
1. INTRODUCTION

Jet impingement can be considered as a turbulent phenomenon and therefore, when performing its 
numerical analyses, an anisotropic turbulence modelling is necessary to obtain all of its 
characteristic features. As shown in the literature review by Zuckerman and Lior (2006) most of the 
models based on Reynolds averaging concept (RANS) fail in proper prediction of the jet 
impingement parameters, especially, when the heat transfer is also taken into account. Amongst 
the RANS models the one, called 𝑣′2̅̅ ̅̅ − 𝑓, was highlighted and indicated as the most suitable 
choice for researchers. However its original version, presented by Durbin (1995) turned out to be 
hard to use in the common CFD software, mainly due to formulation of boundary condition of 
turbulence dissipation rate, which was numerically unstable when segregated solvers were 
applied.  
Numerous modifications were afterwards proposed by researchers and the most favourable trials 
was the ζ-f model by Hanjalić et al. (2004), who reformulated the equations of 𝑣′2̅̅ ̅̅ − 𝑓 model, and 
achieved model robustness while maintaining accuracy of the Durbin (1995) formulation.  
Authors have successfully implemented the model of Hanjalić et al. (2014) in the OpenFOAM 
software to check its usability in the process of numerical single jet impingement modelling (Kura et 
al. 2018, 2018a). Indeed, when applied, it allowed to obtain results which were in very good 
agreement with the reference cases, especially when compared with the typically used k-ε and k-ω 
turbulence models.  
During the Authors’ studies it was revealed, that some issues with turbulence models accuracy, 
mentioned at the beginning of this section, are caused for example by wrong or too general 
turbulence boundary conditions formulation. However it was also clear, that for more complex 
cases than the single jet impingement, even ζ-f model became too basic – as it did not allow to 
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obtain all the flow features, what was also reported for example by Hadžiabdic and Hanjalić 
(2008), who performed the full LES analyses. Therefore, for the purposes of the research 
presented in this paper, the combined RANS/LES formulation was used. Chang (2014) proposed 
the hybrid VLES model based on ζ-f model with origins in the concept of Speziale (1998). It was 
applied for the analyses of single jet impingement by Krumbein (2017), with very promising results. 
The idea of the presented research comes from the cylindrical microjet heat exchanger 
(MJHE) design proposed by Wajs et al. (2019), which is based on the jet impingement 
causing heat transfer enhancement. Its novel concept led to significant improvement in the heat 
transfer rates at the cost of moderate pressure loss increase. However it was investigated only 
experimentally and while the general data about its performance is available, further research 
requires the detailed local phenomena description. Advanced numerical turbulence models 
application, such as VLES model, can provide such data.  
In Fig. 1, the scheme of MJHE geometry is presented, with inclusion of all flow features, 
important from the heat exchanger design and optimization point of view. It should be 
pointed out, that dimensions in Fig. 1 are changed for better visibility. Also the orifices in 
which the jets are generated, are shown only schematically. The multiple jets interference, 
possible cross-flows and, eventually, the surface curvature make the necessity of VLES model 
usage justified. 

Figure 1: MJHE geometry, and the schematic view of the jet impingement 

2. GEOMETRY AND NUMERICAL SETTINGS

An initial step in the evaluation of the proposed model was to compare the results with 
chosen reference data so that its validation could be done. The source was an article 
by Draksler et al. (2014), who performed numerical analysis of the jets array impingement on the 
flat surface, based on the experimental stand from the PhD dissertation by Geers (2004). 
In Fig. 2 the schematic image of the geometry, placement of the boundary conditions 
and the coordinate system considered, are shown. Inlet diameter D was equal to 0.013 m. 
At the inlet, flat velocity and temperature profiles were applied, what is important to be noted. 
Moreover, the turbulence properties had also constant values. Such approach was consistent 
with the data of Draksler et al. (2014) LES simulations and also the specification of Geers 
(2004) experiment. The resulting Reynolds number and the rest of the input details 
are included in Table 1. 
Water was the working fluid in the simulation, and its constant properties adequate to the 
temperature value at the inlet were considered, as the impinged surface heat flux did not resulted 
in the significant temperature differences. 
The OpenFOAM software was chosen, due to its open-source character and capability of new 
features (such as turbulence models) development inside its environment. Range of the analyses 
required the inclusion of mass, momentum and energy conservation laws, coupled with turbulence 
models. OpenFOAM allows to use high order discretization schemes, necessary when performing 
the LES based calculations. Transient simulations had to be performed to obtain time-averaged 
data. Time of averaging was equal to 0.5 s, and to maintain simulations stability, CFL criterion 
was satisfied, so the resulting time step was lower than 3∙10-6 s.  

