
 

1. Introduction 

Turbulent round jet impingement has been studied for a long 

time. However, due to its complexity and high heat transfer per-

formance, this phenomenon still attracts the attention of re-

searchers and is a subject of both numerical and experimental 

studies [1]. The description of this process is influenced by var-

ious factors such as the Reynolds number, the Prandtl number, 

the nozzle-to-impingement-plate distance ratio (H/D), the noz-

zle shape, the inlet velocity profile, and many others [1‒4], 

whose make it challenging to compare the results from different 

studies [5]. Numerical analysis of jet impingement can be car-

ried out using direct numerical simulation (DNS), large eddy 

simulation (LES), or Reynolds averaged Navier-Stokes (RANS) 

approach. The first two methods provide insight into the physics 

of the process but are computationally expensive compared to 
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Abstract 

Impinging jets are one of the most effective techniques of heat transfer intensification, therefore they are continuously 

applied in various engineering areas. On the other hand, a numerical modelling of complex phenomena contributing to an 

overall heat transfer effect (and the Nusselt number value) is still not sufficient and suffers from lack of generalization. The 

extensive studies have been conducted to unify approach to the impinging jet modelling and construct the model (in Ansys 

Fluent software), which allows mirroring of the results. Presented work discusses differences in representation of impinging 

jet between various turbulence models based on the turbulence kinetic energy, momentum and energy budgets. It allows 

deep understanding of influence of geometrical and flow parameters on fluid mechanics phenomena interaction and final 

effect. The most significant results are connected with linking of Nusselt number distribution with analyzed budgets’ terms. 

Each term contributes to the distribution and cannot be omitted. Drawn conclusions explain the origin of reported in litera-

ture differences and includes suggestions, how to evaluate the Nusselt number distribution results coming from various 

turbulence models. At this stage of research to have a complete image of relation between the particular quantities budgets 

and heat transfer effect it is suggested to consider also the turbulence kinetic energy dissipation budget, which will fil opened 

by this research gap. 
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Nomenclature 

𝐶𝑃 ‒ specific heat capacity, J/(kg K) 

𝐷 ‒ inlet diameter, m 

𝑓 ‒ elliptic relaxation function 

𝐻 ‒ nozzle-to-impingement-plate-distance, computational  

domain height, m 

H/D ‒ nozzle-to-impingement-plate-distance to inlet diameter ratio 

𝑘 ‒ turbulence kinetic energy, m2/s2 

Nu ‒ Nusselt number 

𝑃 ‒ average pressure, Pa 

Pr ‒ Prandtl number 

𝑞̇ ‒ wall heat flux, W/m2 

Re ‒ Reynolds number 

𝑆 ‒ strain rate tensor, 1/s 

𝑇 ‒ average temperature, K 

𝑇𝑖𝑛 ‒ reference inlet temperature, K 

𝑇𝑤 ‒ local wall temperature, K 

𝑢𝑖𝑢𝑗  ‒ Reynolds stress term, m2/s2 

𝑈 ‒ average radial velocity, m/s 

|𝑈| ‒ average inlet velocity, m/s 

𝑈𝑖 , 𝑈𝑗‒ average velocity components, m/s 

𝑣2̅̅ ̅ ‒ velocity fluctuation 

𝑉 ‒ average axial velocity, m/s 

𝑥 ‒ radial coordinate, m 

𝑥𝑖 , 𝑥𝑗  ‒ Cartesian coordinates, m 

x/D ‒ radial coordinate to inlet diameter ratio 

𝑦 ‒ axial coordinate, m  

y+ ‒ dimensionless distance from the wall 

 

Greek symbols 

𝛼 ‒ heat transfer coefficient, W/(m2K) 

𝛼𝑘 ‒ inverse effective Prandtl number 

 

 

𝛽∗ ‒ model constant 

𝛾 ‒ intermittency 

𝜀 ‒ turbulence dissipation rate, m2/s3 

𝜆 ‒ thermal conductivity, W/(m K) 

𝜇 ‒ dynamic viscosity, Pa s 

𝜇𝑒𝑓𝑓  ‒ effective viscosity, Pa s 

𝜇𝑡 ‒ turbulent viscosity, Pa s 

𝑢𝑗𝜃 ‒ turbulent heat flux, Km/s 

𝜌 ‒ density, kg/m3 

𝜎𝑘, 𝜎𝑡‒ turbulent Prandtl number 

𝜔 ‒ specific turbulent dissipation rate, 1/s 

𝛺 ‒ magnitude of the vorticity rate, 1/s 

 

Subscripts and Superscripts 

E ‒ energy equation 

k ‒ turbulence kinetic energy equation 

M ‒ momentum equation 

 

Abbreviations and Acronyms 

CONV ‒ convection term 

DIFF ‒ diffusion term 

DISS ‒ dissipation term 

DNS ‒ direct numerical simulation 

LES ‒ large eddy simulation 

PRESS ‒ pressure term 

PROD ‒ production term 

RANS ‒ Reynolds averaged Navier-Stokes 

RNG ‒ renormalisation group 

RS ‒ Reynolds stress term 

SST ‒ shear stress transport 

TDIFF ‒ turbulent diffusion term 

TKE ‒ turbulence kinetic energy 

UDF ‒ user-defined function 

the last one [1]. The third method is more suitable from an engi-

neering perspective, where turbulent flow is more common, and 

it is a valuable tool for analyzing and predicting heat transfer 

performance [1]. Despite many research efforts in this field, 

there are still discrepancies in predicting the local Nusselt num-

ber distribution numerically, especially in the position of its sec-

ondary maximum [6,7]. 

According to Kořínek et al. [8], the resolution of near-wall 

mesh significantly affected the heat transfer of the round jet im-

pingement when using scale-resolving-simulation methods. 

They found that mesh refinement in the longitudinal direction is 

more crucial than in the perpendicular direction. Furthermore, 

they observed that grid refinement was particularly beneficial 

for LES and DES (detached eddy simulation) calculations when 

dealing with cases of low nozzle-to-plate distance. The paper by 

Domino and Wenzel [9] described the results of DNS calcula-

tions for a series of non-isothermal turbulent impinging jet con-

figurations. The simulations showed an increase in radial mixing 

as the jet temperature increased. Regions of large negative pro-

duction of turbulence kinetic energy were noted to be a function 

of the difference between the axial and radial normal stresses, 

with crucial inflection points occurring where their magnitudes 

changed. A large recirculation structure was evident in all sim-

ulations, highlighting a faster mixing of nest-like structures at 

the higher nozzle-to-impingement-plate-distance ratio. Magag-

nato et al. [4] conducted DNS calculations to examine the im-

pact of the Prandtl number on the heat transfer of a circular im-

pinging jet. In this study, the temperature field was considered 

as a passive scalar. The study confirmed that the Prandtl number 

affects the value of the Nusselt number at a fixed Reynolds num-

ber. The distribution of the Nusselt number along the plate ex-

hibited similar features at different Prandtl numbers and showed 

a characteristic secondary maximum for both analyzed Reyn-

olds numbers (5 300 and 10 000) at Pr = 0.025 and Pr = 0.01. 

