenon. For the results obtained with “case
1”7, the secondary peak occurred slightly earlier and was less sharp. It can be assumed, then,
that the profile obtained in the experiments by Yan [21] featured the combined properties
of both inlet characteristics used in this paper.

160
case I
q - = =case Il
120 [ _ -0\ o [21]
E oN
Z
80
40
0 1 2 3 4 5

x/D

Figure 7. The Nusselt number values at the impinged surface, in relation to applied flow conditions
at the inlet. See Reference [21] to benchmark case results.

4.1. The Hydrodynamic and Thermal Boundary Layers

The absolute velocity values at various locations over the impinged surface, as well as
the boundary layer thickness, were taken into consideration to identify further differences
between the cases. In Figure 8, the velocity profiles obtained with “case I” are presented,
while, in Figure 9, the velocity profiles obtained with “case II”. All particular values of the
velocity are normalized with the bulk velocity uy,. In addition, the boundary layer thickness
is shown on both images, represented by the solid (Figure 8) and dotted (Figure 9) lines.
It was calculated with assumption that it is limited to the distance, where the velocity
reaches the 99% of the free stream velocity. In Figure 10, the additional close-up of the near
wall area is shown to indicate the differences in the boundary layer thickness between two
analyzed cases. The boundary layer thickness, as can be seen in Figures 8-10, was growing
along the x/D distance, starting from the stagnation point. However, the location of second
maximum of Nusselt number, marked in Figure 10 as the vertical line, is characterized by
the slight decrease in the boundary layer thickness. At the distances longer than x/D = 2.25,
the height of the boundary layers stabilize, which indicates the occurrence of an already
developed wall-jet.
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Figure 8. Velocity profiles, normalized by the bulk velocity uy, obtained for “case I” (Table 3). Boundary layer thickness
indicated by the thick solid line.
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Figure 9. Velocity profiles, normalized by the bulk velocity uy, obtained for “case II” (Table 3). Boundary layer thickness
indicated by the dashed line.

0.02
0.015 Nu,.. case |
% 0.01 ‘—_’_'_,—"’-----"~s,_~~ L ----case.II
0.005 i
O 1
0 025 0.5 0.75 1 1.25 1.5 1.75 2

225 25 275 3
x/D

Figure 10. Close-up of the boundary layer thickness obtained for “case I” and “case II” (Table 3). The second maxima of
Nusselt number for both cases is also shown.

In Figure 11, the detailed velocity and turbulence intensity profiles are presented
for selected distances x/D from the stagnation point. Therefore, they correspond to the
velocity plots from Figures 8-10. In Figure 11, the discrepancies of the presented variables
values in the impinging jet can be noticed, in relation to the applied inlet profile. Some
differences between the velocity profiles can be noticed; however, more important are the

plots of the turbulence intensity (Figure 11b). As it can be seen, close to the stagnation
point, the impact of the impinging jet is strong, as the difference in turbulent transport is
significant. It vanishes at x/D of about 2, where the wall jet is developed. The characteristic
maxima of turbulence intensity, visible in the last two plots in Figure 11b, located above
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the boundary layer, are connected with the characteristic big vortex that is clearly visible in
Figure 12, where the global turbulence kinetic energy k field is shown for both analyzed
cases. They also show approximate locations, where the overall maximum value of k was
obtained for both cases. It is indicated by the white dots.
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Figure 11. The normalized velocity (a) and turbulence intensity (b) profiles in the boundary layer at the impinged surface
for various values of non-dimensional x/D distance from the stagnation point.

(a) case I (b) case II

x'D =165 xD =174

—

— 20
— 10
-0

k [m?/s?]

