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ABSTRACT ARTICLE HISTORY
Increasing the efficiency of existing and new energy systems is necessary Received 5 September 2024
to accelerate the shift toward sustainability. One promising avenue for Revised 26 October 2024
achieving this objective is to integrate new devices into the existing  Accepted 30 May 2025
energy systems, such as vortex tubes. However, the incorporation of vortex
tubes into the energy systems is restricted due to their limited develop- £ ficiency: k-

. nor . . nergy efficiency; k-e

ment anq inadequate efficiency. Therefore, there is growing demand on turbulence model; Ranque-
overcoming the drawbacks of vortex tubes. Therefore, a lot of research is Hilsch vortex tube (RHVT);
being done to overcome these drawbacks. Computational research is more RANS CFD:; turbulence
favored over experimental research to exploit the advantages of time and modeling
cost efficiency. However, there is still no concrete answer to the question:
What is the most appropriate two-equation RANS turbulence model for
accurate numerical analysis of vortex tubes? Different authors gave differ-
ent recommendations in the past, making this question more ambiguous.
Therefore, this research aims to address this challenge. In this regard, two
different geometric models are considered. A mesh-independence study
and a y" study have been conducted to obtain an appropriate mesh. For
the first geometry, the SST k-w model has been selected for the mesh-
independence and y* studies, while the standard k-e model has been used
for the other geometric model. Afterward, a turbulence model study is
conducted for both geometric models by considering two-equation RANS
turbulence models. The performance of different turbulence models is
evaluated with various reference data. For both geometric models, the
standard k-¢ turbulence model outperforms other considered turbulence
models when compared with the experimental data. This is also in line
with the outcomes of most studies in the past. These results could be
used to further investigate the performance of vortex tubes under different
geometric and operating parameters.

KEYWORDS

1. Introduction

Since the industrial revolution in the late nineteenth century, energy conversion has relied mainly
on fossil fuels, resulting in CO, and other greenhouse gas emissions that contribute to global
warming. To address the climate crisis, energy conversion and use must become more sustainable
and environmentally friendly. There are two primary ways to make energy conversion and
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Nomenclature
Latin symbol Subscripts
A area [mm?] [ cold outlet
d diameter [mm] cfd computational fluid dynamics
D RHVT diameter [mm] exp experiment
L RHVT length [mm] h hot outlet
m mass flow [kg/s] i inlet
p pressure [Pa] t total
T temperature [K] VT vortex tube
yT dimensionless wall distance [-] CS control surface
F force [N] (&A% control volume
f external forces per unit volume [N/m’] v volume
R gas constant [J/kg K]
Q heat added to the system [J] Abbreviations
T stress tensor [-] 3D three dimensional
t time [s] COP21 The 21st Conference of the Parties
v velocity [mm/s] GWP global warming potential
w work done by the system [J] k-e standard k-epsilon
e energy per unit mass [J/kg] k-o standard k-omega
RNG k-¢ Re-Normalization Group k-epsilon
Greek symbols RANS Reynolds-Averaged Navier-Stokes
A difference between two values [-] RSM Reynolds stress model
e cold mass fraction [-] SA Spalart-Allmaras model
\Y gradient operator RHVT Ranque-Hilsch vortex tube
P density [kg/ m’] SST-SAS  Shear Stress Transport-Scale-Adaptive
v Eddy viscosity [m?/s] Simulation
SST k- Shear Stress Transport k-omega
TSE temperature separation effect

consumption more eco-friendly: replacing fossil fuels with renewable energy for electricity gener-
ation and improving the efficiency of new and existing energy systems. One way to increase effi-
ciency and reduce energy waste is to incorporate new devices into energy systems. One such
device is the Ranque-Hilsch Vortex Tube (RHVT), a simple thermal device with no moving
parts.

The vortex tube was first invented by the French scientist Georges J. Ranque in the early 1930s.
However, a more adequate explanation of the temperature separation effect (TSE) inside the RHVT
was given by the German physicist Rudolf Hilsch in 1947 [1]. The RHVT divides the compressed
incoming fluid stream into two separate streams. Figure 1 shows the working principle of the
RHVT. The resulting fluid streams exit the RHVT through both outlets (hot outlet and cold outlet).
The fluid stream exiting from the hot outlet has a higher temperature than the incoming stream,
while the fluid stream exiting from the cold outlet has a lower temperature than the incoming
stream. The RHVT has an inlet section with variable tangential nozzles, supplemented with a vortex
generator. The compressed fluid stream enters through the inlet nozzles and is given a swirl by the
vortex generator. The flow through the RHVT is controlled by a valve at the hot outlet to regulate
U, which is the ratio of the mass flow rate of the fluid stream leaving the cold outlet to the mass
flow rate of the incoming stream.