Huang et al. [10] developed a turbulence model for jet impinge-

ment heat transfer based on the k‒ω SST (shear stress transport) 

turbulence model, which considered the effects of the cross-dif-

fusion term and the Kato-Launder model. The modified model 

agreed well with the cases studied and overcame the false sec-



Understanding of RANS-modeled impinging jet heat transfer… 

 

15 
 

ondary Nusselt number maximum (not observed in the experi-

mental studies) at a high nozzle-plate spacing for slot jets, which 

the standard k‒ω SST turbulence model predicted. The study 

indicated that the pressure gradient played an essential role in 

turbulent slot impinging jet, and the effect of the cross-diffusion 

term should be taken into account in the boundary layer. Devel-

oped shear stress transport (SST) model was used by Zhang et 

al. [11] to simulate turbulent round jet impingement heat trans-

fer. The model included an additional switching function for 

cross-diffusion correction, which provided accurate results in 

terms of heat transfer by capturing the closest first maximum, 

local minimum, and secondary maximum compared to other 

models, except for problems at low nozzle-plate spacing. The 

inner maximum at the stagnation point was linked to the radial 

pressure gradient, Therefore reinforcing sensitivity to pressure 

in a turbulence model can help to improve the prediction of heat 

transfer characteristics. The paper by Huang et al. [12] discussed 

a modification of the k‒ω SST model for swirling impinging 

jets, specifically the SST model with curvature correction 

(SSTCC) and the modified SST model using the cross-diffusion 

term (SSTCD). They noticed that the SSTCC model might 

falsely enhance the effect of swirl/streamline curvature com-

pared to the experimental results. However, the effect of curva-

ture correction could be ignored downstream, leading to a simi-

lar performance of the SSTCC and SST models. The authors 

concluded that the SSTCD model significantly improves the 

SST model to predict heat transfer in the flows demonstrated in 

the paper. Menzler et al. [6] evaluated the Ansys GEKO turbu-

lence model for its ability to determine the local and integral 

Nusselt number of an impinging jet. The GEKO (generalized k-

ω) turbulence model has some parameters that can be adjusted. 

The authors achieved an accuracy of about 10% in the prediction 

of the local Nusselt number, while adjusting those parameters, 

but the limits of the recommended parameters were exceeded. 

The study by Chitsazan et al. [2] presented the results of numer-

ical simulations of a single impinging round jet using different 

numerical parameters. The researchers compared the results of 

different implementations of the k‒ω SST model, identifying the 

low Reynolds number damping modification (correction of tur-

bulent viscosity) as essential to predict the secondary maximum. 

The study was concluded that good results could be achieved 

with a  coarse grid if the boundary region is resolved adequately. 

Moreover, polyhedral grids lead to good quality results with 

lower memory requirements, cell numbers, and shorter run times 

than other cell shapes. The quality of results obtained for various 

shapes of the elements was similar to that of polyhedral grids. 

Huang et al. [13] investigated the effects of roughness on heat 

transfer and flow structures for round jet impingement using the 

shear stress transport model with the transition model. The study 

showed that roughness enhanced heat transfer by 2.53% to 

6.08% compared to a smooth surface, but this enhancement is 

nonmonotonic due to changes in the secondary maximum of 

heat transfer. Increasing roughness height enhanced turbulent 

intensity and led to an early occurrence of the secondary heat 

transfer maximum, which is crucial for heat transfer augmenta-

tion. Kaewbumrung and Plengsa-Ard [14] examined a single air 

jet impingement at a constant temperature, employing different 

RANS turbulence models (𝑣2̅̅ ̅ − 𝑓 and four Reynolds stress tur-

bulence models) to compare with published measurement data. 

The focus was on the secondary maximum of the Nusselt num-

ber, which was clearly generated using the ratio of H/D = 2. The 

𝑣2̅̅ ̅ − 𝑓 model was found to have better numerical precision in 

analysis of the local Nusselt number and velocity profiles. The 

first maximum of the Nusselt number location was observed at 

0.5 diameter from stagnation point (x/D) due to the change in 

the radial flow velocity, while a secondary maximum was ob-

served at a radial distance of approximately x/D = 2.05. The 

study by Siddique et al. [15] aimed to predict the flow pattern 

and determine the local value of the Nusselt number for varying 

heat flux input boundary conditions. The research based on the 

SST + Gamma-Theta turbulence model, successfully captured 

the turbulence phenomenon of intermittency, flow separation, 

local velocity gradient, and transition. The findings suggested 

that the Nusselt number is the least affected by the nozzle-target 

spacing in the stagnation region because the velocity gradient 

development was dominated by an impinging jet momentum. 

However, the development of the velocity gradient on the target 

surface dominated after the stagnation region. Finally, the de-

pendency of the nozzle-target spacing caused a more significant 

impact under constant heat flux boundary conditions as a result 

of the further development of a thermal boundary layer. The ex-

perimental study by Kumar et al. [16] referred to the heat trans-

fer characteristics of a free-surface single-phase circular liquid 

jet impinging on a smooth, flat surface under varying nozzle di-

ameter, nozzle-to-plate spacing, and Reynolds number. The re-

sults revealed that the local Nusselt number reached maximum 

in the stagnation region and decreased downstream. The Nusselt 

number was found to be a function of the Reynolds number, the 

Prandtl number, system length, and the Weber number. Com-

parison of a free surface and a submerged jet exhibited that the 

heat transfer rate was higher in the case of a submerged jet. 

Some recent review publications have collected research in 

various areas of the jet impingement, such as the influence of 

target surface shape and geometry configuration [1,17], ex-

cited jets [17], nanofluids [17‒19], single jet impingement 

[1,19], jet arrays [1,19], swirling jet impingement [19] and 

synthetic jets  [19].  

The literature overview reveals a focus on improving heat 

transfer prediction through the modification or development of 

existing turbulence models. Additionally, there has been an in-

crease in the number of publications that present DNS analysis, 

which can provide valuable insight into jet impingement flow 

and heat transfer physics. Other investigations aimed to enhance 

heat transfer using various working fluids or target surfaces. In 

addition to numerous numerical investigations, new experi-

mental studies emerged. According to Barbosa et al. [1], the be-

havior of geometric and flow parameters in the jet impingement 

is well understood, but their interactions are complex. Recent 

studies on the numerical simulation of jet impingement have 

mainly concentrated on a single jets. The choice of turbulence 

model plays a crucial role, and based on various studies, the k‒

ω SST turbulence model has been identified as a reliable and 

efficient option for accurate modeling of jet impingement while 

minimizing computing time. 
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Despite extensive numerical research, it remains challenging 

to find studies in the literature that attempt to identify, describe, 

and explain the sources of differences in the heat transfer behav-

ior of various turbulence models. Before modification and de-

velopment of turbulence models, it is crucial to conduct an anal-

ysis that provides a deeper understanding of the physics behind 

commonly used turbulence models. Such an analysis can be 

based on turbulence kinetic energy (TKE), momentum, and en-

ergy budgets, and it gives valuable insights into the characteris-

tics of these models.  

The literature contains several publications that focus on the 

transport equations and analysis of TKE, which can be broadly 

classified into two groups. The first group includes studies that 

rely on DNS and experimental methods, while the second group 

comprises budgets obtained through RANS calculations. In a 

DNS study by Domino and Wenzel [9], the TKE values were 

calculated on the surfaces parallel to the impinged one at three 

different inlet temperature values. The authors observed that the 

TKE values increased with increasing inlet temperature, with 

the maximum value found at x/D ≈ 0.5. Negative TKE produc-

tion was noted near the impinged surface at values of x/D < 6. 

The study also showed that the sign of TKE production changed 

when the axial component of the Reynolds stress surpassed the 

radial one. An experimental study by Alekseenko et al. [3] was 

related to a budget of axial momentum and TKE on lines parallel 

to the impinged surface for conventional and swirling jets. For 

the momentum budget, the study showed that the viscous term 

was negligible compared to other terms, and convection was 

characterized by an almost constant positive value near the jet 

axis. For the TKE budget, the viscous term, the same as for mo-

mentum, was negligible. Maximum magnitudes of dissipation, 

diffusion of pressure and shear stress production were observed 

near x/D ≈ 0.5, corresponding to the region of the mixing layer. 

The convection term and turbulent diffusion possessed opposite 

signs, and the production term had local maxima in the mixing 

regions for all analyzed cases. In two publications by Ries et al. 