Figure 12. The turbulence kinetic energy fields, obtained for “case I” (a) and “case II” (b). White dots indicate the turbulence
kinetic energy global maxima.
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In Figure 13, the temperature profiles at various x/D locations are presented, to
provide also a data regarding the thermal boundary layer and its variation due to applied
different inlet conditions. Temperature is presented as the non-dimensional value, divided
by the mean inlet temperature, Tj,,;. The differences are exhibited at all investigated
locations until the wall jest was established, independent of the inlet parameters variations,
as can be seen at the plot from location x/D = 2. With the increasing distance from the
stagnation point, values at the surface for both cases increase, which corresponds to the
formation of the boundary layer. It is worth noting that, near wall, the values obtained for
“case II” are higher, while the tendency outside the boundary layer is opposite.
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0.04 0.04 0.04 0.04
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Figure 13. The temperature profiles in the boundary layer at the impinged surface for various values of non-dimensional

x/D distance from the stagnation point. Temperature values are presented in a non-dimensional way, being divided by the

inlet temperature T

4.2. Turbulence Characteristics of the Flow Near the Impinged Surface
In Figure 14, the corresponding results concerning the local values of turbulence kinetic

energy rate k are shown. The reason to divide the values of turbulence kinetic energy
by time was to maintain the consistency of results with data from Figure 15, presented
later and concerning the budget of this variable. The values of turbulence kinetic energy

rate k were obtained at first mesh cells above the heated and impinged wall, thus being
located inside the boundary layer. The first conclusion that can be stated is connected with
significantly lower values of the variable obtained for the “case II” before the wall-jet was
generated (x/D ~ 2). The first peak locations for both profiles corresponds to the location
of the first peaks of the Nusselt number, shown in Figure 7. However, the second peaks of
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k are slightly away from the stagnation point, in comparison with the second peaks of the

Nusselt number.

0.64

case |

- = =casell

x/D

Figure 14. The turbulence kinetic energy rate k values at the first mesh node above the impinged

surface, in relation to analyzed cases of the flow conditions at the inlet.
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Figure 15. Budget terms of the turbulence kinetic energy rate k. The values are presented at the first
mesh node above the impinged surface, in relation to applied flow conditions at the inlet. Production
rate (a), convection rate (b), diffusion rate (c), and dissipation rate (d).

In general, the link between the values and behavior of k in relation to the heat transfer
represented by the Nusselt number can be found. The highest values of k do not necessarily
correspond to the highest values of Nusselt number; nevertheless, the rapid change of this
variable, indicating creation of the highly turbulent zone, leads to increased heat transfer

rates. As the mean turbulence kinetic energy rate k values, near impinged wall, exhibited
the similarities between them and the Nusselt number distribution, its budget was also



Energies 2021, 14, 105

15 of 20

investigated, to gain deeper understanding of the jet impingement phenomenon. For the
{-f model, the conservation equation for k takes the form of Equation (7). In Figure 15, all

the budget terms of k are plotted, at the same location as the one used in the Figure 14.
In general, higher values of all terms were obtained when “case I” was applied at the

inlet. Two main terms that contribute to the budget of k are the diffusion rate, shown in
Figure 15c¢, and the dissipation rate, balancing it, shown in Figure 15d. Their distribution
is adequate to the distribution of turbulence kinetic energy rate from Figure 14, with two
noticeable peaks, from which the second reaches higher values.

The production, in Figure 15a, and advection, in Figure 15b, rates do not contribute to
the budget as strongly as the diffusion and dissipation because their values near-wall are
very small in comparison with other two terms. The differences between both analyzed
cases are clearly visible. While the “case 1” profile applied at the inlet leads to high

production rate of k at a distance from stagnation point equal to x/D ~ 0.5 (approximate
end of the stagnation zone), the “case II” does not cause such a big impact. It is surprising,

despite the fact that the near-wall values of k imposed at the inlet (see Figure 6) are almost
the same for both profiles, and the inlet pipe radius does not differ, being placed at the
same radial distance from the stagnation point, equal to x/D = 0.5. Convective rate term
has negative values near the stagnation point, and the change of its sign occurs close to the
location of Nusselt number secondary maxima.

