
Citation: Liu, B.; Vanierschot, M.;

Buysschaert, F. Comparison Study of

the k − kL − ω and γ − Reθ Transition

Model in the Open-Water

Performance Prediction of a

Rim-Driven Thruster. Int. J.

Turbomach. Propuls. Power 2024, 9, 2.

https://doi.org/10.3390/ijtpp9010002

Academic Editors: János Gábor Vad,

Csaba Horváth and Tamás Benedek

Received: 14 February 2023

Revised: 31 July 2023

Accepted: 14 December 2023

Published: 9 January 2024

Copyright: © 2024 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY-NC-ND) license

(https://creativecommons.org/

licenses/by-nc-nd/4.0/).

Turbomachinery 
Propulsion and Power

International Journal of

Article

Comparison Study of the k − kL − ω and γ − Reθ Transition
Model in the Open-Water Performance Prediction of a
Rim-Driven Thruster
Bao Liu 1,2 , Maarten Vanierschot 2,3* and Frank Buysschaert 4

1 School of Transportation and Logistics Engineering, Wuhan University of Technology, Wuhan 430063, China
2 Department of Mechanical Engineering, Group T Leuven Campus, KU Leuven, 3001 Leuven, Belgium
3 Material Science Innovation and Modelling (MaSIM) Research Focus Area, North-West University,

Private Bag X2046, Mmabatho 2745, South Africa
4 Department of Mechanical Engineering, Bruges Campus, KU Leuven, 8200 Bruges, Belgium
* Correspondence: maarten.vanierschot@kuleuven.be

Abstract: The present work examines the capabilities of two transition models implemented in
ANSYS Fluent in the open-water performance prediction of a rim-driven thruster (RDT). The adopted
models are the three-equation k − kL − ω and the four-equation γ − Reθ models. Both of them are
firstly tested on a ducted propeller. The numerical results are compared with available experimental
data, and a good correlation is found for both models. The simulations employing two transition
models are then carried out on a four-bladed rim-driven thruster model and the results are compared
with the SST k − ω turbulence model. It is observed that the streamline patterns on the blade surface
are significantly different between the transition and fully turbulent models. The transition models
can reveal the laminar region on the blade while the fully turbulent model assumes the boundary
layer is entirely turbulent, resulting in a considerable difference in torque prediction. It is noted
that unlike the fully turbulent model, the transition models are quite sensitive to the free-stream
turbulence quantities such as turbulent intensity and turbulent viscosity ratio, as these quantities
determine the onset of the transition process. The open-water performance of the studied RDT and
resolved flow field are also presented and discussed.