[20,21], DNS numerical analysis and PIV (particle image veloc-

imetry) experimental study were presented. They studied jet im-

pingement on inclined surfaces at 0°, 45° and 90°. The produc-

tion of TKE was negative in the vicinity of the wall in the stag-

nation region, and was balanced by pressure-related diffusion 

rather than viscous dissipation. Molecular and pressure-related 

diffusion dominated, while dissipation was relatively small. In 

an experimental study conducted by Nishino et al. [22], the TKE 

budget was presented. The study exhibited that the negative 

TKE production occurred near the wall and was compensated 

by pressure diffusion. 

The analysis of TKE, the budget of TKE, and the momentum 

calculated on the basis of the RANS results can be found in four 

publications by Kura et al. In the first paper [23], the authors 

presented the TKE values in two parallel lines: one at the im-

pinged wall and another outside the boundary layer. They noted 

that only the values inside the boundary layer are meaningful. 

The TKE values were then compared with the distribution of the 

local Nusselt number, where inflection points were observed at 

nearly the exact locations of the Nusselt number maxima. In the 

second paper [24], the TKE budget obtained by 𝜁 − 𝑓 turbulence 

model was presented to show the difference between various im-

pinged surfaces such as flat, convex, and concave. Additionally, 

a comparison between momentum budgets by 𝜁 − 𝑓 and 𝑣2̅̅ ̅ − 𝑓 

turbulence models was presented. In the case of the TKE budget, 

the authors concluded that the overall trend is the same for all 

types of surfaces, but the only differences refer to the maximal 

values and their positions. The momentum budget was prepared 

on two lines perpendicular to the impinged surface, the first be-

ing located at the stagnation zone that begins to decay, and the 

further where the second Nusselt maximum occurs. The 𝑣2̅̅ ̅ − 𝑓 

turbulence model was characterized by a significantly higher 

momentum diffusion near the wall than the 𝜁 − 𝑓 turbulence 

model. The third investigation [25] compared TKE production 

and dissipation between different types of target surfaces. The 

general conclusion was that the tendency was similar, but the 

highest TKE production was observed in the stagnation zone for 

the convex case. The last investigation [26] presented a compar-

ison between the TKE budget for two different inlet conditions. 

Regarding the budget, the authors showed that diffusion and dis-

sipation dominated production and convection ones. The con-

vective term possessed a negative value near the stagnation 

point and changed its sign near the location of the Nusselt num-

ber secondary maxima occurrence. The link between the values 

and trends of TKE and Nusselt number were pointed out.  

Numerical investigations such as the DNS and experimental 

studies are priceless for understanding the physics of jet im-

pingement, but they are expensive and time-consuming. On the 

other hand, analysis of the TKE and transport equations based 

on the RANS calculations may only partially explain this phe-

nomenon, because they are just the models. However, such an 

analysis can still help to identify why various turbulence models 

lead to a different tendency of the results in simulating jet im-

pingement and to modify and further develop the RANS turbu-

lence models. Unfortunately, finding a comparative and com-

plex analysis of various turbulence models in the literature that 

describes and explains the sources of discrepancies in heat trans-

fer results is challenging. There are very few comprehensive 

analyses, which enable configuration of the numerical model. 

Therefore, the authors decided to present their research, which 

fills the gap and meets the need of the readers. 

The previous research [27] considered the heat transfer of 

classic jet impingement. In the numerical studies, 80 different 

cases were investigated, which included five different turbu-

lence models (k–ε RNG Kato-Launder, k–ω SST Kato-Launder, 

intermittency transition, transition SST, and 𝑣2̅̅ ̅ − 𝑓), four geo-

metrical configurations described by the dimensionless ratio of 

H/D (where H is the computational domain height, D is the inlet 

diameter) such as H/D = 1, 2, 4 and 6, and 4 hydrodynamic pa-

rameters defined by the Reynolds number (Re = 10 000, 20 000, 

23 000 and 30 000), 

 Re =
𝜌|𝑈|𝐷

𝜇
, (1) 

where: 𝜌 is the fluid density; |𝑈| is the average inlet velocity, 

𝐷 is the inlet diameter, and 𝜇 is the fluid dynamic viscosity. 
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The study produced valuable findings, including the 80 dis-

tributions of local Nusselt number along the heated wall. The 

local Nusselt number was defined as follows: 

 Nu =
𝛼𝐷

𝜆
, (2) 

 𝛼 =
𝑞̇

𝑇𝑤−𝑇𝑖𝑛
, (3) 

where: 𝛼 is the heat transfer coefficient, 𝐷 is the inlet diam-

eter, 𝜆 is the fluid thermal conductivity, 𝑞̇ is the wall heat 

flux, 𝑇𝑤 is the local wall temperature, and 𝑇𝑖𝑛 is the reference 

inlet temperature. 

Based on the previous analysis [27], the authors could com-

pare various turbulence models and investigate their features un-

der various geometrical and hydrodynamical conditions and pre-

sented systematic analyses with precise definitions of numerical 

model settings and comparisons with numerous experimental 

and numerical studies. As a result of the research, three turbu-

lence models, which are the k–ε RNG Kato-Launder, k–ω SST 

Kato-Launder, and the Intermittency transition model, have 

been selected. This paper is an extension of previous studies to-

wards the TKE values. Analyses were conducted for the three 

above-mentioned turbulence models and two geometrical con-

figurations with presentation of the TKE, momentum, and en-

ergy budgets. The results are compared with the local Nusselt 

number distribution. They lead to explanation of differences be-

tween turbulence models prediction of heat transfer and formu-

lation of the guidelines for selection of turbulence model suita-

ble for particular research problem. An additional benefit of pre-

sented studies is a transparent and easy-to-be reproduced numer-

ical model. It is worth to mention that listing of own function 

used to calculate diffusion term of momentum and energy equa-

tions is included. 

2. Mathematical model, geometry, and boundary 

conditions 

Figure 1 shows the geometry and boundary conditions of the 2D 

axisymmetric model. The justification of the 2D axisymmetric 

model was based on the numerical analysis of 3D and 2D geom-

etries presented in [27]. In this model, air at a constant tempera-

ture of 293 K and a fully developed profile enters the computa-

tional domain through the inlet channel. After forming a jet, the 

air impinged on the bottom wall (heated with a constant heat 

flux of 1000 W/m2), then creates a wall jet along the heated sur-

face and escapes the computational domain via the right surface. 

The air used in the analysis was considered as Newtonian, in-

compressible fluid with constant thermophysical properties  

(𝜌 = 1.225 kg/m3, 𝐶𝑃 = 1006.43 J/(kg K), 𝜆 = 0.0242 W/(m K), 

𝜇 = 1.7894×10-5 Pa s). The steady-state analysis involved three 

transport equations, mass, momentum, and energy [28]: 

 
𝜕𝑈𝑗

𝜕𝑥𝑗
= 0, (4) 

 𝜌
𝜕(𝑈𝑖𝑈𝑗)

𝜕𝑥𝑗
= −

𝜕𝑃

𝜕𝑥𝑖
+

𝜕

𝜕𝑥𝑗
[𝜇 (

𝜕𝑈𝑖

𝜕𝑥𝑗
+

𝜕𝑈𝑗

𝜕𝑥𝑖
) − 𝜌𝑢𝑖𝑢𝑗], (5) 

 𝜌
𝜕(𝑈𝑗𝑇)

𝜕𝑥𝑗
=

𝜕

𝜕𝑥𝑗
(

𝜆

𝐶𝑃

𝜕𝑇

𝜕𝑥𝑗
− 𝜌𝑢𝑗𝜃), (6) 

where: 𝑈𝑖 , 𝑈𝑗 are the average velocity components, 𝑥𝑖 ,𝑥𝑗  are the 

Cartesian coordinates, 𝜌 is the density, 𝑃 is the average pressure, 

𝜇 is the dynamic viscosity, 𝑢𝑖𝑢𝑗 is the Reynolds stress term, cal-

culated by the Boussinesq hypothesis, 𝑇 is the average temper-

ature, 𝜆 is the thermal conductivity, 𝐶𝑃 is specific heat capacity, 

𝑢𝑗𝜃 is the turbulent heat flux.  