The ability of the RHVT to separate a fluid stream into two streams with different temperatures can
be very useful in various applications, such as refrigeration cycles [2,3] and heat pumps [4,5]. However,
the RHVT has not received much attention in the past due to its inadequate efficiency and limited
development. Therefore, it is currently receiving increasing attention from researchers and industry to
exploit its advantages in several energy systems and thus understand the underlying effects.
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Figure 1. Working principle of the RHVT.
Table 1. Different turbulence models used in recent research studies.
SST  SAS RNG Realizable Best turbulence
Research article k-e ko k- SST SA k-e RSM k-¢ ASM model
Bagdad et al. [6] v v v X X X v X X RSM
Bazgir et al. [10] v X v X X v X v X RNG k-¢
Chylek et al. [11] v v v X X X v v X k-e
Singh et al. [17] v X v X X X X X X k-¢
Dyck et al. [18] v v v v X X X X X SAS SST
Lagardeux et al. [19] v X v X X X X X X SST k-
Sadeghiseraji et al. [20] v X v X X X X X X k-¢
Hu et al. [21] v X v X v X X v X Realizable k-¢
Thakare and Parekh [22] v v X X v X X X X k-€
Liu and Liu [23] v X v X X v v v X Realizable k-¢
Eiamsa-ard and Promvonge [24] v X X X X X X X v ASM

There are three main types of research investigation approaches: experimental, computational,
and analytical. Among these, the computational approach has received substantial attention in the
recent past due to its advantages of cost and time efficiency, flexibility, reproducibility, and adapt-
ability compared to other approaches. Therefore, researchers have put considerable efforts into
conducting accurate computational analysis of the flow phenomena inside the RHVT. Although
substantial efforts have been invested in the accurate analysis of the RHVTSs, certain questions
remain unresolved.

One of these questions is: What is the best modeling approach for the highly turbulent flow
phenomena inside the RHVT to accurately predict and analyze its behavior? As there are many
approaches available, such as two-equation Reynolds-averaged Navier-Stokes equations (RANS)
turbulence model, LES, DNS, and RSM. It is difficult to conclude which approach is more feasible
for numerical analysis of the RHVT. RSM has received a lot of attention in recent years. On the
one hand, several authors have concluded that RSM is the most appropriate turbulence model for
the numerical analysis of flow phenomena inside the RHVT [6-9]. On the other hand, RSM is
associated with increased computational cost and convergence difficulty [10-14]. Furthermore,
although LES and DNS are the most accurate techniques, they considerably increase the computa-
tional cost [9,15,16]. Therefore, most research on RHVTs employs two-equation RANS turbulence
models. Additionally, since RHVTs have not received much attention in the past due to their
drawbacks, using two-equation turbulence models offers the advantage of rapid research to better
understand the TSE inside RHVTs. However, another question remains: Which two-equation
RANS turbulence model is best for accurate analysis of RHVTs? To date, there is no concrete
outcome regarding which two-equation RANS turbulence model is the most suitable for accurate
analysis of RHVTs. As a result, different turbulence models have been used by different authors
to determine the most appropriate one. Table 1 shows the different turbulence models investi-
gated by various authors and their recommended turbulence model.

Given the previously available work, one may question why an additional study on this topic
is necessary. The reasons for this are as follows:
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1. Some previous studies were carried out in 2D [19,22,24]. However, advances in computational
resources now allow for more detailed 3D analysis, which may lead to more accurate
results [9,25].

2. The near-wall treatment is crucial for reliable numerical results. However, some previous
studies lacked detailed information on this aspect, which may call the credibility of their
results into question [6,10,23].

3. Although some prior studies mainly focused on the effect of geometric and operational
parameters on RHVT performance, they recommended specific turbulence models based on
limited comparative analysis [10,17].

4. Some previous studies used structured meshes [20]. However, given the complex geometry of
the RHVT, unstructured meshes could provide a more accurate flow field analysis.