warm fluid side

cold fluid side

heat exchanging wall
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Figure 2: Analysed case geometry and flow features 

Table 1. Input details 
Inlet Reynolds 

number 
Inlet water 

temperature, K 
Heat flux at the impinged 

surface, W/m2 
20000 293 10000 

The main purpose of the research was to indicate the differences between the RANS 
and hybrid RANS/LES simulations in the case of jet impingement simulations. An additional 
goal was to determine how fast the VLES based simulation can be when mesh of relatively 
small size is generated and decide on its possible usability in device optimisation process. 
Eqs. (1-3) specify the RANS approach, where average quantities (– bar) are governing 
all equations and the closure of the model is achieved through the turbulence model, namely ζ-f, 
application. Eqs. (4-6) on the other hand describe the VLES approach, in which the filtered 
variables (~ bar) are taken into account. The VLES model is based on the hybrid approach. 
Depending on the turbulence length scales and the mesh dimensions it works in the same 
manner as typical LES models or operates as the RANS model. Two approaches 
are connected by the blending function Fr, defined in Eq. (7), which smoothly combines those. 

Eq. (1) 

Eq. (2) 

Eq. (3) 

where 𝑢i̅, 𝑢j̅ are the components of the average velocity vector, m/s; ρ is the density, kg/m3, 𝑝̅ is the 
mean pressure, Pa; μ is the dynamic viscosity, Pa·s; Sij is the tensor of strain rate, 1/s; 𝑢i

′𝑢j
′̅̅ ̅̅ ̅̅  is the 
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Reynolds stress tensor, m2/s2; Θ is the mean temperature, K; θ is the fluctuation of mean 
temperature, K; a is the thermal diffusivity, m2/s and 𝑢j

′𝜃̅̅̅̅̅ is the turbulent heat flux vector, K∙m/s. 

Eq. (4) 

Eq. (5) 

 
Eq. (6) 

 
Eq. (7) 

where Δ is the mesh spacing, m and Λus is the turbulence length scale, m. 

The mesh was generated using the snappyHexMesh algorithms, available inside the OpenFOAM. 
It resulted in low skewness of the elements, which was of great importance in the case 
of VLES simulations. Despite the method (RANS or LES) the same number of hexahedral 
elements was used to obtain the solution, approximately 7.5 million. In Fig. 3 exemplary 
mesh details are presented, overall placement of the cross-section (Fig. 3(a)) and its close-up 
(Fig. 3(b)).  

Figure 3: Exemplary mesh cross-section. (a) its placement and (b) mesh details 

The mesh of the volume, where possible cross-flow took place, was refined, as well as all near-wall 
parts of the model and inlets proximity. The y+ parameter was kept below 1 at all walls. Also the 
adjacent cells volume to volume ratio was reduced to be below 100 even near wall, as it was 
important for the VLES method to remain stable numerically. 
It is important to mention, that the number of elements was selected arbitrarily. Draksler et al. 
(2014) performed LES simulations, and considered numerical grids with number of elements in the 
range from 9 to 576 million. Eventually They have chosen 72 million elements as the compromise. 
So in the following publication Authors would reference their results with the ones in which mesh 
was 10 times bigger in terms of elements number.  