Another parameter that was compared at the near-wall locations was local enstrophy
flux O, defined in Equation (13) on the basis of vorticity (velocity curl) [4], with enstrophy
E definition shown in Equation (14):

Q = 05|V x ul?, (13)

E = [ Qds. (14)

Regions with high values of that variable are associated with those of high turbulence
energy dissipation rate. As it can be seen in Figure 16, its values have also similar tendency
as the Nusselt number. Similarly to the majority of the previously presented variables,
the usage of “case 1” led to higher values of (). For both profiles, the first peak of () was
significantly higher than the second one. The reason is related to the fact that, at the location
of x/D = 0.5 (approximate end of the stagnation zone), the rapid change of direction of the
impinging flow occurs. The second peaks of () are characterized by almost the same values;
however, their locations slightly differ, as was in the case of the Nusselt number peaks.
When the wall jet was formed, the differences between the two analyzed cases vanished.

400
case |
300 - = =casell
= "
2 200 I\
. ' v
G I} \
100 ) N 7 Q
l -
’
0
0 1 2 3 4

Figure 16. The enstrophy flux, (), values at the first mesh node above the impinged surface, in relation
to applied flow conditions at the inlet.
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4.3. Turbulence Characteristics of the Impinging Jet Itself

The aforementioned data was related to the origin of the Nusselt number extrema outside
the stagnation point. However, as it can be concluded from Figures 1, 5 and 7, the Nusselt
number can also exhibit the maximum exactly at the stagnation point. The source of the
intensive heat exchange at the stagnation point is still an open question [8,20,22]. It cannot

be related to the turbulence production rate (as the k values there are small, see Figure 14),
and it is most often attributed to the influence of the inflow turbulence, which is the feature of
the jet itself. The so-called potential core, in which the velocity remains almost constant in
relation to the pipe exit, plays a major role in the heat transfer intensification at the stagnation
point, as it includes the original characteristics of the inlet flow. The distance, denoted by & in
Figure 4, between the stagnation point and the potential jet core termination, due to increased
shear layers impact around the jet core, indicates how strongly it can affect the stagnation
point. In Table 4, the difference in these distances between analyzed cases is shown, in a
non-dimensional manner. The “case I” flow induced at the inlet kept its characteristic up to
h equal to 0.555, which was closer to the stagnation point than that for the “case II”. As a
result, the higher values of that point’s Nusselt number were obtained, as can be observed
in Figure 7.

Table 4. Non-dimensional distance &/D between the stagnation point and the potential jet core

termination.
Case hiD
case I 0.2775
case II 0.327

In Figures 17-19, the additional data related to the potential core existence is shown.
The evolution of the local profiles of velocity (Figure 17), turbulence intensity (Figure 18),
and enstrophy (Figure 19) along the impinging jet is presented. When approaching the
impinged surface, the distortion of all the profiles can be seen, with significant differences
between the analyzed cases. “Case 1”, which was characterized by higher turbulence levels
in its core, prevails longer, whereas the velocity profile in Figure 17 is flatter close to the
surface. In addition, the enstrophy plot at that location, shown in Figure 19, has lower
values of its peak (which indicates the shear area). Its lower values mean that the jet is
more resistant to the impact of the ambient, steady fluid.

h/H=0.5 h/H=0.25 h/H=0.125
x/D x/D x/D
0 0.25 0.5 0.75 0 0.25 0.5 0.75 0 0.25 0.5 0.75
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Q0.4 - Q0.4 L
E $ E =

0.8 0.8 =

1.2 1.2 1.2

casel = —=-casell

Figure 17. Impinging jet absolute velocity profiles at various values of non-dimensional distance /1/H above the impinged
surface.
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Figure 18. Impinging jet turbulence intensity profiles at various values of non-dimensional distance //H above the impinged

surface.
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Figure 19. Impinging jet enstrophy profiles at various values of non-dimensional distance /H above the impinged surface.