5. Recommendations on this question by various authors are conflicting, which has complicated
the topic further.

Therefore, the primary objective of this work is to determine which two-equation turbulence
model predicts the most accurate TSE when compared with reference data. This is accomplished
through numerical simulations of two different 3D models of the RHVT. The results are then
compared with the respective reference data, and the outcomes are discussed. The details of this
research study unfold across the following sections of this article: Section 2 outlines the theoret-
ical background. Section 3 discusses the development of numerical model, Section 4 presents the
research results, and the last section summarizes the conclusions and outlines the future objec-
tives of this research.

2. Governing equations

To accurately predict the flow field and temperature of the fluid inside the RHVT, the fluid domain
needs to be divided into infinitesimally small control volumes. The fundamental conservation equa-
tions need to be solved for each of the control volumes simultaneously. These equations adhere to
three primary conservation laws: mass, momentum, and energy (see Egs. 1-3) [26].

i (J pdV) —|-J p(v-n)dA =0 (1)
at \Jev cs
Z F = d (J pv dV> + J pv(v-n)dA (2)
dt \ Jev cs
. . d p
Wshaft, net-in + Qnet—in = E (J ep dV> + J (_ + 6) P(V : l‘l)dA (3)
cv cs \P

where p is the fluid density, ¢ is time, CV is the control volume, CS is the control surface, v is
Veloc1ty, n is the unit normal vector, dV and dA are differential volume and area, F is force,
W shaftnet-in is net shaft work, Qnet in is net heat transfer, e is specific energy, and p is pressure.

These conservation laws form the foundation for understanding the behavior of fluid particles.
By using the conservation equations and assuming fluid as a continuum, one can derive Navier-
Stokes equations, which provide the most comprehensive explanation of a fluid behavior. They
are a set of nonlinear, coupled, and second-order partial differential equations. They can be used
to calculate the 3D, unsteady, and viscous flow. The general vector form of the Navier-Stokes
equations is given by Eq. (4).
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p—==-Vp+V-t+f (4)
Dt

where Z¥ is the material derivative of the velocity, Vp is the pressure gradient, V - t is the diver-

gence of the stress tensor, and f represents body forces.

The Navier-Stokes equations are not sufficient for a closed solution so that additional closure
relations and boundary conditions are required. The equation of state is used to account for com-
pressibility effects. It relates the temperature, pressure, and density of the fluid to close the system
of equations for accurate analysis. Equation (5) gives the equation of state for an ideal gas [26].

p=pRT (5)

Furthermore, the Navier-Stokes equations require initial and boundary conditions to specify
the starting state and the physical constraints. In addition, turbulence model equations are
required for closure due to the complex, chaotic, and 3D nature of turbulent flow. One way is to
perform DNS calculations, but they are very complex and require a lot of computing power.
Therefore, to reduce the computational cost while still benefiting from DNS, LES can be used. In
LES, the large eddies are calculated and the smaller eddies are modeled by different available
models. However, LES also requires substantial computational resources. To overcome this, differ-
ent authors have proposed various modeling equations based on empirical relations from experi-
mental investigations. These models are known as RANS models and can be broadly categorized
into eddy viscosity models and second moment closure models. Eddy viscosity models include
algebraic models, such as mixing length and Baldwin-Lomax, one-equation models, such as SA,
k-model, and two-equation models, such as k-¢, k-w, and SST k-w models. Meanwhile, second
moment closure models include algebraic RSM, differential RSM, and others. Among these, eddy
viscosity models are the most widely used. Furthermore, among the eddy viscosity models, two-
equation models are generally preferred because they require less computational resources and
provide adequate predictions of the flow compared to second-moment closure models. This is
because although second-moment closure models provide a more accurate solution, they require
significant computational resources. The Navier-Stokes equations (Eq. 7) along with the continu-
ity (Eq. 6) and energy equations (Eq. 8) are solved by two-equation RANS turbulence models.