Additionally, RANS equations such as turbulence kinetic  

energy 𝑘, turbulent dissipation rate 𝜀, specific turbulent dissipa-

tion rate 𝜔 and intermittency 𝛾 were incorporated for turbulence 

modeling [28]. To ensure accuracy, a block-structured mesh was 

prepared for each geometrical configuration, and y+ was kept 

equal to or below 1. The y+ value is a dimensionless parameter 

that represents the distance from the first grid cell to the surface 

wall. The total cell number for the first geometrical configura-

tion (H/D = 2) was equal to 63 100, and for the second (H/D = 

6) it was 68 600 cells. Both meshes have passed the grid inde-

pendence test. The discretization of the second geometrical case 

is presented in Fig. 2.  

 

Fig. 1. Geometry and boundary conditions. Inlet diameter D = 0.02 m. 

 

Fig. 2. Mesh for H/D = 6, D = 0.02 m, y+ < 1,  

and total cell number = 68  600. 
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The numerical calculations were performed in Ansys Fluent 

18.1, where the pressure-based solver with SIMPLE (Semi-Im-

plicit Method for Pressure Linked Equations) algorithm was 

used. The second-order numerical scheme was chosen for the 

pressure, momentum, turbulence, and energy equations. The in-

sight of the mesh and detailed description of the numerical pro-

cedure can be found in the previous publication [27]. The model 

validation presented in this publication included a comparison 

of 16 turbulence models with 11 different experimental anal-

yses. All source data are stored in the open repository [29]. 

Figure 3 presents the local Nusselt number distribution along 

the heated wall for different Reynolds number values and one 

geometrical configuration (H/D = 2). The purpose of this figure 

is to demonstrate that for the same geometrical configuration, 

the Nusselt number distribution does not vary significantly with 

different Reynolds numbers, which is particularly evident for 

normalized Nusselt number which is defined as Nu/Rem. In the 

literature, the scaling factor for the Nusselt number is typically 

set to be Nu/Re2/3 [1,11,30], but the exponent m can vary be-

tween 0.55 and 0.87 for a single jet impingement [1]. At values 

of x/D greater than 2.0, no differences in the Nusselt number 

distribution are observed at various Reynolds numbers which is 

especially very clear when the scaling factor is equal to Nu/Re3/4 

(Fig. 3(b)). However, near the stagnation point (x/D < 2.0), some 

discrepancies are visible, primarily due to variations in the inlet 

profile, which significantly affects the local Nusselt number dis-

tribution in that region. Furthermore, comparing the local 

Nusselt number distribution for geometrical configuration (H/D 

= 2 and 6) at the same Reynolds number in Fig. 4 reveals differ-

ent trends, especially at various H/D. Two particular trends of 

the Nusselt number distribution can be distinguished depending 

on the H/D parameter [2,4,7,10,11,31,32]. At H/D < 6.0 (con-

firmed in [27]), there is a characteristic secondary maximum in 

the Nusselt number distribution. In contrast, at higher values of 

H/D, the second Nusselt number maximum does not occur 

(some turbulence models may exhibit an artificial/false second-

ary Nusselt number maximum, which is not observed in experi-

mental studies [10,27]). Therefore, in this publication, the au-

thors will compare the results of two H/D values at a constant 

Reynolds number of 23 000. Based on the literature and previ-

ous studies the authors have selected three turbulence models 

which are most appropriate for modeling the jet impingement 

phenomenon. These models will also be used for the comparison 

of results. 

In the presented study, the analysis is focused on the Reyn-

olds number equal to 23 000, two different configurations (H/D 

= 2 and 6), and three previously selected turbulence models (k–

ε RNG Kato-Launder, k–ω SST Kato-Launder, intermittency 

transition). The primary objective of this analysis is to demon-

strate the differences between turbulence models concerning 

low (H/D = 2) and high (H/D = 6) geometrical configurations 

and to provide valuable insights into the turbulence modeling of 

round jet impingement. 

3. The budgets 

To conduct a comparative study, the authors utilize the values 

of k (turbulence kinetic energy, TKE) and budget of TKE, axial 

 
Fig. 3. (a) Local Nusselt number distribution. (b) Normalized local Nusselt number distribution. k–ω SST Kato-Launder turbulence model, H/D = 2. 

 

Fig. 4. Comparison of local Nusselt number distribution at heated wall, 

between different values of H/D and Reynolds number. k–ω SST Kato-

Launder turbulence model. 
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and radial momentum, and energy. The analysis thoroughly 

compares the terms of the budget equations, which are defined 

below. The generic form of the turbulence kinetic energy equa-

tion k, which consists of four terms, is presented as follows: 

 CONV𝑘 = PROD𝑘 − DISSk + DIFF𝑘, (7) 

where: CONV – convection term, PROD – production term, 

DISS – dissipation term, DIFF – diffusion term. The subscript k 

means turbulence kinetic energy. 

The choice of the turbulence model influences the k transport 

equation. In the post-processing stage, the convection, produc-

tion, and dissipation terms can be directly calculated, while the 

diffusion term is determined as a closure term. Table 1 presents 

details of each term in Eq. (7) for analyzed turbulence models.   

The generic form of the axial and radial momentum equa-

tions, which consists of four terms, is presented as follows: 

 CONV𝑀,𝑖 = PRESS𝑀,𝑖 + DIFF𝑀,𝑖 + RS𝑀,𝑖, (8) 

where: CONV – convection term, PRESS – pressure term, DIFF 

– diffusion term, RS – Reynolds stress term. The subscript M 

means the momentum equation, and i indicates the axial (y) or 

radial (x) coordinate.  

The axial and radial momentum equations are the same for 

all turbulence models. During the post-processing stage, the 

convection and pressure terms can be calculated quickly and di-

rectly. On the other hand, the diffusion term is obtained using 

a ‘User-Defined Function’ (UDF), a script that uses the Gauss-

Ostrogradsky Theorem (see the Appendix). Lastly, the Reynolds 

stress term is determined as a closure term. The details of each 

term in the momentum budget can be found in Table 2. 

The last one is the energy transport equation; it consists of 

three terms and is presented below in a generic form: 

 CONV𝐸 = DIFF𝐸 + TDIFF𝐸, (9) 

where: CONV – convection term, DIFF – diffusion term, TDIFF 

– turbulent diffusion term. The subscript E means the energy 

equation. 

The energy equation is the same for all turbulence models. 

The convection term is calculated directly in the post-process, 

but similarly to the momentum equation, the diffusion term is 

obtained by the UDF (see the Appendix). The turbulent diffu-

sion term is determined as the closure term. Each term of the 

energy equation is presented in Table 3.  

It is commonly seen in literature that budgets are typically 

prepared on a single line that is either parallel or normal to the 

heated wall [3,20‒22,24‒26,32]. The location at which the 

budget is calculated plays a crucial role. When the budget is cal-

culated near the wall, the dissipation and diffusion terms in the 

TKE equation tend to dominate over the other terms, making it 

Table 1. The turbulence kinetic energy equation terms [28]. 

