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Abstract. High velocity oxygen-fuel (HVOF) thermal spraying is an advanced 
manufacturing process that adds or improves functionality to component surfaces. 
HVOF process essentially provides a supersonic flame and deposits semi-molten 
powder particles to component surfaces in well-controlled dynamic environment. 

Due to the high-energy flame and particles’ impacting, substrate surface behavior 
during the process essentially affect the coating quality. Thus, predicting the 
dynamic performance of substrates is crucial. To achieve the goal of predicting 
HVOF process outcome accurately, this paper proposes an iterative coupling 
method to obtain the substrate dynamic performance with the consideration of the 
spray torch trajectory. The renormalization group (RNG) and the realizable k-ε 

turbulence models were separately used in the reported research to test the 
simulation results with those two different models on the dynamic behavior of the 
substrate. Temperature field simulations of the substrate were selected for the 

comparison purpose under two sets of operation conditions with different scanning 
velocities. Through the evaluations with experimental measurements, it can be 
concluded that the RNG k-ε turbulence model generates more accurate dynamic 
performance results than the realizable k-ε turbulence model. 
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1 INTRODUCTION 

Thermal spray is a group of process technologies that enable adding a protection surface layer on 

components against high temperature, corrosion, erosion, oxidation, wear, chemicals, etc. [5]. 

High velocity oxygen-fuel (HVOF) thermal spray is an advanced, increasingly demanded and yet 

http://www.cad-journal.net/
https://orcid.org/0000-0001-5543-3418
https://orcid.org/0000-0002-4506-7976
https://orcid.org/0000-0002-6155-0167
mailto:ren6@ualberta.ca
mailto:rongym@sustech.edu.cn
mailto:yongsheng.ma@ualberta.ca
mailto:yongsheng.ma@ualberta.ca


 

 

Computer-Aided Design & Applications, 18(1), 2021, 117-129 

© 2021 CAD Solutions, LLC, http://www.cad-journal.net 
 

118 

complex technology [24]. As shown in the upper-left corner of Figure 1, during the process, the 
thoroughly mixed fuel-oxygen gases (typically hydrocarbon and oxygen) and micro particles are 
fed into the gun chamber, where a combustion reaction takes place, which, in turn, generates a 
hot sonic or supersonic multiphase gas stream. Within the stream, micro particles of metals, 

alloys, and/or ceramics are accelerated, heated, and ultimately deposited onto a substrate at high 
speed to form a functional coating layer [22]. In contemporary manufacturing industry, with the 
increasing demand of accurate coatings on complex surfaces, robots and handling systems have 
been developed to control the movement of the spray torch relative to the substrate. The lower-
right corner of Figure 1 shows the major parameters for describing the spray path [9]. 

 

 

 
Figure 1: Industrial HVOF thermal spray process. 

 

With the rapid development of computer-aided design (CAD), computer-aided engineering (CAE), 
and computer-aided manufacturing (CAM) over the past decades, the modeling of manufacturing 
process has been a hot spot in the area of simulation. Owning to the superiority of CAD-CAE 
integration technology [20], the modeling of manufacturing processes with complicated 
physicochemical phenomena become feasible as well. In the context of the producing high-quality 
coatings and the relentless demand for cost-effectiveness in manufacturing, in recent years, an 
increasing level of interest in research has been witnessed on the numerical modeling of the HVOF 

process. The process consists of two important stages, i.e. the particle heating and acceleration 
stage and the bombarding stage on the substrate surface. Hence past works related to the two 
aspects of simulation modeling, i.e. the in-flight behavior modeling [2],[17],[23],[28] and dynamic 
coating process modeling [1],[11] have been carried out, often, separately, owing to the 
sophistication of computational fluid dynamics (CFD) [15] modeling. More commonly and 
importantly, the in-flight behavior modeling was dedicated to the simulation of the 

physicochemical phenomenon of the combustion reaction, gas flow dynamics, and particle in-flight 
behavior by using CFD technique [16]. Due to the high Reynolds and Mach numbers of the flame 
flow [15],[19], the renormalization group (RNG) k-ε turbulence models [18] or the realizable k-ε 
turbulence models [23] were widely used to estimate the turbulent eddy viscosity. However, to the 
authors’ best knowledge, the best fit turbulent model for different industrial scenarios has not been 
studied thoroughly. 