Dv
Dt

0
—((pU;) =0 6
o, (pUi) (6)
0 oP 0
—(pUU;) = —— 4+ —(t; i 7
an (p J) a.x,' + 8XJ( g + pT]) ( )
where f,'j = ZMSIJ, pfij = ZHTEI‘]' - %pkélj, E,] = Sij - %?)—3:51], and S,] = % (%—g]l + (;_g‘]) .
0 1 0 u o pr\ Oh
N pUi( h+=UU; )| == |Ui(ty + prij) + [—+ L) — 8
0x; {p ]< + 2! l)] 0x; i(fy + pTy) (PrL +PrT) 0x; ®

where h is the enthalpy, Pr; is the laminar Prandtl number, and Pry is the turbulent Prandtl
number.

Among the two-equation RANS turbulence models, the k-e turbulence model is the most
widely used for the numerical analysis of RHVTs. It was initially proposed by Jones and Launder
in 1972, without damping functions but with empirical constants [27]. Equation (9) is the trans-
port equation for k together with the transport equation for € in Eq. (10).

d B 9 pr\ Ok
8—%(pUJk) =P~ pe+ o, [(u + Gk) ax,-] €)

where P, = prij%.
)
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0 € e 0 ur\ Oe
— (pUje) = Ca = Px — Caop—+ +— — )= 10
o PUe) = Cap B Zpk+axj(“+ae>axj (10)
where C = 1.44, C,, =1.92, 6 = 1.0, 0. = 1.3, and y, = pCﬂk—:.

Furthermore, in 1993, Wilcox introduced a model by defining ¢ = C,kw, where C, is an
empirical constant [27]. The transport equations for k and o of the k- turbulence model are
given in Eqs. (11) and (12), respectively.

0 0 ur '\ Ok

—(pUik) = P — Cupker + — )= 11
8xj(p k) = P ”pw+8xj <'u+ak>8xj] (D)
0 w 0 ur\ dw
——(pUjw) = Cot 7P — Copp® + o [ +=5) == 12
7% (PUjw) = Con 1 Px = Conpo> *ax,- (u+%> o, (12)

2, Cop =1, Cu = 0.09, 6, = 6% = 2, and the eddy viscosity is given as u; = p£.
The SST k-w turbulence model is a modified form of the k-w turbulence model. In 1994,
Menter proposed a two-zone formulation to rectify the spurious behavior of the k- model under
free-stream conditions [27]. This approach uses the k- model near the wall and the k-¢ model
for the rest of the flow inside the boundary layer. The transition between these formulations is
achieved by a smooth interpolation process. Further details on other turbulence models can be

found in Ref. [27].

where C,; =

3. Numerical setup
3.1. Geometry

As mentioned above, this study considers two different 3D RHVT geometric models. Although
some previous studies have considered 2D models, their results lack quantitative accuracy [9,25].
Therefore, only 3D models are considered in the present work. The first model resembles the
geometry investigated by Rafiee and Sadeghiazad [8]. It has two inlet tangential nozzles. The
experimental results from Rafiee and Sadeghiazad [8] are used to validate the current results.

The second model is similar to the commercially available Exair (model 3225) RHVT [28],
which is also used by Skye et al. [14]. However, Skye et al. [14] did not provide information on
the geometry of control valve for their experimental study. In another study, Qyyum et al. [29]
found that a truncated-type hot control valve yielded better results compared to a cone-type hot
control valve when compared with the experimental results. The other dimensions of geometric
model in study of Qyyum et al. [29] are similar to that of experimental study of Skye et al. [14].
Therefore, a truncated-type control valve is considered in this study with dimensions similar to
that recommended by Qyyum et al. [29]. For validation of the second model, the experimental
results of Skye et al. [14] are used. Table 2 presents a comparison between the present geometries
and the reference geometries for both models. Both RHVT models have annular-type inlet

Table 2. Comparison of geometric parameters of current models with respective reference models.

First model Second model
Current Rafiee and Current study
RHVT parameter Unit study Sadeghiazad [8] and Skye et al. [14]
Working tube length (L) mm 264 250 106
Working tube diameter (D) mm 17.6 18 1.4
L/D - 15 13.89 9.3
Cold outlet diameter (d.) mm 8.8 9 6.2

Number of nozzles - 2 2 6
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Figure 2. Dimensions of both RHVT models investigated in this study (all dimensions in mm).

tangential nozzles, as axial annular inlets have the ability to converge faster by improving numer-
ical stability. The lengths of inlet and outlets of the flow domain were extended to account for
the possible disturbances. Many studies have used this concept because it can control disturban-
ces, and thus improving numerical stability. Figure 2 illustrates both geometric models along with
their dimensions.