Term k–ε RNG Kato-Launder k–ω SST Kato-Launder Intermittency transition 

Convection 𝜌 (𝑈
𝜕𝑘

𝜕𝑥
+ 𝑉

𝜕𝑘

𝜕𝑦
) 

Production min 𝜇𝑡𝑆Ω, 10𝜌𝜀  min 𝜇𝑡𝑆Ω, 10𝜌𝛽∗𝑘𝜔  𝛾min 𝜇𝑡𝑆Ω,10𝜌𝛽∗𝑘𝜔  

Dissipation 𝜌𝜀 𝜌𝛽∗𝑘𝜔 min max 𝛾, 0.1 , 1.0 𝜌𝛽∗𝑘𝜔 

Diffusion 
𝜕

𝜕𝑥
(𝛼𝑘𝜇𝑒𝑓𝑓

𝜕𝑘

𝜕𝑥
) +

𝜕

𝜕𝑦
(𝛼𝑘𝜇𝑒𝑓𝑓

𝜕𝑘

𝜕𝑦
) 

𝜕

𝜕𝑥
 (𝜇 +

𝜇𝑡

𝜎𝑘

)
𝜕𝑘

𝜕𝑥
 +

𝜕

𝜕𝑦
 (𝜇 +

𝜇𝑡

𝜎𝑘

)
𝜕𝑘

𝜕𝑦
  

𝜕

𝜕𝑥
 (𝜇 +

𝜇𝑡

𝜎𝑘

)
𝜕𝑘

𝜕𝑥
 +

𝜕

𝜕𝑦
 (𝜇 +

𝜇𝑡

𝜎𝑘

)
𝜕𝑘

𝜕𝑦
  

 

where: 𝜌 is the density, g/m3; 𝑘 is the turbulence kinetic energy, m2/s2; 𝑈 is the average radial velocity, m/s; 𝑉 is the average axial velocity, m/s; 
 𝑥 is the radial coordinate, m; 𝑦 is the axial coordinate, m; 𝜇 is the dynamic viscosity, Pa·s; 𝜇𝑡 is the turbulent viscosity, Pa·s;  

𝑆 =  

𝜕𝑈

𝜕𝑥

1

2
 
𝜕𝑈

𝜕𝑦
+

𝜕𝑉

𝜕𝑥
 

1

2
 
𝜕𝑉

𝜕𝑥
+

𝜕𝑈

𝜕𝑦
 

𝜕𝑉

𝜕𝑦

  is the strain rate tensor, 1/s; Ω =  
0

1

2
 
𝜕𝑈

𝜕𝑦
−

𝜕𝑉

𝜕𝑥
 

1

2
 
𝜕𝑉

𝜕𝑥
−

𝜕𝑈

𝜕𝑦
 0

  is the magnitude of the vorticity rate, 1/s; 𝜀 is the turbulence 

dissipation rate, m2/s3; 𝛽∗ is a model constant; 𝜔 is the specific turbulent dissipation rate, 1/s; 𝛾 is the intermittency, -; 
 𝜎𝑘 is the turbulent Prandtl number,  -; 𝜇𝑒𝑓𝑓 is the effective viscosity, Pa·s; 𝛼𝑘 is the inverse effective Prandtl number, -. 

Table 2. The momentum equation terms [28]. 

Term 
k–ε RNG Kato-Launder, k–ω SST Kato-Launder, Intermittency transition 

Axial Radial 

Convection 𝜌 (𝑈
𝜕𝑉

𝜕𝑥
+ 𝑉

𝜕𝑉

𝜕𝑦
) 𝜌 (𝑈

𝜕𝑈

𝜕𝑥
+ 𝑉

𝜕𝑈

𝜕𝑦
) 

Pressure −
𝜕𝑃

𝜕𝑦
 −

𝜕𝑃

𝜕𝑥
 

Diffusion 
𝜕

𝜕𝑥
(𝜇

𝜕𝑉

𝜕𝑥
) +

𝜕

𝜕𝑦
(𝜇

𝜕𝑉

𝜕𝑦
) 

𝜕

𝜕𝑥
(𝜇

𝜕𝑈

𝜕𝑥
) +

𝜕

𝜕𝑦
(𝜇

𝜕𝑈

𝜕𝑦
) 

Reynolds stress 
𝜕

𝜕𝑥
 𝜇𝑡 (

𝜕𝑈

𝜕𝑦
+

𝜕𝑉

𝜕𝑥
) +

𝜕

𝜕𝑦
(𝜇𝑡2

𝜕𝑉

𝜕𝑦
−

2

3
𝑘) 

𝜕

𝜕𝑥
(𝜇𝑡2

𝜕𝑈

𝜕𝑥
−

2

3
𝑘) +

𝜕

𝜕𝑦
 𝜇𝑡 (

𝜕𝑈

𝜕𝑦
+

𝜕𝑉

𝜕𝑥
)  

where: 𝜌 is the density, kg/m3; 𝑈 is the average radial velocity, m/s; 𝑉 is the average axial velocity, m/s; 𝑥 is the radial coordinate, m; 
𝑦 is the axial coordinate, m; 𝜇 is the dynamic viscosity, Pa·s; 𝜇𝑡 is the turbulent viscosity, Pa·s; P is the average static pressure, Pa. 
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challenging to observe the tendency of the convection and pro-

duction terms, which are more significant away from the wall. 

The results of other studies [3,20‒22,26] support this statement. 

In this paper, the authors analyze the budgets along vertical lines 

perpendicular to the heated wall to eliminate local value disturb-

ances and observe the tendency of all equations terms. Each ver-

tical line originates at the wall and extends 3 mm away. The 

endpoint of each line is selected to capture the region of maxi-

mum TKE values, located between 2 mm (0.1D) and 3 mm 

(0.15D) away from the heated wall, for both H/D = 2 and 6, and 

Re = 23 000. The results represent the integral value along the 

distance mentioned. Figure 5 shows the contour plot of the TKE 

values with the placement of its maximum, and velocity magni-

tude for k–ω SST Kato-Launder turbulence model. At H/D = 2 

(Fig. 5(a)), the maximum occurs between x/D = 1.25 and 2, and 

approximately 0.1D from the wall. The literature results show 

similar region where the TKE maximum is located [9,14,23, 

26,30]. At H/D = 6 (Fig. 5(c)) the maximum is located closer to 

the axis, between x/D = 0.9 and 1.4, and approximately the same 

distance from the heated wall (0.1D). Comparison between the 

TKE values (Figs. 5(a) and (c)) and velocity magnitude (Figs. 

5(c) and (d)) for the same value of H/D suggests that the position 

of the maximal value of TKE is placed in the region of the strong 

interaction of the wall jet with the jet stream. 

4. Results 

4.1. Turbulence kinetic energy 

Figure 6 compares the local turbulence kinetic energy (TKE) 

values on the line parallel to the heated wall between two geo-

metrical configurations (H/D = 2 and 6) for three turbulence 

models. Analysis of the local k values for both geometrical con-

figurations and all turbulence models shows that there is a max-

imum in their distribution, and further (x/D > 2.5) the values 

gradually decrease. Furthermore, it can be observed that the 

TKE values are relatively low in the stagnation region (x/D < 

0.5), this statement is supported by the DNS results [20]. The 

high turbulence kinetic energy values at the stagnation point 

cause overprediction in the Nusselt number value. However, this 

problem can be resolved by incorporating the Kato-Launder lim-

iter, which restricts the production of TKE at the stagnation 

point [10,27,33]. The results shown in Figs. 5 and 6 indicate 

a  shift of relatively high values of k toward the stagnation point 

in the case of H/D = 6, which is consistent with the location of 

the highest values of the Nusselt number around the centerline, 

as suggested in [7]. On the other hand, at H/D = 2, the first 

Nusselt number maximum moved from the stagnation point and 

occurs at about x/D = 0.5. The relation between the local Nusselt 

number distribution of presented turbulence models is consistent 

with the relation between their TKE local values. If at the same 

radial position (x/D), the local TKE values obtained with the  

k–ε RNG Kato-Launder turbulence model are lower than values 

of TKE obtained with the intermittency transition turbulence 

model, and the same tendency is observed between their local 

Nusselt number values. The same pattern is observed across the 

entire range of x/D values for both geometrical configurations 

(except the near stagnation region at x/D < 0.5 and H/D = 6). 