More recently, as movable spray systems have been widely applied in thermal spray 

processes, more and more researchers concentrated on the dynamic coating process modeling 
with the consideration of spray trajectories. The dynamic behaviors of the substrate during the 
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nozzle movement, e.g. thermal field or thermal residual stress, have significant impacts on the 
coating properties [6],[26]. Therefore, predicting and controlling the dynamic performance of the 
coating and substrate remain a hot spot in this area. To explore the effects of the kinematics on 
the substrate behavior, Bolot et al. [1] proposed a dynamic process model that allows taking the 

robot dynamics into account, but their spray patterns for thermal flux and coating thickness was 
estimated by mathematical derivations based on a specific vacuum plasma spraying system 
instead of a general approach, which limits the model’s applicability to different systems. Candel 
et. al. [2],[6] presented an idea of remedying Bolot’s model where the contribution of the flame 
and particles to the total thermal load is estimated by using a flame and particle in-flight behavior 
model. However, the time intervals between two adjacent trajectory points for describing the 
kinematics of the spray gun may be different from the time step of CFD tools, which obstructs to 

simulate the movement of the spray gun in a CFD model. To overcome this issue, in Candel’s 

works, every trajectory point was associated with the nearest node of the substrate surface mesh 
at the CFD time step. This method may increase the simulation error when the time intervals of 
trajectory points are much longer than the CFD time step, because the nozzle will be assigned to 
the same node at these time steps in the long-time interval of the trajectory points. The authors 
had extended this idea further. The link between the flame/particle in-flight model and the 

substrate dynamic model was systemically described by using the advanced feature technology 
[25], which modeled the flame and particle in-flight characteristics into a dynamic feature-based 
surface physics field. To synchronize the time intervals of the trajectory points and the time step of 
the CFD tools, we proposed a new method that the spray trajectory points are mapped to the 
substrate surface along the torch orientation to define the center point of a physics field. Then the 
mapped center points are linearly discretized at the time step of CFD tools. However, the 
validation of the in-flight dynamic models has not been covered in that early work. 

Therefore, in this paper, the two different turbulence models, the RNG k-ε turbulence model 

and the realizable k-ε turbulence model, are used to estimate the turbulent viscosity and 
turbulence kinetic energy in a CFD model of HVOF flame characteristics. And then the results of 
each model are combined with spray path steps to simulate the dynamic behavior of the substrate. 
For validating the effects of these different turbulence models, simulated dynamic temperature 
fields of the substrate are compared with the designed experimental result. Besides, to obtain 
robust simulation results, we developed an iterative method to calculate the dynamic 

characteristics of the substrate by coupling the in-flight behavior and dynamic coating process 
modeling. Regarding to other turbulence models, although some of them present better results in 
some cases of turbulence simulations and researchers tried to use them to simulate thermal spray 
processes, for example Reynolds stress equation model (RSM) has been used to simulate the 
plasma spray process [13], these models have not been widely accepted in the area of the HVOF 
modeling [14]. 

This paper is organized into the following sections. Section 2.1 details the proposed iterative 

coupling method. The two different turbulence models are introduced in Section 2.2. The 
experimental procedure for validating the modeling method is described in Section 2.3. Section 3 
presents the comparison of the simulation results by the two different turbulence models, as well 
as the experiment results. 