3.2. Evaluation parameters

The primary performance indicator of the RHVT is the temperature difference. There are three
different temperature differences that can be used to assess the performance of the RHVT:

e Cold outlet temperature difference (AT.): The difference between the temperature of the
incoming compressed stream (T;) and the exiting cold stream (T¢) (see Eq. 13).

AT, =T, - T. (13)

e Total temperature difference (AT;): The difference between the temperature of the hot stream
(Ty) and that of the cold stream (see Eq. 14).

AT, =T, - T, (14)

e Hot outlet temperature difference (ATy): The difference between the exiting hot stream and
the temperature of the incoming compressed stream (see Eq. 15).

AT, =T, - T, (15)

In addition, the average percentage deviation of the temperature difference (Par), is used for
comparison with the experimental results. Equation (16) represents the formula to find the aver-
age percentage deviation of the temperature difference.

ATexp - Achd

1 1
AT x 100% (16)

PAT:’

where AT, and ATy are the experimental and computational temperature differences,
respectively.
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Figure 3. Regions of mesh refinement for both geometric models.

Table 3. Boundary conditions for the mesh-independence study.

Boundary Type of boundary condition Model 1 Model 2
Inlet Pressure inlet 2.5bar, 294.2K 5.84 bar, 294.2K
Cold outlet Pressure outlet 1.03 bar 1.03 bar
Hot outlet Pressure outlet Variable to get different cold mass fraction
Wall Adiabatic wall with no-slip Heat flux = 0 W/m?

Table 4. Final element size and number of elements for different regions of both RHVT models.

General Inlet Cold outlet Hot outlet
Model Size Elements Size Elements Size Elements Size Elements
1 0.75 553 0.29 5.55 0.35 5.64 0.4 5.83
2 0.30 1.78 0.23 8.14 0.23 8.32 0.23 8.78

The unit for element size is mm and the number of elements is in millions.

3.3. Mesh-independence study

For both geometric models, a 3D CFD mesh is generated using the ANSYS Meshing tool. The
mesh is composed of tetrahedral elements. The main reasons for using tetrahedral mesh elements
are their geometric flexibility, conformance to boundaries, and ease of local refinement. However,
it should be noted that an unstructured mesh can lead to numerical stiffness, adaptability chal-
lenges, and a larger number of elements. These challenges were overcome by refining the mesh in
certain regions and by using the shared topology option available in ANSYS SpaceClaim. This is
because the mesh-independence study directly affects the numerical accuracy and optimization of
the computational solution. First, the general element size is refined and then the mesh is
improved at the inlet and outlet regions of the RHVT until consistent results are obtained.
Figure 3 shows the areas of mesh refinement for both geometric models. Mesh refinement is con-
tinued until the results no longer change. Another factor in finalizing the element size is numer-
ical stiffness. The element size is reduced to a certain limit beyond which convergence difficulty
occurs, and the results become unrealistic. Consequently, some results are not considered because
their magnitudes are impractical. Furthermore, the mesh sizes that have quick convergence are
preferred.

For both geometric models, static pressure and static temperature are specified as the bound-
ary conditions at the inlets. Both the hot and cold outlets are pressure-type outlets. Adiabatic no-
slip conditions are applied to the inner walls of the RHVT. The simulations are set up using
ANSYS CFX. The convergence limit for the residuals is set to 10™® for the mass and momentum,
while the residual for heat transfer is set to 107°. Air with ideal properties is chosen as the work-
ing fluid. Steady-state simulations are performed. The boundary conditions, for both geometric
models, considered for the mesh-independence study are shown in Table 3.

For the first geometric model, the SST k-w turbulence model is employed, while for the
second geometric model, the k-¢ turbulence model is employed. Table 4 shows the final element
size and the number of elements in different regions of both geometric models, whereas Figure 4
shows the final 3D mesh of both geometric models.
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Figure 4. Final 3D mesh in different regions of both RHVT models.

Table 5. Average values of y* in different regions of the first RHVT model.