Keywords: transition models; rim-driven thruster; open-water performance

1. Introduction

Computational fluid dynamics (CFD) has become a very powerful tool in analyzing
engineering problems in recent decades, such as the performance prediction of marine pro-
pellers. The widest application is achieved by solving the Reynolds averaged Navier–Stokes
(RANS) equations because compared with other approaches, such as direct numerical sim-
ulation (DNS) or large eddy simulation (LES), the RANS method is much cheaper with
reasonable accuracy. To solve the Reynolds stress terms in the RANS equations, turbu-
lence models based on the Boussinesq hypothesis are introduced to simplify this problem.
Among them the most popular ones are the k − ϵ and k − ω series models. Since these
turbulence models are built on the assumption that the resolved flow field is fully tur-
bulent, they are incapable of predicting the transition phenomenon which is frequently
encountered in physical problems. In order to improve the potential of the currently exist-
ing turbulence models for resolving transitional flows, a lot of efforts have been made to
develop models which can predict the transition process from laminar to turbulent flows.
There are generally two ways of achieving this: one is to couple the transition correlations,
which are obtained from available experimental data, into the turbulence models; the other
is to solve additional transport equations to account for the transitional effects. However,
even if a transition model is successfully developed, it is still questionable whether it
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can be implemented into modern CFD codes which are usually based on unstructured
grids and parallel execution, as most transition models are still using nonlocal variables
or integral terms. Single-point models which use only local variables are required for a
general application. In ANSYS Fluent, there are two transition models available, i.e., the
three-equation k − kL − ω and four-equation γ − Reθ models. Both models introduce
additional transport equations to include the transitional effects in flows. The present
work aims to test the capabilities of these two transition models in the prediction of the
hydrodynamic characteristics of a rim-driven thruster. As it has been confirmed in the
research of Kuiper [1], on the propeller of model scale, there is often a large area of laminar
flow on both sides of the blade surface. In order to investigate the potential reason for the
discrepancy between simulations and experiments, especially at high loading conditions,
Wang and Walters [2] employed the Loci/CHEM flow solver to study the marine propeller
5168 using the k − kL − ω transition model. The SST k − ω turbulence model was also used
for comparison. The simulation results were analyzed and compared with experimental
data. It was found that the transition model showed better performance in resolving the
flow field and therefore improved the prediction accuracy, while the standard SST k − ω
model indicated an excessive dissipation of vortex cores. Pawar and Brizzolara [3] investi-
gated the propeller of an autonomous underwater vehicle (AUV) which often operates at
low Reynolds number in the laminar-to-turbulent transition region. The global and local
hydrodynamic characteristics of open and ducted propellers were investigated with the
γ − Reθ transition model. The results demonstrated that the transition model was able to
predict complex flow physics such as leading-edge separation, tip leakage vortex, and the
separation bubble on the outer surface of the duct.

Baltazar et al. [4] examined the open-water performance of a conventional marine
propeller under different Reynolds numbers using the SST k − ω turbulence model and
the γ − Reθ transition model. They found that the inlet quantities had different influences
on the two models, with the γ − Reθ transition model being highly dependent on flow
quantities while the SST k − ω turbulence model was hardly affected. Therefore, the correct
information on the turbulence intensity and eddy viscosity was necessary to improve the
prediction accuracy. In the γ − Reθ transition model proposed by Menter et al. [5], two
important parameters in the transport equation of the intermittency γ were kept proprietary,
namely, Flength and Fonset, which controlled the length of the transition region and the onset
location of the transition, respectively. In order to tackle this issue, Suluksna et al. [6]
proposed some mathematical expressions for these specific parameters to close the model,
which were assumed to be valid for both natural and bypass transition in boundary layers
with and without pressure gradient. Afterwards, several test cases were carried out on a
transitional flow over a flat plate and the results were compared with experimental data.
Generally, the model with the proposed parameters showed a reasonable agreement with
the experiment.

The RDT resembles a ducted propeller in structural design as both contain a propeller
and a duct. But unlike a ducted propeller, there is no tip clearance for the RDT propeller.
Instead, a gap channel is formed by the rim and duct surfaces. The scheme of an RDT layout
is presented in Figure 1 [7]. Depending on whether there is a central hub or not, the RDT can
be roughly classified into a hub type and a hubless type, as shown in Figure 2. Both types
have their own advantages and disadvantages [8]. For example, the hub-type RDT has a
greater structural strength, and bearings can be installed in the hub to reduce friction. While
the hubless type has a simpler structure and a higher hydrodynamic efficiency. Due to the
appealing potential the RDT system possesses, many research studies have been conducted
on the modeling and evaluation of RDTs. Dubas et al. [9] employed the OpenFOAM
solver for the study of rotor–stator interaction. Song et al. [10] compared the open-water
performance between the hub and hubless type of RDTs using numerical simulations.
Cai et al. [11] numerically analyzed the performance of an RDT and considered the effect
of the rim length. Gaggero [12] adopted a RANS method to optimize the propeller blade
in an RDT in order to improve its hydrodynamic efficiency and cavitation performance.
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Liu and Vanierschot [7] and Liu et al. [13] compared the hydrodynamic performance of an
RDT and a ducted propeller with the same configuration at a model scale and investigated
the transitional flow on the propeller blades. The influence of the gap flow on the propeller
performance was investigated by Cao et al. [14].