2 METHODOLOGY 

2.1 An Iterative Coupling Method 

In order to coherently capture the full dynamic phenomenon during the HVOF process, a coupled 
modeling method consisting of two stages, the in-flight behavior and dynamic coating process 
models, is illustrated in Figure 2, which enables the dynamic sharing of feature-based parametric 
data of the flame/particle jet physics characteristics from the in-flight behavior model with the 

dynamic coating process model.  
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Figure 2: A systematic modeling method for the HOVF process. 
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In the first stage, the modeling method starts with fuel type selection. According to the 
equivalence ratio and an assumed reaction chamber pressure, the reaction formula is derived from 
an instantaneous equilibrium code [10]. Then, the combustion process is modeled by the eddy 
dissipation model [18]. However, the chamber pressure from the simulation result is very likely 

different from the preliminary assumed pressure. Therefore, to improve the reaction model 
accuracy, several iterations of running this part of the algorithm are needed to ensure the 
consistency between these two parameters up to a certain tolerance range. On the other hand, the 
computational domain is derived from HVOF nozzle geometry by combining a predefined spray 
distance. The physics models for calculating the gas flow and particle in-flight behavior can be 
referred to from [16]. Motivated by generating robust simulation results, a set of rules to analyze 
the stability and convergence status are also depicted in Figure 2.  

Once the in-flight behavior model reaches to a certain stable state, in the second stage, the 

flame and particle in-flight physical properties could be extracted and further fed to calculating the 
dynamic coating performance with the progress of a spray path. To achieve this purpose, the in-
flight properties are converted into corresponding physics fields on the substrate surface, e.g. heat 
flux and mass flux. Typically, these physics fields are symmetrical about the centerline of the 
flame due to the axisymmetric nozzle shape, and a Gaussian distribution is used to model the 

distribution of these properties on the substrate surface [4],[11],[19]. For searching a best-fitting 
Gaussian model, several criteria are used to assess the model, such as coefficient of determination 
(R2), Mean Absolute Error (MAE), and Root Mean Squared Error (RMSE). The spray path is 
transformed into a mapped path on the substrate surface along the orientation of the spray gun. 
Here, we intuitively name this mapped path as physics field center path, because it defines the 
movement of the center point of the physic fields during the dynamic coating process model. Then 
the corresponding dynamic properties of a substrate can be computed through linearly discretizing 

the physics field center path at the time step of CFD tools. The two equations in Figure 2 work for 

this discretization. For a more detailed interpretation, the reader could refer to our previous 
publication [25]. 

However, the physics behavior from the dynamic coating process simulation and the 
corresponding physical properties from the in-flight model may be inconsistent, because the 
behavior from the dynamic coating process simulation is affected by the physics field derived from 
the in-flight model, and the derivation of the physics field relies on the state of the boundary 

condition of the substrate surface in the in-flight model which is unknown beforehand and 
expected to obtain from the dynamic coating model. To make up the gap, the boundary condition 
in the in-flight model is assigned a presumptive or ideal state to get a starting point for calculating 
the physics field. After obtaining the dynamic coating process model by using this physics field, the 
properties from the dynamic coating process simulation replaces the presumptive or ideal 
boundary condition in the in-flight HVOF model to recalculate the physics field. Several iterations 

of this part will be carried out until an acceptable error between the properties from these two 

models is reached. In this work, the acceptable error is simply assessed by visual inspection of 
plotting these properties. In this way, the dynamic physics of the coating can be captured 
accurately. The red arrows in Figure 2 represent this iterative coupling mechanism. 

2.2 Turbulence Models to be Compared 

It is obvious that, from the above description, the turbulence model to be adopted has a 
remarkable influence on the simulation result of the in-flight behavior which further affects the 
accuracy of the substrate dynamic simulation. In this paper, the RNG k-ε turbulence model and the 
realizable k-ε turbulence model are implemented separately with the above modeling method to 
investigate the effects on the dynamic behavior of the substrate, and then a better one to be 
chosen. According to the Boussinesq hypothesis [15],[16], the Reynolds stress term representing 

the effect of turbulence [18] in the governing equations can be related to the mean velocity 
gradients: 
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where µt is the turbulent viscosity and k is the turbulence kinetic energy. 

To estimate the effect of turbulence, the RNG k-ε turbulence model has the following form 

[18]: 
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where ε is the turbulence dissipation rate, Gk is the generation of turbulent kinetic energy due to 
the mean velocity gradients, Gb is the generation of turbulent kinetic energy due to buoyancy, and 
YM is the contribution of the fluctuating dilatation in compressible turbulence to the overall 
dissipation rate. αk and αε are inverse effective Prandtl numbers for k and ε. Rε is the additional 
term in the ε equation. Sε and Sk are source terms defined by the user, and C1ε = 1.42, C2ε = 1.68.  