Region of vortex tube Final y™ value [-]
VT wall 1.89
VT cold outlet 1.66
VT hot outlet 1.42

3.4. y" study

As mentioned above, the choice of turbulence model has substantial influence on the targeted y*
value of the RHVT. This is because the y™ value affects the accurate capturing of the flow phe-
nomena inside the boundary layer. y* is the dimensionless distance from the wall to the first cell
and it indicates the quality of the mesh in the boundary layer. Inflation layers are augmented
inside the RHVT to achieve the appropriate y* value. However, the way to ensure that correct
inflation layers are included is to obtain the appropriate y* value. Therefore, the first layer height
is adjusted to obtain different y* values until the solution becomes consistent and closely matches
the experimental data.

For both geometric models, the first layer height is reduced until the magnitudes of tempera-
ture separation become constant. For the first geometric model, the first layer height is reduced
until y* < 1 is achieved. However, below y™ =2, there is no significant improvement of results
but there is numerical stiffness. Therefore, the reduction in the first layer height is stopped after
achieving y* < 2. Table 5 shows the final values of y* in different regions of the first RHVT
model.

For the second geometric model, the first layer height and number of inflation layers are var-
ied to obtain the appropriate y* value. Table 6 shows the average y* values for different first
layer heights. There is a decrease in the average y value as the first layer height decreases.
However, another concern is the computational effort and numerical stiffness. On the one hand,
the number of mesh elements increases as the first layer height decreases, leading to an increase
in computational cost. On the other hand, numerical stiffness occurs with reduction in the first
layer height. The reduction in the first layer height is stopped when the results stop changing,
indicating that no further improvement in results. Instead, further reduction leads to additional
computational cost and numerical stiffness. Furthermore, the results are compared with the
experimental data of Skye et al. [14]. It is noted from Table 6 that there is no significant
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Figure 5. The local contours of total temperature obtained by different turbulence models for both geometric models.

difference between the current and the experimental results. Therefore, the first layer height of
0.002 mm with 13 inflation layers is chosen for further analysis, as going beyond this would not
improve the results.

4. Results and discussion

This section discusses the results obtained from different turbulence models for both geometries.
The results are validated against the respective experimental results. The comparison is mainly
based on the temperature separation inside the RHVT. Qualitatively, all investigated turbulence
models are able to capture the TSE. However, the choice of turbulence model has substantial
influence on the magnitudes of minimum and maximum temperatures. Figure 5 compares the
contours of total temperature obtained by different turbulence models for both considered RHVT
geometries. It is noted here that the temperature at the core of RHVT is lower than that in the
region closer to the wall of RHVT for both geometric models. For the first geometric model, the
k-¢ and k-w turbulence models have the closest resemblance with the temperature distribution
contours reported by Rafiee and Sadeghiazad [8]. However, the observation cannot be made for
the second geometric model due to unavailability of the reference results.

Next, the magnitudes of temperature differences of the obtained results are compared with the
reference results and Eq. (16) is used to calculate Par. Figure 6 presents the comparison of the
current results of the first geometric model with the experimental results of Rafiee and
Sadeghiazad [8]. However, an important point is that Rafiee and Sadeghiazad [8] only reported
the AT, values; whereas, it has been reported by multiple authors that all three temperature dif-
ference values (AT., ATy, and AT;) should be compared to draw the final conclusion; otherwise,
one could lead to conflicting opinions. Therefore, an energy balance is applied to the results of
Rafiee and Sadeghiazad [8] to approximate the AT}, and AT; values. It should be noted that per-
fectly adiabatic conditions are assumed by neglecting changes in potential and kinetic energy
when applying the principle of energy conservation. Table 7 shows the average deviation of tur-
bulence model results from the experimental results. From Table 7 and Figure 6, it can be con-
cluded that the k-¢ turbulence model has closest resemblance with the experimental results when
AT., ATy, and AT, are considered, followed by the k-w turbulence model. However, the
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Figure 6. Comparison of temperature differences obtained by different turbulence models for the first geometric model with
the experimental results of Rafiee and Sadeghiazad [8].

Table 7. P5r obtained by different turbulence models and deviated from the experimental results of Rafiee and
Sadeghiazad [8].

Average deviation of temperature difference (%)

Turbulence model AT, AT, AT,
k-¢ 11.87 7.18 10.82
RNG k-¢ 43.38 35.70 42.21
k- 12.47 7.87 11.25
SST k- 28.02 22.74 27.00

Table 8. Pt obtained by different turbulence models and deviated from the experimental results of Skye et al. [14].