For the model-scale RDT, the flow on the propeller often tends to be in a laminar
or transitional regime. Therefore, transitional modeling is required to better resolve the
boundary layer in order to achieve an improved hydrodynamic performance prediction.
The structure of this paper is organized in this way: firstly, a brief description of the
transition models used in this study is presented; then, some validation studies are carried
out to test the capabilities of the transition models, followed by the results and discussion
on RDT simulations.

Figure 1. Schematic layout of an RDT.

(a) Hubless type (b) Hub type

Figure 2. RDT categorization based on structure design.

2. Numerical Modeling

The Reynolds averaged Navier–Stokes (RANS) equations for incompressible Newto-
nian fluids are given by

∂ui
∂xi

= 0, (1)

ρ

(
∂ui
∂t

+ uj
∂ui
∂xj

)
= − ∂p

∂xi
+

∂

∂xj

[
µ

(
∂ui
∂xj

+
∂uj

∂xi

)]
+

∂

∂xj

(
−ρu′

iu
′
j

)
,
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where ρ is the fluid density, ui(i, j = 1, 2, 3) is the turbulence averaged velocity compo-
nent, t is the flow time, p is the pressure, µ is the dynamic viscosity, and −ρu′

iu
′
j is the

Reynolds stress term. Based on the Boussinesq hypothesis, for incompressible fluids, the

Reynolds stress can be related to the mean strain rate Sij =
1
2

(
∂ui
∂xj

+
∂uj
∂xi

)
and eddy viscosity

as follows
−ρu′

iu
′
j = 2µtSij −

2
3

ρkδij, (2)

where µt is the turbulent viscosity and δij is the Kronecker symbol.
The formulation of closure to the above equations is called turbulence modeling. Cur-

rently the most popular turbulence models in industrial applications are the two-equation
ones, like the earliest k − ϵ model. This model has gone through many modifications to
improve and extend its applicability. It has great capabilities for free-shear flows but be-
haves poorly in flows with adverse pressure gradient. To tackle this issue, the k − ω model
by was proposed, which has better performance for flows with weak adverse pressure
gradient. Again, several updates have been made to this model to enhance its performance.

2.1. SST k − ω Model

The SST k − ω turbulence model developed by Menter [15] is an improved version
of the original k − ω model. It has robust near wall treatment and the ability to compute
flows with moderate adverse pressure gradients by combining the k − ϵ model and the
k − ω model with blending functions. The transport equations for the turbulent kinetic
energy k and the specific turbulent dissipation rate ω are given as

ρ

(
∂k
∂t

+ uj
∂k
∂xj

)
= P̃k +

∂

∂xj

[
(µ + µtσk)

∂k
∂xj

]
− β∗ρkω, (3)

ρ

(
∂ω

∂t
+ uj

∂ω

∂xj

)
= CαρS2 +

∂

∂xj

[
(µ + µtσω)

∂ω

∂xj

]
− Cβρω2

+2(1 − F1)σω2
ρ

ω

∂k
∂xj

∂ω

∂xj
.

(4)

The turbulent eddy viscosity is calculated as

µt =
ρa1k

max(a1ω, SF2)
, (5)

where a1 is a model constant, S is the modulus of the mean strain rate Sij as defined above,
and F2 is the blending function defined as

F2 = tanh

[max

(
2
√

k
β∗ωy

,
500µ

y2ω

)]2
, (6)

where β∗ is a model constant and y is the distance to the nearest wall. Detailed information
about the definition of functions and values of model constants can be found in [15].