The transport equations of the realizable k-ε turbulence model are [15]: 
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where ε, Gk, Gb, YM, Sε, and Sk has the same definition as the RNG turbulence model. σk and σε are 
the turbulent Prandtl numbers for k and ε, respectively. C1ε = 1.44, C2 = 1.9, σk = 1.0 and σε = 
1.2. 

From the above equations, there are three major differences between the two models: the 
turbulent Prandtl numbers for k and ε; the generation and destruction terms in the equation for ε; 
and the method of calculating turbulent viscosity. In Section 3, the substrate characteristic 

properties obtained from the dynamic simulations by these two models will be compared with 
experimental results. 

2.3 Experimental Procedure 

During the HVOF process, the flame is forced to impact on the substrate, which leads to a sharp 
rise of the substrate temperature. To avoid residual stress due to a sharp change of the 

temperature, the thermal prediction of the substrate is noticeable [7],[27],[29]. Thus, in our work, 
the temperature field of the substrate is selected as the representative characteristic to analyze the 
effect of the two turbulence models. Moreover, the convective heat transfer between the flame flow 
and substrate surface is related to two dynamic properties of the reactive flow, the velocity and 
temperature functions, which are affected by the turbulence model selection. 

To validate the modeling method and compare the accuracy of the two turbulence models, 

dedicated experiments were carried out and the common setup is shown in Figure 3, consisting of 
an infrared thermometer (SCIT-3S7, Beijing Sanbo Zhongzi Technology Co., Ltd), and a 
homemade Diamond Jet spray system with ABB IRC5 M2004 positioning system. The temperature 
at the center point on the top surface of an AISI-1045 steel substrate (300 mm × 300 mm × 30 

mm) was continuously measured by the infrared thermometer during the process. A Diamond Jet 
HVOF nozzle carried by an ABB robot arm moved along the centerline of the top surface with a 
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pre-defined spray distance and scanning velocity, as depicted in Figure 4. The nozzle orientation 
was always perpendicular to the substrate surface during the movement. Figure 5 shows the 
functional CAD model elements (see the upper sub-figure) and their key geometry parameters 
(the lower sub-figure) of the spray nozzle, they were modeled and their values acquired from the 

direct measurement of the real spray gun. These elements were used to exactly construct the 
computational domain of the in-flight model. Two sets of operation conditions, as shown in Table 
1, were carried out with two scanning velocities, 5 mm/s and 10 mm/s. It is worth noticing that for 
sake of the convenience of experimental temperature measurement, the spray velocity used here 
is quite lower than the real industrial process and all the spray processes were carried out without 
powder particles. The experiment results are presented and compared with the simulation results 
in Section 3.2. 
 

 

 
Figure 3: Experimental temperature measurement of the substrate surface. 

 

 
 

Figure 4: Schematic representation of the 
spray path transformation. 

 
 

Figure 5: The physical elements and the key 

parameters used in the simulation models 
corresponding to the Dimond Jet spray nozzle 

used in the experiment. 
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Conditions Propane inlet 
(SLPM) 

Oxygen inlet 
(SLPM) 

Nitrogen inlet 
(SLPM) 

Air inlet 
(SLPM) 

Spray distance 
(mm) 

1 334.6 972.0 32.8 758.1 170 

2 180.6 625.6 39.0 577.9 180 

 
Table 1: Experiment operation conditions. 

 

3 RESULTS AND DISCUSSION 

3.1 The Coupling Method Validation 

By implementing the iterative coupling method into commercial software, ANSYS/Fluent, two sets 
of operation conditions as shown in Table 1 were used to simulate the dynamic temperature field 

behaviors of the AISI-1045 steel substrate with two different scanning velocities (5 mm/s and 10 
mm/s) respectively along the centerline of the top surface. To illustrate the coupling method, here, 
Condition 2 in Table 1 with a 5 mm/s scanning velocity is used as a sample to explain the 
procedure for constructing the simulation.  