5. Conclusions

The main goal of the following article was to analyze the jet impingement phenomenon
and present the impact of the inlet flow conditions on the thermal performance at the
impinged surface. It was related to the necessity of deeper understanding of the heat
transfer processes that can occur in the heat exchanger [1], which was built on the basis of
minigaps flow jet impingement. Numerical simulations were performed with the use of
OpenFOAM (v2006) software. Turbulent conditions were numerically modeled, which was
achieved by implementation of the RANS based on Hanjalic’s {-f model [14]. It was shown
that, without the full definition of the conditions at the inlet, it is impossible to use particular
results as the reference data, since the detailed analysis reveals significant discrepancies.
Two types of conditions were considered, and both could be described as the developed
flow. The mean velocities were the same, and the near-wall turbulence kinetic energy did
not differ more than ~5%. However, as shown in the Results section, the conditions near
the impinged wall (related to turbulence or, more generally, hydrodynamics of the flow)
and at this wall (related to the thermal performance) differed significantly. A correlation

between the values of turbulence kinetic energy rate k and the Nusselt number distribution

was indicated. In addition, the analysis of the turbulence kinetic energy rate k budget
near-wall, as well as the enstrophy flux distribution there, were presented. For all variables,
clear discrepancies between utilized inlet conditions was shown.



Energies 2021, 14, 105

18 of 20

Since many publications do not include detailed data regarding the applied inflow
conditions, they should be carefully analyzed as the source of validation. Taking into
account only some non-dimensional parameters, such as H/D or inlet Reynolds number,
when choosing the reference, might not be enough sufficient for analysis the flows in micro-,
mini-, or conventional channels. The research papers should also contain the data related
to the turbulent properties of the issued jet because only velocity profiles are too general.

The authors also suggest including the flow profiles description close to the impinged
surface (see Section 4.3) in the problem’s literature, as they are more significant than the
ones at the nozzle/orifice exit and strongly influence the jet impingement phenomenon.
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Nomenclature

Latin symbols
a thermal diffusivity, m?/s
Cq {-f model constant, —
C's - model constant, -
Ce1 {-f model constant, —
Cen {-f model constant, —
Cp specific heat, ]/ (kg K)
D pipe/nozzle/orifice diameter, m
E enstrophy, m?/s?
f elliptic relaxation of the {-f model, 1/s
G turbulence production rate, m? /s>
H distance between the pipe/nozzle/orifice and impinged surface, m
H/D jet to impinged surface ratio, —
variable representing a distance between the stagnation point and the potential jet core

h termination, m

/D non-dimensional distance between the stagnation point and the potential jet core
termination

I turbulence intensity, —

i iteration, —

k turbulence kinetic energy, m?/s?

k turbulence kinetic energy rate, m?/s3

L turbulent length scale, 1/m

p pressure, Pa

S,-]- strain rate tensor, 1/s

T temperature, K

u velocity, m/s

u; velocity components, m/s

' velocity fluctuation, m/s

u* friction velocity, m/s
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up bulk velocity, m/s

02 root mean square of the fluctuation of the velocity normal to streamlines, m?/s?
x radial variable from the stagnation point, m

x/D  non-dimensional distance along the heated surface, —
y point to wall distance, m

yt dimensionless wall distance, —

Greek symbols

o heat transfer coefficient, W/ (m2 K)

wdf effective heat transfer coefficient, W /(m? K)

€ dissipation of the turbulence kinetic energy rate, m?/s3
¢ ©2 normalized by k, —

© mean temperature, K

0 temperature fluctuation, K

A thermal conductivity of the fluid, W/(m K)

H dynamic viscosity, Pa s

v kinematic viscosity, m?2/s

Ut eddy viscosity, m2/s

0 density, kg/ m3

T turbulent time scale, 1/s

Oe {-f model constant, —

O {-f model constant, —

o7 {-f model constant, —

Q enstrophy flux, 1/ g2
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