2.2. γ − Reθ Transition Model

The γ − Reθ transition model is a correlation-based transition model using local
variables, which contains two additional transport equations, i.e., for the intermittency γ
and the transition onset’s momentum thickness Reynolds number R̃eθt. The additional
transport equations are not used to model the transition physics but to provide a framework
within which empirical correlations can be made for specific cases. The first quantity,
intermittency, is a measure of whether the flow is laminar or turbulent. γ = 0 means a
continuous laminar flow, and γ = 1 means a continuous turbulent flow. Therefore, the
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intermittency equation is used to trigger the local transition process. The second quantity
is the transition onset’s Reynolds number Reθt, which is used to account for the nonlocal
influence of the turbulence intensity on the boundary layer, as well as to relate the empirical
correlation to the onset criteria in the intermittency equation. Finally, the intermittency
function is coupled with the original SST k − ω model, which is used to turn on the
production term of the turbulent kinetic energy downstream of the transition location
and the equation for the R̃eθt can pass the information on the free-stream conditions into
the boundary layer. The formulated equations for the intermittency γ and transition’s
momentum thickness Reynolds number R̃eθt are given by:

ρ

(
∂γ

∂t
+

∂
(
ujγ
)

∂xi

)
= Pγ − Eγ +

∂

∂xi

[(
µ +

µt

σf

)
∂γ

∂xj

]
, (7)

ρ

(
∂R̃eθt

∂t
+

∂ujR̃eθt

∂xj

)
= Pθt +

∂

∂xj

[
σθt(µ + µt)

∂R̃eθt
∂xj

]
, (8)

where Pγ and Eγ are the source terms which control the production and destruction of
the intermittency, σf is the model constant and is equal to 1, Pθt is the production term
that is designed to relate the transported scalar R̃eθt to the local empirical Reθt outside the
boundary layer, and σθt is the model constant and is equal to 10. The detailed definitions of
the above terms can be found in Menter et al. [5].

By solving the above two equations, an effective intermittency γe f f is obtained. It is
then incorporated into the transport equations for k and ω in the SST k − ω model:

ρ

(
∂k
∂t

+
∂
(
ujk
)

∂xi

)
= γe f f (Pk − Dk) +

∂

∂xi

[
(µ + σkµt)

∂k
∂xj

]
, (9)

ρ

(
∂ω

∂t
+

∂
(
ujω

)
∂xi

)
= α

Pk
νt

− Dω + Cdω +
∂

∂xi

[
(µ + σkµt)

∂ω

∂xj

]
. (10)

2.3. k − kL − ω Model

Unlike the γ − Reθ model, the k − kL − ω model is a physics-based model. Three addi-
tional transport equations are solved to account for the effects of pretransition fluctuations,
including the bypass and natural transitions. In this model, the concept of laminar kinetic
energy kL is employed, which represents the velocity fluctuations in the pretransitional
regions. With the increase in turbulence intensity in the free stream, the mean velocity
profiles in these regions are distorted, and more intensive streamwise fluctuations can
take place, which finally break down and result in the transition process. This happens
when the characteristic timescale for the turbulence production is smaller than the viscous
diffusion timescale of the pretransitional fluctuations. It is assumed that the production of
kL is a result of the interaction between the Reynolds stresses and the mean shear. The total
energy of kL and kT is constant, which means that when the transition occurs, the energy
is transferred from kL to kT , i.e., a redistribution of energy. The three additional transport
equations for kT , kL, and ω are given by:

ρ

(
∂kT
∂t

+
∂
(
ujkT

)
∂xi

)
= PkT + RBP + RNAT − ρωkT − DkT

+
∂

∂xj

[(
µ +

αT
σk

)
∂kT
∂xj

]
,

(11)

ρ

(
∂kL
∂t

+
∂
(
ujkL

)
∂xi

)
= PkL − RBP − RNAT − DL +

∂

∂xj

[
µ

∂kL
∂xj

]
, (12)
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ρ

(
∂ω

∂t
+

∂
(
ujω

)
∂xi

)
= Cω1ρ

ω

kT
PkT +

(
CωR
fW

− 1
)

ρ
ω

kT
(RBP + RNAT)

−Cω2ρω2 + Cω3ρ fωαT f 2
W

√
kT

d3 +
∂

∂xj

[(
µ +

αT
σω

)
ω

xj

]
.