It  has been observed that the maximal values of the TKE are 

consistent with the second  maximum of the Nusselt number dis-

tribution. It appears that other researchers have observed the oc-

currence of high values of TKE or turbulence intensity near the 

second Nusselt number maximum, as mentioned in [1,13,23,26, 

32,34]. Interestingly, for a case of H/D = 2, the maximum value 

of k is observed ahead of the second maximum of the Nusselt 

number distribution and at H/D = 6, the maximum value of k is 

observed after the second maximum of the Nusselt number (for 

the k–ω SST Kato-Launder and Intermittency turbulence mod-

els). On the other hand, the k–ε RNG Kato-Launder turbulence 

model gives a results in which maximum in TKE values exists, 

but there is no second maximum in the Nusselt number (which 

is more consistent with experimental studies [35‒ 40]). Increas-

ing the H/D value causes a shift of the TKE maximal values to-

wards the stagnation point for all analyzed turbulence models. 

Additionally, the TKE values obtained with k–ω SST Kato-

Launder and k–ε RNG Kato-Launder turbulence models de-

crease with an increase in the H/D parameter. However, the re-

sults obtained with the intermittency transition model exhibit a 

different tendency with an increase in the H/D parameter, lead-

ing to a rise in maximal value of TKE. The maximal values of 

TKE at H/D = 2 occur between x/D = 1.25 and x/D = 2.0, while 

for H/D = 6, they occur between x/D = 1.0 and x/D = 1.5. The 

analysis of the lowest H/D value confirms similarities in the lo-

cal TKE distribution between all analyzed turbulence models. 

In  the case of H/D = 6, the local TKE value distribution ob-

tained with the k–ε RNG Kato-Launder turbulence model dif-

fers from the other two models of a constant offset. 

4.2. Turbulence kinetic energy budget 

In Fig. 7, a budget of turbulence kinetic energy, Eq. (7), is pre-

sented, and a few observations can be formulated. The TKE pro-

duction and dissipation terms exhibit maximum positive and 

negative values in the case of k–ε RNG Kato-Launder and inter-

mittency transition turbulence models, while the diffusion and 

dissipation terms dominate in the case of k–ω SST Kato-Laun-

der turbulence model. These findings are consistent with an ex-

perimental study [3], which also reported maximum magnitudes 

of the production and dissipation terms. However, their maximal 

values in the experimental study are located near the x/D = 0.5, 

Table 3. The turbulence kinetic energy equation terms [28].  

Term 
k–ε RNG Kato-Launder, k–ω SST Kato-

Launder, Intermittency transition 

Convection 𝜌 (𝑈
𝜕𝑇

𝜕𝑥
+ 𝑉

𝜕𝑇

𝜕𝑦
) 

Diffusion 
𝜕

𝜕𝑥
(
𝜆

𝐶𝑃

𝜕𝑇

𝜕𝑥
) +

𝜕

𝜕𝑦
(
𝜆

𝐶𝑃

𝜕𝑇

𝜕𝑦
) 

Turbulent diffusion 
(turbulent heat flux) 

𝜕

𝜕𝑥
(
𝜇𝑡

𝜎𝑡

𝜕𝑇

𝜕𝑥
) +

𝜕

𝜕𝑦
(
𝜇𝑡

𝜎𝑡

𝜕𝑇

𝜕𝑦
) 

where: 𝜌 is the density, kg/m3; 𝑈 is the average radial velocity, m/s; 
𝑉 is the average axial velocity, m/s; 𝑥 is the radial coordinate, m; 
𝑦 is the axial coordinate, m; 𝜇 is the dynamic viscosity, Pa·s; 
𝜇𝑡 is the turbulent viscosity, Pa·s; 𝑇 – average static temperature, K; 
𝜆 is the thermal conductivity, W/(m·K); 𝐶𝑃 is specific heat capacity, 
J/(kg·K); 𝜎𝑡  is the turbulent Prandtl number, -. 
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which is closer to the stagnation point than the position of pro-

duction and dissipation terms maximal values obtained by the 

presented numerical analysis. In the case of H/D = 2, the max-

ima and minima of all terms in the TKE equation are located 

between x/D = 1.0 and x/D = 2.0. A shifting towards the stagna-

tion point can be seen for the second geometrical configuration 

(H/D = 6). The maxima and minima values are smaller than 

those of the H/D = 2 case. Another interesting observation is that 

the convection term changes sign, what was also reported in [3]. 

Other terms, such as production and diffusion, are always posi-

tive, while dissipation is negative. The research conducted 

through experimental and numerical (DNS) studies [9,20,22,41] 

has revealed that the production of turbulence kinetic energy is 

negative in the stagnation region, which is opposite to the values 

 

Fig. 5. Local values of TKE, with a position of its maximum, and local values of velocity magnitude. k–ω SST Kato-Launder turbulence model,  

Re = 23 000, D = 0.02 m. (a) TKE, H/D = 2. (b) Velocity magnitude, H/D = 2. (c) TKE, H/D = 6. (d) Velocity magnitude, H/D = 6. 
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predicted by RANS turbulence models. According to the results 

of the RANS, the production of turbulence kinetic energy is al-

ways positive, indicating the energy transfer from the mean flow 

to the eddies. As mentioned in [9], this challenges the RANS 

and LES models. The relatively low TKE production values in 

the stagnation region are due to the Kato-Launder limiter [10]. 

The production term of TKE (Fig. 7) and local values of TKE 

(Fig. 6) exhibit a similar tendency, location of their maxima cor-

respond to each other. The maximum values of the production 

term correspond to the second maximum value of the local 

Nusselt number. When the H/D parameter is equal to 2, all tur-

bulence models exhibit similar behavior in terms of the TKE 

production. The analysis of the convection term reveals a posi-

tive value near the stagnation point, and its sign change near the 

location of the first and second local Nusselt number maxima. 

In addition, the convection term's lowest value corresponds with 

the local Nusselt number minimum, while its maximal value oc-

curs behind the secondary Nusselt number maximum. Moreo-

ver, the k–ε RNG Kato-Launder turbulence model results show 

a different behavior in the second geometrical configuration 

(H/D = 6), as presented in Fig. 7(f). The convection term in this 

configuration has its local minima and maxima, but it is always 

positive. This observation is particularly interesting as the k–ε 

RNG Kato-Launder turbulence model does not show a false sec-

ondary Nusselt number maximum in this geometrical configu-

ration. Hence, it suggests a connection between the Nusselt 

number distribution and the convection term of the turbulence 

kinetic energy budged. The shape of the dissipation term mirrors 

the production term, what has been noticed in [9]. The diffusion 

maximum and dissipation minimum are observed near the 

Nusselt number second maximum. Compared to the other two 

models, the k–ε RNG Kato-Launder turbulence model exhibits 

flatter and lower absolute values for these two terms. All terms 

of the turbulence kinetic energy equation exhibit higher absolute 

values for H/D = 2 than for H/D = 6. The tendency of all terms 

is quite similar for the k–ω SST Kato-Launder and intermittency 

transition turbulence models across both geometrical configura-

tions (Fig. 7(a)–(d)). The k–ε RNG Kato-Launder turbulence 

model results show differences in trend between H/D = 2 and 

H/D = 6 cases. In the first geometrical configuration, the shape 

is similar to the other two turbulence models, but in the second 

case the shape does not exhibit second maximum and all terms 

except dissipation are positive. 

4.3. Momentum budget 

The momentum equation budget, Eq. (8), is considered sepa-

rately for the axial and radial coordinates. Figures 8 and 9 show 

the radial and axial components of the momentum budget, re-

spectively. The characteristic of all terms in the momentum 

equation is similar for all analyzed turbulence models and both 

geometrical configurations. In the case of the radial (x) compo-

nent, the convection and pressure terms are the dominant ones, 

while the Reynolds stress term takes the lowest values. Compar-

ing the H/D = 6 case with the H/D = 2 shows that features of all 

terms' are similar, but the values are significantly lower in the 

case of H/D = 6. The analysis of the axial momentum component 

budget reveals some similarities to that of the radial component. 