Average deviation of temperature difference (%)

Turbulence model ATy AT, AT,

k-€ 17.79 5.96 5.51
k-a» 20.78 3.93 10.15
SST k-w 52.12 33.54 31.60

differences in deviation of results of k-¢ and k- models from the experimental results are not
very significant. Additionally, the k- turbulence model took longer time to converge and led to
numerical stiffness. The other two turbulence models (SST k-w and RNG k-¢) have significant
differences in the results when compared with reference results. The present results are in line
with the conclusions of most previous authors, who found that the k-¢ turbulence model is the
most suitable two-equation turbulence model for numerical analysis of RHVTs.

The results of the first RHVT model are used as a base for the second one to select the turbu-
lence models for investigation. Three different turbulence models, namely k-¢, k-w, and SST
k-, are evaluated under the same boundary conditions. The number of readings is kept to a
minimum for the k-w and SST k-w turbulence models to save the computational cost. Table 8
shows the average deviation of turbulence model results from the experimental results, while
Figure 7 depicts the comparison of current results with experimental data. It can be seen that the
k-e turbulence model has the best agreement compared to other turbulence models when AT,
and AT, are considered, while, for AT}, the k- turbulence model has the closest agreement with
the experimental results. However, again the k-« model results in numerical stiffness and increase
in computational cost. Therefore, based on the overall results, it can be concluded that k-¢ is the
most appropriate turbulence model for numerical analysis of the RHVTs.
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Figure 7. Comparison of temperature difference obtained by different turbulence models for the first model with the experi-
mental results of Skye et al. [14].

The present results show that although the SST k- turbulence model is a combination of the
k-€ and k-o turbulence models, its performance is significantly worse than that of these individ-
ual models. Moreover, while two-equation RANS turbulence models provide advantages, such as
faster convergence and lower computational cost for approximating flow inside the RHVT,
advance techniques like DNS, LES, and RSM can be utilized to further increase accuracy and
reveal critical intricacies. However, these advanced techniques are associated with more complex
numerical setups and increased computational costs.

5. Conclusions and future work

In this study, a 3D numerical analysis of two different RHVT models have been performed to
find the most suitable two-equation RANS turbulence model for use. For the first geometric
model, four different turbulence models are considered: k-¢, k-w, SST k-w, and RNG k-¢. For
the second geometric model, three different turbulence models are evaluated: k-¢, k-w, and SST
k-. Furthermore, different turbulence models are used for the mesh-independence study for
each geometric model: for the first one, SST k-o of low-Re number type is used and for the
second one, k-€ of high-Re number type is used. Based on the outcomes of this numerical study,
following conclusions can be drawn:

e Qualitatively all models are able to capture the TSE for both geometric models. However, the
magnitudes of maximum and minimum temperature are significantly influenced by the choice
of turbulence model. No turbulence model is able to predict the exact temperature magnitudes
when compared to the reference data.

e Quantitively, for both geometric models, the k-e¢ and k-w have the closest agreement with the
respective experimental data. However, k- has numerical stiffness and it takes longer time to
converge than k-e. Additionally, the obtained results for the k-e turbulence model are almost
consistent with the conclusions of previous studies.

e Based on the results, the k-¢ turbulence model appears to be the most appropriate two-
equation RANS turbulence model for analysis of RHVTs. Therefore, it is recommended to use
it for further numerical studies.

Furthermore, a recirculation zone is identified between the cold and hot flows inside the
RHVT. This could be further refined in the future for more accurate results using two-equation
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RANS turbulence models. In addition to that, it is important to know that although a good pre-
diction of the actual flow can be obtained by two-equation turbulence models, LES and RSM can
produce even more accurate results. Nevertheless, LES and RSM demand higher computational
cost. That is why two-equation turbulence models are preferred. Although some authors have
reported in the past that RSM leads to numerical divergence [14,19], some reported it be more
accurate than two-equation RANS turbulence models [8,30]. Therefore, it is necessary to test
whether LES or RSM calculations provide the same level of accuracy for TSE results as two-
equation RANS turbulence models, and whether the flow field properties behave similarly. If they
do, then the k-¢ model can serve as a quick and approximate performance estimation tool.
Otherwise, the k-¢ model may not be suitable as a convenient tool to unravel the complexities of
RHVTSs, and advanced techniques should then be used.
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