(13)

The various terms in the model equations represent production, destruction, and transport
mechanisms, where PkT , DkT are, respectively, the production and destruction of turbulent
kinetic energy, RBP and RNAT represent the effect of bypass and natural transitions, Cωs
and σω are model constants, fω and fW are the damping functions, and αT is the effective
diffusivity. Detailed definitions of the above terms can be found in Walters and Cokljat [16].

The SIMPLE (Semi-Implicit Method for Pressure Linked Equations) algorithm is
adopted for the pressure and velocity coupling. Second-order upwind schemes are used
for the discretization of momentum and turbulence terms. Moreover, the moving reference
frame (MRF) approach is employed to handle the rotation of the propeller. The MRF
method is a steady-state approximation for the analysis of situations involving domains
that are rotating relatively to each other. Previous work showed that it gave similar results
compared to the sliding-mesh method, which is computationally much more expensive
[17]. The governing equations for the flow in the selected rotating zone are solved in a
relative rotating frame. Namely, the computational domain is divided into two subdomains,
one which contains the rotating propeller and the other one which is fixed.

The hydrodynamic coefficients are defined as:

J =
va

nD
, (14)

KT =
T

ρn2D4 , (15)

KQ =
Q

ρn2D5 , (16)

η =
J

2π
KT
KQ

, (17)

Cp =
p − p∞

1
2 ρv2

, (18)

C f =
τw

1
2 ρv2

, (19)

where Va is the inflow velocity, n is the rotational rate of the propeller, D is the diameter
of the propeller, and J, Kt, T, Kq, Q and η are, respectively, the advance coefficient, the
total thrust coefficient, the total thrust, the total torque coefficient, the total torque, and
the efficiency. Cp is the pressure coefficient, p is the local pressure, p∞ is the free-stream

pressure, v is the effective velocity of the propeller, which is equal to
√

V2
a + (0.7πnD)2,

and τw = µ ∂u
∂y

∣∣
y=0 (u is the flow velocity along the blade surface, y is the normal distance).

Based on the grid study in Liu et al. [13] for the SST k − ω model, in this work, the
meshes used for the uncertainty evaluation included a medium mesh with a total cell
number of about 18 M (million) and a fine mesh of about 25 M. To avoid the influence of
a near-wall treatment due to the mesh resolution in the boundary layer, the prism mesh
in both cases were kept the same. The results between different meshes for the γ − Reθ

transition model are compared in Table 1. It can be seen that the grid uncertainty was of the
same order as the one of the SST k − ω model and was therefore acceptable [13]. Therefore,
the medium mesh was considered to be sufficient to resolve the flow field and was adopted
in subsequent simulations.
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Table 1. Grid discretization error estimation for the γ − Reθ transition model.

Advance
Coefficient

Hydrodynamic
Coefficient

Medium
Mesh

Fine
Mesh

Grid
Uncertainty (%)

J = 0.1

Ktp 0.262 0.259 −1.15
Ktn 0.137 0.140 2.19
Ktr 0.074 0.072 2.70

10 Kqp 0.434 0.429 −1.15
10 Kqr 0.171 0.173 1.17

3. Results and Discussion
3.1. Test Cases
3.1.1. Flow over a Flat Plate

To test the capabilities of the γ − Reθ and k − kL − ω transition models, a benchmark
test case was examined, namely, the flow over a flat plate without a pressure gradient. The
computational domain and boundaries conditions are shown in Figure 3. The flat plate had
a length of 1.7 m. It was placed 0.15 m downstream from the inlet, as indicated by the black
circle. A symmetry boundary condition was used to guide the uniform flow from the inlet
to the plate. A pressure outlet was adopted at the end of the plate and a no-slip boundary
condition was used for the plate.

(a) Overall mesh and boundary conditions (b) Y+ values over the plate

Figure 3. Definition of the computational domain and mesh distribution.