The convection and pressure terms are also dominant, whereas 

the Reynolds stress term is larger than the same term in the case 

of the radial momentum equation. The diffusion term is almost 

negligible, which aligns with the findings presented in [22]. 

There is a significant difference in the characteristics of axial (y) 

momentum equation terms between H/D = 2 and H/D = 6, espe-

cially visible in the stagnation region x/D < 1.0. Almost whole 

turbulence kinetic energy is concentrated in this region. With an 

increase in the x/D parameter, especially in the range x/D > 2.0, 

all terms tend to approach 0. On the basis of the analysis of all 

cases, the convection and pressure terms exhibit a mirror-like 

shape. In the case of the radial (x) momentum, the pressure term 

is always positive, the diffusion and Reynolds stress terms are 

always negative, and the convection term changes sign. On the 

other hand, the pressure term is always negative for the axial (y) 

momentum equation, while the convection and Reynolds stress 

terms are positive. The almost negligible diffusion term changes 

sign near x/D = 2.5. The large absolute values of the convection 

 
 

Fig. 6. Comparison of local values of TKE on a parallel to the heated wall line, between two geometrical configurations H/D values 

and Re = 23 000, for various turbulence models (a) H/D = 2; (b) H/D = 6. Re = 23 000. 
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and pressure terms in both components of the momentum equa-

tion clearly mark the limit of the stagnation region at x/D ≈ 1.0. 

The minimum and maximum values of the pressure and convec-

tion terms correspond to the first maximum value of the local 

Nusselt number. A link between radial (x) pressure gradient and 

the first Nusselt number maximum has been mentioned in [11]. 

The maximum and minimum values of the pressure and convec-

tion terms are closer to the stagnation point at H/D = 6 (x/D ≈ 

0.25) than at H/D = 2 (x/D ≈ 0.5). This is also reflected in the 

shift of the first maximum of the local Nusselt number towards 

the jet axis. In contrast to the budget of TKE, it is hard to see 

any relation between the sign change in the convection term of 

the radial momentum component and the local Nusselt number 

distribution in this case. For example, at H/D = 2, the sign 

change occurs before the local minimum in the Nusselt number 

and behind the second Nusselt number maximum at H/D = 6. 

The convection and pressure terms of the axial momentum equa-

tion component show values that are almost constant near the 

axis. A similar observation on the constant value of the convec-

tion term can be found in [3]. The Reynolds stress term in the 

axial momentum component equation takes higher values for the 

k–ε RNG Kato-Launder turbulence model at the stagnation point 

than the other two models in the case of H/D = 6. 

 

Fig. 7. Comparison of TKE budget, between two geometrical configurations (H/D values 2 and 6) and for various turbulence models.  

(a) k–ω SST Kato-Launder, H/D = 2; (b) k–ω SST Kato-Launder, H/D = 6; (c) intermittency transition, H/D = 2; (d) intermittency  

transition, H/D = 6; (e) k–ε RNG Kato-Launder, H/D = 2; (f) k–ε RNG Kato-Launder, H/D = 6; Re = 23 000. 
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4.4. Energy budget 

The last budget is related to the energy equation, Eq. (9), and 

presented in Fig. 10. It was observed that the shapes of all terms 

remain similar, regardless of the turbulence model used and the 

geometrical configurations. However, there was one exception 

to this observation, which is presented in Fig. 10(f). The diffu-

sion term is always positive for all cases, and the convection and 

turbulent diffusion terms are always negative. The crossing 

point between convection and turbulent diffusion terms is very 

characteristic. This point occurs prior to the second Nusselt 

number maximum. In Fig. 10(f), which presents the results of 

the k–ε RNG Kato-Launder turbulence model at H/D = 6, the 

crossing point is located far from the stagnation point at x/D > 

3.0, and the curves tend to converge. The observation is partic-

ularly interesting because, for this geometrical configuration and 

this specific turbulence model, the second Nusselt number max-

imum does not exist. This raises the possibility of a potential 

correlation between these two terms and the distribution of the 

 

Fig. 8. Comparison of radial momentum budget, between two geometrical configurations (H/D values 2 and 6) and for various turbulence models.  

(a) k–ω SST Kato-Launder, H/D = 2; (b) k–ω SST Kato-Launder, H/D = 6; (c) itermittency transition, H/D = 2, (d) intermittency transition, 

 H/D = 6; (e) k–ε RNG Kato-Launder, H/D = 2; (f) k–ε RNG Kato-Launder, H/D = 6; Re = 23 000. 
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local Nusselt number. The convection and diffusion terms dom-

inate in the stagnation region, while the turbulent diffusion term 

is close to 0. As the value of x/D increases, the role of turbulent 

diffusion becomes more significant, while the impact of the con-

vection term decreases. This tendency is clear, especially out-

side the stagnation region x/D > 1.0. In the k–ω SST Kato-Laun-

der and intermittency transition turbulence models, the diffusion 

term shows local minima and maxima, which correspond to the 

distribution of the local Nusselt number, but in the k–ε RNG 

Kato-Launder turbulence model the diffusion term does not ex-

hibit the extrema. The tendency of all terms is similar for the  

k–ω SST Kato-Launder and intermittency transition turbulence 

models but differs for the k–ε RNG Kato-Launder turbulence 

model. The absolute values of all terms are lower at H/D = 6 

compared to H/D = 2. It has been observed that the k–ω SST 

Kato-Launder and intermittency transition turbulence models 

exhibit local minima and maxima in the convection and turbu-

lent diffusion terms at H/D = 2. This corresponds to the second 

Nusselt number maximum. However, at H/D = 6, the maxima 

and minima are small or non-existent. All terms have almost 

constant values near the axis at x/D < 0.5. 

 

Fig. 9. Comparison of axial momentum budget, between two geometrical configurations (H/D values 2 and 6) and for various turbulence models.  

(a) k–ω SST Kato-Launder, H/D = 2; (b) k–ω SST Kato-Launder, H/D = 6; (c) intermittency transition, H/D = 2; (d) intermittency transition, 

 H/D = 6; (e) k–ε RNG Kato-Launder, H/D = 2; (f) k–ε RNG Kato-Launder, H/D = 6; Re = 23 000. 
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5. Summary 

The publication presented a budget of the turbulence kinetic en-

ergy, momentum, and energy equations together with the local 

values of TKE in the case of turbulent round jet impingement. 

The comparative analysis was prepared for one Reynolds num-

ber (Re = 23 000), three selected turbulence models, and two 

geometrical configurations (H/D = 2 and 6). This analysis might 

help identify the essential transport phenomena in the RANS nu-

merical modeling of turbulent heat transport. The study also in-

cludes comparison of the results of transport equation budgets 

with the local Nusselt number values, which might provide in-

sights into the relation between transport equation terms and the 

local Nusselt number distribution. This study can be used for 

further analysis and considerations, and in the future, it can be 

enriched with more formal analysis such as the curve sketching 

technique. This method would allow for a more precise determi-

nation of minima and maxima, inflection points for budgets, and 

the local Nusselt number. Some general conclusions from this 

study are presented below: 

 

 

Fig. 10. Comparison of energy budget, between two geometrical configurations (H/D values 2 and 6) and for various turbulence models.  

(a) k–ω SST Kato-Launder, H/D = 2; (b) k–ω SST Kato-Launder, H/D = 6; (c) Intermittency transition, H/D = 2; (d) intermittency transition, 

 H/D = 6; (e) k–ε RNG Kato-Launder, H/D = 2; (f) k–ε RNG Kato-Launder, H/D = 6. Re = 23 000. 
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TKE and TKE budget 

 Maximal values of TKE are consistent with the loca-

tion of the second Nusselt number maximum, at H/D = 

2 occurring between x/D = 1.25 and 2.0, while at H/D 

= 6, it is between x/D = 1.0 and 1.5. 