During the stage of the in-flight modeling, the computational domain of the in-flight model, 
presented in Figure 6, was build according to the building elements and geometry parameters as 

shown in Figure 5. The domain from the nozzle exit to the substrate surface was build according to 
the spray distance. The number of cells of the flame/particle in-flight model in condition 1 and 
condition 2 is 145,539 and 157,688 respectively which are similar to the grid level in [8],[23]. The 
number of cells of the substrate dynamic model is 648,000. To exactly capture the simulation 

behaviors, the important local parts of the computational domains are refined as shown in Figure 
7, e.g. the combustion and flame existence part in the flame/particle in-flight model and the 
domain around physics field center path in the substrate dynamic model. The boundary conditions 

of the domain were tagged and assigned to the corresponding gas flow rates shown in Table 1. For 
exactly calculating the heat flux, the substrate surface at the right end of the domain was set up 
as a wall boundary condition with the material properties of AISI-1045. The thickness of the wall 
boundary condition was adjusted to 30 mm which is the same as the thickness of the substrate. 
The chamber wall is cooled by water. Its boundary condition was set up as a constant temperature 
of 300 K for the purpose of simplification. Regarding the temperature of this boundary condition, 
the room temperature was presumed to get a starting point for calculating the heat flux on the 

substrate surface. Once the in-flight model has been completely set up, the characteristics of the 
flame can be extracted from the simulation results. Figure 8 (a) presents a temperature contour of 
the flame flow by using the RNG turbulence model. 

 

 
 

Figure 6: The computational domain of the in-flight model. 
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Figure 7: Examples of the mesh used in this work: (a) the mesh of the flame/particle in-flight 

model in condition 2 (180 mm spray distance), and (b) the mesh of the substrate dynamic model. 
 

 
 
Figure 8: Schematic representation of the key steps during the modeling of condition 2 with the 
RNG turbulence model and 5 mm/s scanning velocity: (a) the temperature contour of the flame 

flow, (b) the instantaneous temperature field corresponding to the moment when the torch moves 
to the center point of the top surface, and (c) the iteration result of the instantaneous temperature 
field. 

 

After obtaining the characteristics of the flame, during the dynamic coating process modeling, the 
heat flux on the surface was derived and converted to a Gaussian-distribution physics field. A C-

language coded function module for the physics field center path transformation and time 
discretization was developed and compiled within the ANSYS/Fluent API environment. Then the 

movable physics field was assigned to the boundary condition of the top surface of the steel 
substrate. As a result, the dynamic temperature field of the substrate with the spray path was 
calculated at the time step of ANSYS/Fluent. However, the initial round computation result is 
inaccurate, because the heat flux was derived based on a hypothetical boundary condition of the 
substrate surface of the in-flight model (room temperature). To fix this issue, the instantaneous 

temperature field from the dynamic coating process model corresponding to the moment when the 
torch moves to the center point of the top surface was reassigned into the simulation model as the 
boundary condition of the in-flight model to recalculate the heat flux and the temperature field of 
the dynamic coating process model, as depicted in Figure 8 (a) and Figure 8 (b). This procedure 
was carried out iteratively until the heat flux dynamic properties become stabilized into an 
acceptable range, as shown in Figure 8 (c). Consequently, a converged dynamic temperature field 
of the substrate could be obtained. The final temperature profiles of the center point will be 

presented in the following subsection. 
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3.2 Comparison of Turbulence Model and Experimental Verification 

The two sets of operation conditions given in Table 1 with two different scanning velocities were all 

computed according to the coupling method described above. Figure 9 shows the temperature of 
the center point changes over time. The profiles from the simulation results and experimental 
measurements present the same variation trend. The temperature of the measurement point 
increases sharply and reaches a peak value when the torch moves toward it. After the peak, the 
profiles experience a gradual decrease. To quantitatively estimate the error between the 
experimental results and the simulation results, the RMSE of the experiment temperature related 

to the simulation temperature are calculated by using Equation (3.1). Table 2 shows the Root-Mean 
Square Error (RMSE) for each case. All cases demonstrate that the simulated temperature profiles 
by the RNG k-ε turbulence model agree with the experimental data, and the realizable k-ε 
turbulence model generated lower temperature distribution than the experimental results. 