The transition onset is generally based on the disturbance strength in the boundary
layer, which is determined by the flow properties of the free stream, like the turbulence
intensity (TI). When the flow develops, there will be a decay in TI, and the turbulent vis-
cosity ratio (TVR) reflects the decay speed. Therefore, different combinations of turbulence
intensities, with the turbulent viscosity ratio taken from the experiments, were assessed,
and the results are given in Figure 4. Rex is the Reynolds number determined by the
position on the plate along the flow direction, and C f is the skin friction coefficient. In this
figure, the gray and blue lines represent the analytical solutions for laminar and turbulent
flows, respectively. From the results, it is observed that the values for the turbulent intensity
can influence the location of the transition onset, because a higher turbulent viscosity ratio
will reduce the decay of the turbulent intensity, resulting in an earlier onset of the transition
process. Therefore, to accurately evaluate a solution for a practical problem, an appropriate
assessment of these values at the inlet is very important. Generally, the transition model
can robustly reflect the flow physics.
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Figure 4. Comparison of skin friction coefficient over the flat plate between experiments and
transition models.

3.1.2. Open-Water Performance of a Ducted Propeller

Another test case was conducted for a ducted propeller, for which open-water tests
were available. A hybrid meshing strategy was employed for the mesh generation, as
shown in Figure 5. A grid independence study was carried out first to ensure a numerical
accuracy compared to previous work [13], in which a two-grid assessment procedure was
conducted and the grid uncertainty was proved to be less than 2%. The Reynolds number
was 6.42 × 105, if determined by the velocity and chord length of the propeller at 0.7R. The
design point, where the peak efficiency was achieved, was defined as J = 0.6 in this case.

(a) Volume mesh (b) Surface mesh

Figure 5. Mesh distribution in the domain and on the propeller.

Figure 6 provides a comparison between the two transition models and experimental
measurements obtained from Oosterveld [18]. A good correlation was found between both
transition models and experimental data. It was noted that the propeller and duct thrust
predicted by the γ − Reθ transition model was quite close to those predicted by the SST
k − ω turbulence model. A major difference was found for the propeller torque prediction,
where the SST k − ω model obviously gave higher values for the propeller torque under all
advance coefficients.

To find out the reasons, the components of the thrust and torque were compared, as
provided in Tables 2 and 3, which present the results from the SST k − ω, the γ − Reθ , and
the k − kL − ω models. It can be observed that the pressure was the dominating factor both
in thrust and torque and that the difference in torque prediction between the two models
was mainly caused by the shear stress. As the transition models gave lower values for the
skin friction, a slightly higher thrust and a lower torque were expected.
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Figure 6. Comparison of the open-water performance of the ducted propeller between CFD results
and experimental data.

Table 2. Contribution of pressure and shear component to the thrust coefficient (Kt) and torque
coefficient (Kq) of the RDT at J = 0.1.

J = 0.1 SST k − ω Model γ − Reθt Model k − kL − ω Model

Kt 10 Kq Kt 10 Kq Kt 10 Kq

Pressure 0.239 0.378 0.234 0.372 0.217 0.348
Shear −0.005 0.042 −0.004 0.028 −0.004 0.028
Total 0.234 0.42 0.238 0.399 0.213 0.376

Table 3. Contribution of pressure and shear component to the thrust coefficient (Kt) and torque
coefficient (Kq) of the RDT at J = 0.5.

J = 0.5 SST k − ω Model γ − Reθt Model k − kL − ω Model

Kt 10 Kq Kt 10 Kq Kt 10 Kq

Pressure 0.160 0.264 0.157 0.263 0.135 0.232
Shear −0.006 0.047 −0.004 0.026 −0.004 0.026
Total 0.154 0.311 0.153 0.289 0.131 0.258

3.2. Results and Discussion on the RDT

In this section, the simulation results using the fully turbulent and transition models
are presented and analyzed. To better understand the transition process, different propeller
speeds were considered as the Reynolds number needs to be high enough to trigger the
transitional effects in the model. The revolution rate of 10 rps and 20 rps were exam-
ined, and the Reynolds number at the propeller section of r/R = 0.7 was 5.07 × 105 and
1.14 × 106, respectively.