 In the TKE budget, production and dissipation terms 

dominate in the k–ε RNG Kato-Launder and intermit-

tency transition turbulence models. In contrast, the dif-

fusion and dissipation terms dominate in the k–ω SST 

Kato-Launder turbulence model. 

 The maxima and minima of all terms in the TKE budg-

ets can be found between x/D = 1.0 and 2.0 at lower 

geometrical configuration (H/D = 2). An increase in the 

H/D value shifts those maxima and minima towards the 

stagnation point. 

 The maximal values of the production term in the TKE 

budget correspond to the maximal values of the local 

Nusselt number distribution. 

Momentum budget 

 The behavior of all terms in the momentum equation is 

similar for all analyzed turbulence models for both ge-

ometrical configurations. 

 The convection and pressure terms in the radial and ax-

ial momentum equations dominate. The diffusion term 

in the axial momentum equation is almost negligible. 

 The large absolute values of the convection and pres-

sure terms in the equations of both momentum compo-

nents identify the stagnation region's limit at x/D ≈ 1.0. 

 The minimum and maximum values of the pressure and 

convection terms in the momentum budgets correspond 

to the first Nusselt number maximum. 

Energy budget 

 In the energy equation budget, the convection and dif-

fusion terms dominate in the stagnation region. 

 The crossing point between the convection and turbu-

lent diffusion terms in the energy equation budget co-

incides with the second Nusselt number maximum for 

the k–ω SST Kato-Launder and intermittency transi-

tion turbulence models. This crossing point does not 

occur for the k–ε RNG Kato-Launder turbulence model 

at the H/D = 6 case, which corresponds to a lack of sec-

ondary Nusselt number maximum. 

General 

 The trend of the transport equation budget for the k–ε 

RNG Kato-Launder turbulence model at the H/D = 6 

case differs from the other two presented turbulence 

models. 

 The convection term is the only term in TKE and radial 

momentum budget that changes its sign across the x/D 

parameter. 

 The analysis of all transport equation budgets shows 

that in the H/D = 6 case, the values of all terms are 

lower than in the H/D = 2 case, maybe with one excep-

tion for the axial momentum budget, where they are 

higher at the stagnation point. 

Guideline 

 None of the presented budgets alone describes the 

Nusselt number distribution. Each equation contributes 

to it, so only together they properly describe the phys-

ics of this phenomenon. Moreover, none of the equa-

tion terms can be neglected (even if they are relatively 

small compared to other terms), and each of them in-

fluences the heat transfer. 

 In the boundary layer, molecular diffusion transports 

the heat from the wall, and then in the outer layer the 

convection mechanism plays a significant role in the 

heat transfer mechanism. Those two terms are the most 

important ones in the energy equation, which creates 

the general shape of the Nusselt number distribution 

and its high values. Moreover, the convection term is 

responsible for the first Nusselt number maximum. 

However, convection and molecular diffusion terms 

alone cannot describe the second Nusselt number max-

imum, for which the turbulent diffusion term is respon-

sible. Because of that, the energy equation budget 

might seem to be the most important one to analyze, 

but both terms responsible for Nusselt number maxima 

– convection (first one) and turbulent diffusion (second 

one) are described by other transport equations – mo-

mentum and TKE equations, respectively. Therefore, 

the focus should be on the momentum (axial and radial) 

and the turbulence kinetic energy budgets. 

 Jet's movement toward the wall is represented by the 

convective term in the momentum budget, then it im-

pinged on the wall, which causes the increase in the 

pressure due to slowing down of the fluid. The high 

pressure in the stagnation region forced radial move-

ment of the fluid, so it can be said that the pressure term 

of the momentum budget contributes to the develop-

ment of the flow. Both phenomena (convection term in 

axial momentum budget supported by the pressure 

term in radial momentum budget) determined the ex-

istence of the first Nusselt number maximum. 

 The second Nusselt number maximum represents the 

development of a turbulent boundary layer in a wall jet 

and its interaction with the jet stream. Proper modeling 

of turbulence (like TKE equation terms) is crucial to 

adequately describe the Nusselt number distribution in 

a whole range, which is why various turbulence models 

describe the Nusselt number distribution differently. 

 Both the k–ω SST Kato-Launder and the intermittency 

transition turbulence models tend to generate a second-

ary Nusselt number maximum. For low values of H/D 

(H/D = 2), it is the real (observed in the experimental 

studies), but for high values of H/D (H/D = 6) is the 

fake one (not observed in the experimental studies). On 

the other hand, the k–ε RNG Kato-Launder turbulence 

model does not tend to generate a secondary Nusselt 
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number maximum, and it is a better option for higher 

H/D values. 

 The selection of the best turbulence model that de-

scribes the heat transfer of the impingement jet in 

a  range of various Reynolds numbers and values of 

H/D cannot be made on the presented study. It only 

supports the recommendations of the previous analysis. 

The source of the difference is probably in the dissipa-

tion and diffusion terms of the TKE equation. Further 

research should also include the ε/ω transport equations 

budgets. 
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Appendix 

In general, the diffusion term of any variable in finite volume 

method can be calculated by the equation: 

 
𝜕

𝜕𝑥
 Γ

𝜕𝜙

𝜕𝑥
 +

𝜕

𝜕𝑦
 Γ

𝜕𝜙

𝜕𝑦
 =

1

𝑉𝑐
∑ Γ𝑓

𝜙𝑐−𝜙𝑛𝑐

𝑑𝑛𝑐
𝐴𝑓𝑛𝑓⃗⃗⃗⃗ 𝑓 , (10) 

where: 𝜙 is the variable (e.g.: temperature, velocity, etc.); Γ is 

the diffusion coefficient; 𝑉𝑐  is  the  cell  volume;  𝐴𝑓  is  the  face 

area; 𝑛𝑓⃗⃗⃗⃗  is the face unit normal vector; 𝑑𝑛𝑐 is the distance be-

tween the cell centroids; 𝜙𝑐 is the variable value at the cell cen-

ter; 𝜙𝑛𝑐 is the variable value at the neighbor cell center;  sub-

script 𝑓 indicates cell face.  

Figure 11 shows a graphical representation of all variables 

in that equation: 

The implementation of Eq. (10) for 2D axisymmetric model, 

using built-in UDF functions, such as connectivity macros [42], 

for the energy equation, the diffusion term is presented below. 

The code must be compiled first and then used in the Ansys Flu-

ent model.

 

Fig. 11. Graphical representation of all variables in Eq. (10). 

#include "udf.h" 
#include "sg.h" 
 
DEFINE_ON_DEMAND(on_demand_energy_diffusion_term){ 
Domain *d; 
Thread *t; 
cell_t c; 
d = Get_Domain(1); 
real xc[ND_ND];  /* cell centroid */ 
real xf[ND_ND]; /* face centroid */ 
 
thread_loop_c(t,d){ 
         
/* loop through all cells in the model */ 
begin_c_loop(c,t){ 
 
/* face variables */ 
face_t f; 
Thread *tf; 
int n; 
C_CENTROID(xc,c,t);     /* get cell centroid data */ 
real phi_f = 0;   /* values at the face center */ 
real diff = 0;       /* diffusion term */ 
/* cell, face connectivity macros defined in [42] */ 
real A[2]; 
real ds; 
real es[2]; 
real A_by_es; 
real dr0[2]; 
real dr1[2]; 
             
/* loop through all faces in the cell */ 
c_face_loop(c, t, n){ 
                 
    f = C_FACE(c,t,n); 
    tf = C_FACE_THREAD(c,t,n); 
    F_CENTROID(xf,f,tf); /* get face centroid data */ 
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