3. RESULTS AND DISCUSSION

In Fig. 4 the placement of probe lines, on which the wall-normal velocity plots were generated, 
are indicated. They cut through the middle of the analysed geometry (normal to the z axis), so also 
the centre jet. The chosen y/D distances indicated the near-wall and far from it situations. 
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Selected data is presented to clearly indicate sensitivity of both analysed models to the boundary 
conditions accuracy. 
In Figs. 5-7 particular results of normalized velocity as well as its fluctuations are presented. 
Results obtained with ζ-f and VLES models are compared with experimental data by Geers (2004) 
in the same manner, as was done by Draksler et al. (2014).  

Figure 4: Placement of the probe lines to extract the wall-normal velocity plots 

(a)  y/D = 0.25 

(b)  y/D = 1.5 

Figure 5: Wall-normal velocity values normalized with ub comparison  
with experimental data by Geers (2004). (a) y/D =0.25, (b) y/D =1.5. Time averaged values 
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In Fig. 5 the wall normal velocity v is compared for both analysed models. It is additionally 
normalized by mean inlet velocity ub. As can be seen only the VLES models reflected the situation 
from the experiment, while the ζ-f model kept the flat inlet velocity profiles, despite the significant 
differences in distances y/D from the inlets presented in Fig. 5. 
In Fig. 6 more difficult for the numerical turbulence modelling cases are presented. The velocity 
fluctuations normal and parallel to impinged surface, also normalized by the bulk inlet velocity, 
are presented at y/D = 0.25 (Fig. 6) and y/D = 1.5 (Fig. 7). They are shown as time averaged 
results. Surprisingly, closer to the impinged surface agreement of the VLES model 
is not satisfactoral. One possible explanation is the necessity to refine the mesh more in that 
region, however avoidance of the mesh independence test was one of goals of presented 
research, to investigate only the arbitrarily chosen, mesh. 
Better performance of the VLES model is clearly visible at larger distance to the impinged surface, 
where agreement with experimental data is very good. The ζ-f model is incapable of simulating 
the velocity fluctuations, which is not surprising as it still is typical RANS model, where 
the turbulence isotropy assumption is considered and in such complex, three dimensional flows, 
as in presented paper, RANS models would very often fail to predict all flow structures, that 
allow identification of important patterns.  

(a)  y/D = 0.25 

(b)  y/D = 0.25 

Figure 6: (a) Wall-parallel and (b) wall normal velocity fluctuations normalized with ub comparison 
with experimental data by Geers (2004). y/D =0.25. Time averaged values 
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(a)  y/D = 1.5 

(b)  y/D = 1.5 

Figure 7 (a) Wall-parallel and (b) wall normal velocity fluctuations normalized with ub comparison  
with experimental data by Geers (2004). y/D =1.5. Time averaged values 

In Fig. 8 the cross-sections at various x/D distances used to present the next data 
are marked. More important from the perspective of the heat transfer analysis of the MJHE 
device are the results from Figs. 9 and 10. Figure 9 presents the wall parallel normalized 
velocity values at particular distances x/D from the computational domain centre, while Figure 
10 selected velocity fluctuations in the same locations. 

Figure 8: Placement of the probe lines to extract the wall-parallel velocity plots 
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As well as in the case of wall-normal results, VLES model represented better all flow patterns, 
and at least partially allowed to identify the behaviour of velocity fluctuations. It is important 
because to properly model turbulent heat fluxes, the turbulence anisotropy has to be considered. 
It will allow understanding of full impact of the turbulence on the heat transfer. Even when 
no direct thermal model is included in the CFD simulations, as was the case in this article, 
analysis of the velocity fluctuations agreement with the reference, and its capability to catch 
the turbulent structures, makes the model sufficient, or not, to be used to thermal analysis. 
In presented cases the model passed the requirements. 