3.2.1. Flow Patterns on the Propeller

The distribution of the skin friction coefficient C f on both pressure and suction sides of
the propeller blade with constrained streamlines by all three models is provided in Figure 7.
The pattern of the streamline is an indication of the flow regime over the blade. As the
direction of the streamline is a result of friction and centrifugal forces, the streamline is
always deflected to the dominant force. When the flow is turbulent, the friction force has a
greater influence compared to the centrifugal force; therefore, the streamline is forced to go
along the tangential direction over the blade. However, in the case of a laminar flow, the
opposite phenomenon can be observed, and the streamline is outwardly oriented. It is also
observed that the flows predicted by the transition models are more complex than those by
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the turbulence model, which is probably caused by the transitional flows on the hub before
the blade.

(a) SST k − ω model (b) k − kL − ω model (c) γ − Reθ model

(d) SST k − ω model (e) k − kL − ω model (f) γ − Reθ model
Figure 7. Comparison of flow patterns on the blade suction (top) and pressure (bottom) sides of the
RDT using different models.

The difference in streamline patterns can be clearly observed between the fully turbu-
lent and transition models. Moreover, the skin friction is obviously larger in the turbulent
flow than in the laminar flow, because a greater wall shear stress is achieved in a turbulent
boundary layer, where the velocity gradient at the wall is steeper. The skin friction distribu-
tions on the blade surface predicted by the two transition models are quite close, except
for the difference found at the blade tip. The k − kL − ω model gives higher values for C f ,
and there is obviously a change in the direction of the streamlines, indicating the flow is
changing from a laminar regime to a turbulent one. Figure 8 provides a comparison of the
kinetic energy distribution near the blade by the two transition models. There is clearly
more turbulent kinetic energy (TKE) production at the blade tip region in the k − kL − ω
model, resulting in a change in flow regime. In Table 4, the thrust and torque of different
components predicted by both models are compared. The γ − Reθ model gives higher
values for propeller thrust and torque in both pressure and shear forces. However, since
there are currently no experimental data available for the RDT, it is hard to conclude which
model has a higher accuracy in performance prediction.

Table 4. Contribution of pressure and shear component to the thrust coefficient (Kt) and torque
coefficient (Kq) of the propeller at J = 0.5.

k − kL − ω Model γ − Reθt Model

Pressure Shear Pressure Shear

Ktp 0.133 −0.003 0.155 −0.003
Ktd 0.007 −0.002 0.004 −0.002
Ktr 0.029 −0.003 0.034 −0.001

10 Kqp 0.228 0.015 0.261 0.02
10 Kqr 0 0.165 0 0.153
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(a) k − kL − ω model (b) k − kL − ω model

(c) γ − Reθ model (d) γ − Reθ model
Figure 8. Comparison of turbulent kinetic energy (TKE) distribution near the propeller using the
k − kL − ω and γ − Reθt models.

3.2.2. Influence of the Reynolds Number

As discussed above, the fully turbulent model assumes that the boundary layer on the
blade is always fully turbulent, despite the fact that there might be transitional flows locally.
By comparison, the transition models have the potential to capture this phenomenon.
However, it has also been observed in previous work that the streamlines are almost all
directed outwardly, i.e., the flow is in a laminar regime over the entire blade surface. This
also explains the negligible difference in performance prediction when changing the TI
and TVR values at the inlet. As the Reynolds number is below the critical value, the
transitional effects are not yet activated. Therefore, to further investigate how the onset of
the transition is related to the turbulent intensity, a higher rotational propeller rotational
rate was considered.

The influence of the turbulence intensity of the free stream on the transition process
on the blade surface is presented in Figure 9. Three combinations of TI and TVR values
were investigated. The TI at the inlet was set constant, therefore the fluctuations close
to the thruster were based on the TVR. The higher values of TVR reduced the decay of
TI, resulting in an earlier onset of the transition. It was clearly observed that with the
increase in TVR, the turbulent effect became more pronounced at the blade tip, which was
indicated by a larger skin friction. It was also noted that the k − kL − ω model was not as
sensitive to these inlet parameters as the γ − Reθ model, and the skin friction distribution
and streamline pattern were very close under different disturbances.
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(a) TI = 5% and TVR = 10 (b) TI = 5% and TVR = 100 (c) TI = 5% and TVR = 200

Figure 9. Influence of TI and TVR on the transition process using the γ − Reθ model, showing the
friction coefficient on the blade suction side of the RDT.