2

exp , ,
1

n

eriment n simulation n
i

T T

RMSE
N

                                          (3.1) 

where Texperiment,n is the nth measurement of the temperature at the measurement point, Tsimulation,n is 
the temperature from the simulation results at the corresponding time, and N is the total times of 
the measurement. 

 

 
 

Figure 9: The temperature of the center point versus time: (a) condition 1 with a 5 mm/s velocity, 

(b) condition 1 with a 10 mm/s velocity, (c) condition 2 with a 5 mm/s velocity, and (d) condition 2 
with a 10 mm/s velocity. 
 

Cases The RMSE related to the 
RNG model 

The RMSE related to the 
realizable model 

Condition 1 with a 5 mm/s velocity 50.7 72.3 

Condition 1 with a 10 mm/s velocity 35.0 46.0 

Condition 2 with a 5 mm/s velocity 15.7 24.2 

Condition 2 with a 10 mm/s velocity 8.8 16.7 

 
Table 2: The RMSE of the experiment results related to the simulation results. 
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4 FUTURE DEVELOPMENT OUTLOOK 

So far, the simulations of the substrate temperature distribution have only considered the 
contribution of the impinging flame jet. In future, the contribution of the sprayed particles will be 
taken into account. Particle landing location distribution can be approximated by extracting the 

particle flux near the substrate surface from the in-flight model. Then the dynamic coating 
distribution rate could be derived by incorporating the particle landing distribution and a catch rate 
[28] which is defined as the ratio of the mass of landed particles to injected particles. Potentially, 
based on the proposed coupling method, the thermal load contributed by the deposited particles 
could be reasonably incorporated. Finally, the dynamic coating thickness and the temperature field 
of the substrate with the deposited particles could both be simulated. On the other hand, with the 
assistance of CAD-CAE integration technology, a generic modeling method for different HVOF 

scenarios, e.g. various spray guns and substrate components, will be established so that the 

proposed coupling method can be applied in different HVOF spray systems. By combing an 
optimization process, the dynamic behaviors of the substrate and coating layer can be controlled, 
and therefore high-quality coatings can be generated. 

It is observed, from Figure 9, that the experiment results tend to have higher temperature 
fields than the simulation results. This trend is especially noticeable at the peak of the temperature 

profiles where the torch is just passing the measurement point. This may be owing to the fact that 
the flame blocks the infrared sensing signal. The infrared thermometer was placed at the front the 
substrate as shown in Figure 3. When the torch was just passing the measurement point, the 
infrared thermometer was still in the progress of collecting data. This may result in an increased 
temperature profile due to the disruption by the high-temperature flame. In future, for accurately 
collecting the experiment results, the temperature of the substrate will be measured by 
thermocouples. To take the contribution of the deposited particles into account, thermocouples will 

be inserted to a series holes drilled from the substrate bottom along the physics field center path. 

This will ensure that the tips of the thermocouples will be in good contact to the substrate surface 
from the component inside, which can measure the temperature of the substrate surface directly 
and therefore avoid the disruption by the high-temperature flame. The detailed illustration about 
using thermocouples for the temperature measurement can be found in [12],[21]. 

5 CONCLUSIONS 

In this paper, an iterative feature-based CAE method is proposed which realizes the coupling 

between the simulations of the HVOF flame/particle in-flight characteristics and the substrate 
dynamic behavior. The substrate dynamic performance was accurately predicted with the dynamic 
spray paths by implementing the proposed coupling mechanism. For validating the coupling 
method and testing the influence of turbulence models on the dynamic behavior of the substrate, 
the RNG k-ε turbulence model and the realizable k-ε turbulence model were separately used. 

Temperature field simulations of the substrate were used to show the differences under different 

sets of operation conditions with different scanning velocities. Through the evaluation of the 
simulation results with experimental process measurements, it can be concluded that the RNG k-ε 
turbulence model works more accurately than the realizable k-ε turbulence model. The realizable 
k-ε turbulence model tends to generate a relatively lower temperature distribution. 
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