(a)  x/D = 0.5 (b)  x/D = 1.5 

Figure 9: Wall-parallel velocity values comparison with experimental data of Geers (2004). (a) x/D =0.5 
and (b) x/D = 1.5. Time averaged quantities 

 (a)  x/D = 0.5 (b)  x/D = 1.5 

Figure 10: Wall-normal velocity fluctuations values comparison with experimental data of Geers 
(2004). (a) x/D =0.5 and (b) x/D = 1.5. Time averaged quantities 

4. SUMMARY

In the LES based research by Draksler et al. (2014), the data was averaged over 2 seconds 
of the simulation time and the mesh consisted of 72 million elements. Still, though, some 
differences between the obtained results and data by Geers (2004) were reported. In the case 
of Author’s research, the mesh consisted of 7.5 million elements, and the averaging was based 
on the 0.5 s

0

0.5

1

1.5

2

2.5

3

-0.4 -0.2 0 0.2 0.4

y/
D

u/ub

0

0.5

1

1.5

2

2.5

3

-0.4 -0.2 0 0.2 0.4
y/

D
u/ub

-1.5

-1

-0.5

0

0.5

-4.5 -4 -3.5 -3 -2.5 -2 -1.5 -1 -0.5 0 0.5 1

v/
U

bu
lk

x/D

Geers ζ-f VLES

0

0.5

1

1.5

2

2.5

3

0 0.1 0.2

y/
D

<v'v'>/ub
2

0

0.5

1

1.5

2

2.5

3

0 0.1 0.2

y/
D

<v'v'>/ub
2

-1.5

-1

-0.5

0

0.5

-4.5 -4 -3.5 -3 -2.5 -2 -1.5 -1 -0.5 0 0.5 1

v/
U

bu
lk

x/D

Geers ζ-f VLES

361



of the simulation time, what resulted in noticeably improved results, when compared with RANS 
data. It was achieved despite badly defined inlet boundary conditions (for consistency with their 
definition in paper by Draksler et al. (2014)). It can be stated, that if proper inflow definition 
would be considered, based on the actual experimental stand by Geers (2004), 
the agreement would improve. More general conclusion is, that using the VLES method 
it is possible to achieve proper higher order flow statistics even using moderate number 
of mesh elements (in contrary to pure LES method simulations), however only using carefully 
defined boundary conditions, as it works more in the RANS mode. With mesh refining the VLES 
method switches closer to the LES operating mode, where such boundary conditions 
can be less strictly defined, as the turbulent structures are generated by the direct fluctuations 
simulation. 
Another conclusion from the presented research is, that VLES model captures the near wall 
flow pattern, including the velocity fluctuations, so it would sufficiently represent also the turbulent 
heat fluxes. In the Authors opinion the VLES model can be used to analyse the Minijet Heat 
Exchanger and investigate both thermal and fluid phenomena that occurs there, 
keeping in mind the abovementioned mesh issues. Both investigated turbulence models were 
hard-coded into the OpenFOAM software, which makes it a good base tool for analysis 
of jet impingement phenomena, due to the open-source character of the programme 
and possibility of another modifications of the models, if any would be necessary. 

ACKNOWLEDGEMENTS 
The present work was supported by the Polish Ministry of Science and Higher Education 
and by the PLGrid Infrastructure. 

NOMENCLATURE 

a thermal diffusivity, (m2∙s–1) Fr blending function (-) 
f elliptic relaxation function (-) Nu Nusselt numer (-) 
p pressure (Pa) Re Reynolds numer (-) 
Sij Strain rate tensor (s–1) t time (s) 
u x velocity component (m∙s–1) u’ x velocity fluctuation (m∙s–1)
ub Mean inlet velocity (m∙s–1) 𝑢𝑗

′𝜃̅̅̅̅̅ turbulent heat flux vector, (K∙m∙s–1)
𝑢𝑖

′𝑢𝑗
′̅̅ ̅̅ ̅̅ Reynolds stress tensor (m2∙s–2) v y velocity component (m∙s–1)

v’ y velocity fluctuation (m∙s–1)

Δ grid spacing (m) ζ 𝑣′2̅̅ ̅̅  normalized (-) 
Θ mean temperature (K) θ temperature fluctuation (K) 
Λus turbulence mength scale (m) μ Dynamic viscosity (Pa∙s) 
ρ density (kg∙m-3)
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