In order to figure out the reasons behind the difference in propeller performance
prediction between the the k− kL −ω and the γ− Reθ models, the pressure and skin friction
coefficients over the blade surfaces predicted by both transition models are presented in
Figures 10–13. In general, the pressure and skin friction distribution over the blade surfaces
between the two transition models are quite similar. The pressure gradually becomes lower
near the center of the blade suction side, and there is a small area of transition at the trailing
edge close to the blade root. On the pressure side, flow separation is observed at the leading
edge, which causes a sudden change in pressure distribution. The pressure difference
between the blade pressure and suction sides for the γ − Reθ model is generally larger than
that of the k − kL − ω model, which explains the larger propeller thrust production from
the pressure component. As for the skin friction coefficient, the discrepancy between the
two models can be neglected.

(a)

(b)

Figure 10. Pressure coefficient distribution over the blade surfaces using the k − kL − ω (left), γ − Reθ

(middle), and SST k − ω (right) models at J = 0.5 (RPM = 600). (a) Comparison of pressure coefficient
distribution on the blade suction side using different turbulence models. (b) Comparison of pressure
coefficient distribution on the blade pressure side using different turbulence models.
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(a)

(b)

Figure 11. Skin friction coefficient distribution over the blade surfaces using the k − kL − ω (left),
γ − Reθ (middle), and SST k − ω (right) models at J = 0.5 (RPM = 600). (a) Comparison of pressure
coefficient distribution on the blade suction side using different turbulence models. (b) Comparison
of pressure coefficient distribution on the blade pressure side using different turbulence models.

(a)

(b)

Figure 12. Pressure coefficient distribution over the blade surfaces using the k − kL −ω (left), γ− Reθ ,
and SST k − ω models at J = 0.5 (RPM = 1200). (a) Pressure coefficient on the blade suction side
using different turbulence models. (b) Pressure coefficient on the blade pressure side using different
turbulence models.
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(a)

(b)

Figure 13. Skin friction coefficient distribution over the blade surfaces using the k − kL − ω (left),
γ − Reθ (middle), and SST k − ω (right) models at J = 0.5 (RPM = 1200). (a) Pressure coefficient
on the blade suction side using different turbulence models. (b) Pressure coefficient on the blade
pressure side using different turbulence models.

4. Conclusions

Laminar-to-turbulent transition flows are often observed on marine propellers at
model scales. Accurately resolving this flow phenomenon can significantly improve the
performance prediction of the propeller. In this work, the capabilities of the k − kL − ω
and γ − Reθ transition models implemented in ANSYS Fluent’s flow solver were tested
for the performance prediction of a rim-driven thruster. Different test cases were firstly
considered to ensure the quality of the numerical simulations. From the validation study
using a ducted propeller, it was concluded that the transition models exhibited better
performance than a fullt turbulent model. The predicted thrusts of the propeller and duct,
which were mainly based on the pressure contribution, were quite close using different
models. However, the propeller torque was exceptional. When there were transitional
flows, the transition models gave lower values for the torque due to the smaller shear stress
prediction. This was a result of the laminar boundary layer, and the streamlines in that
situation were more outwardly oriented due to the centrifugal acceleration. A comparison
between the k − kL − ω and γ − Reθ transition models in the hydrodynamic performance
prediction of an RDT was then conducted. From the results, it was found that there was a
small difference between the two models. The k − kL − ω predicted more local turbulent
regions such as at the blade tip, and therefore, the skin friction was higher in that region
than that of the γ − Reθ model. The γ − Reθ model predicted a higher propeller thrust,
especially for the pressure component, but it is at present not certain which model is more
accurate. More research is required for verification.
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