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ABSTRACT

In this study, model scale marine propellers operating at

low Reynolds numbers are simulated using the SSG/LRR-

ω Reynolds stress transport model coupled with the γ one-

equation transition model in the open-source computational

fluid dynamics code OpenFOAM. The coupled Reynolds

stress transition model is Galilean invariant and suitable for

use in cases with non-zero wall velocity, including dynamic

mesh simulations of propellers. Results from an unsteady

dynamic mesh solver using the coupled Reynolds stress

transition model are compared with those from the k − ω
turbulence model, and with simulations utilizing a steady

moving reference frame approach. Simulation results are

compared with experimental data from open water tests of

model scale marine propellers. Thrust, torque, and effi-

ciency curves are presented, as well as surface streamline

flow visualization data for propellers of varying geometry,

loading, and diameter Reynolds number. The Reynolds

stress transition model predicts higher propeller thrust and

torque coefficients using both the dynamic and moving ref-

erence frame solvers when compared with the k − ω SST

model, especially at higher advance ratios. The model

captures transition effects in the surface streamline cases

where the chord Reynolds number and loading are suffi-

ciently high.
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1 INTRODUCTION

Marine propellers operating at low Reynolds numbers are

subject to the effects of laminar-turbulent transition, which

affects the pressure and skin friction distribution on the

blade surface. Propellers are typically operated at low

Reynolds numbers in scale model testing of ship propellers,

but full-scale propellers for small marine vehicles also op-

erate in a low Reynolds number flow regime. To predict the

performance of such propellers, a modeling approach that

accounts for laminar-turbulent transition is required.

Reynolds-averaged Navier-Stokes computational fluid dy-

namics (RANS CFD) simulations can be used to predict

propeller performance at low Reynolds numbers, includ-

ing the effects of boundary layer transition. Transition

modeling in RANS CFD codes is typically performed us-

ing local correlation-based transition models (LCTM), first

introduced by Langtry and Menter with the two-equation

γ − Reθ model (Langtry & Menter 2005). The γ − Reθ
model is coupled to the two equation k−ω SST turbulence

model (Menter 1994). Transition is modeled with LCTM

by solving a transport equation for the intermittency, γ,

which scales the production and destruction of turbulence

in the fluid domain. The location of transition is determined

by empirical correlations to predict the critical momentum

thickness Reynolds number, Reθc. The γ − Reθ model

has been shown in previous studies, including Baltazar, Ri-

jpkema, and Campos (2017), Yao and Zhang (2018), and

Shin and Andersen (2017), to adequately model propeller

performance for model scale ship propellers. An extension

to the γ −Reθ model for crossflow-induced transition was

implemented by Langtry et al. (2015), and was examined

by Amadeo, Juan, Marianon, and Leo (2017), with results

in the open water condition indicating that the crossflow

modification improves the model performance.

The γ − Reθ transition model and crossflow modification

are not Galilean invariant, and are therefore not suitable

for use in cases with moving walls. To address this is-

sue, as well as to provide a simplification to the original

γ − Reθ model, Menter et al. (2017) developed the one-

equation γ transition model. The γ model includes sim-

plified correlation factors which can be tuned by the user

to improve performance. Similar to the γ − Reθ model,

the γ model is typically coupled to the k − ω SST turbu-

lence model. The k−ω SST turbulence model is a popular

two equation eddy viscosity based turbulence model, which

solves for the Reynolds stress using the Boussinesq ap-

proximation. While eddy viscosity-based turbulence mod-

els are commonly used in RANS CFD simulations of 3-

dimensional flows, they can fail to correctly model flows

with strong streamline curvature and swirling, including

wing and propeller tip vortices (Pope 2000). Reynolds

stress transport models (RSM) individually solve for each

component of the Reynolds stress tensor, and can provide

increased fidelity when compared with eddy viscosity mod-

els. The SSG/LRR-ω RSM (Eisfeld et al. 2016) combines

the Speziale, Sarkar, Gatski (SSG) (Speziale et al. 1991)

and Launder, Reece, Rhodi (LRR) (Launder et al. 1975)

models using the F1 blending scheme from the k − ω SST

model, and includes a second transport equation for the

specific dissipation, ω.

In this study, the SSG/LRR−ω Reynolds stress model is

coupled to the γ transition model in the open-source CFD



code OpenFOAM. The coupled SSG/LRR-ω-γ model is

used to examine transitional flows on model-scale pro-

pellers at low Reynolds number using the pimpleDyM-

Foam unsteady dynamic mesh solver and the simpleFoam

MRF (multiple reference frame) solver for a steady mov-

ing reference frame approach. Simulation cases are per-

formed using propeller geometries and test conditions from

Kuiper (1978). Two sets of experimental data are compared

with results from the CFD simulations: Thrust, torque,

and efficiency curves for two propellers at a higher diam-

eter Reynolds number, and surface streamline images ob-

tained with oil paint for four propellers at lower diameter

Reynolds number. Results from the SSG/LLR-ω model are

compared with simulations using the k−ω SST turbulence

model to examine the effect of the regions of laminar flow

on the blade surface on performance predictions.

2 GOVERNING EQUATIONS AND TRANSITION MODEL

2.1 RANS equations and OpenFOAM solvers

Two methods for RANS CFD propeller simulation are ex-

amined in this study: an unsteady dynamic mesh solution

using the pimpleDyMFoam solver and a steady moving ref-

erence frame solution using the simpleFoam solver with

MRF (multiple reference frames). The unsteady dynamic

mesh RANS solver pimpleDyMFoam solves the unsteady

incompressible RANS equations given by (1) in tensor no-

tation.

∂ui
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= 0

ρ
∂ui
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+ ρ

∂
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(2µSij − ρRij)

(1)

Where ρ is the fluid density, ui is the velocity vector in the

inertial reference frame, µ is the fluid dynamic viscosity,

Sij is the strain rate tensor, and Rij is the Reynolds stress

tensor. Mesh motion is captured by solving an equation

of motion and applying the wall velocity at each point to

the velocity vector. For propeller simulation, the fluid do-

main is rotating at a constant rate, so the solid body motion

model is used.

The simpleFoam solver with MRF solves the steady RANS

equations in a relative reference frame where the inertial

velocity is replaced by a relative velocity and adds terms

for the Coriolis acceleration and centripetal acceleration to

the RANS equations (Mehdipour 2013). Because the pro-

pellers in this study are tested in the open water condition,

the entire domain is set to rotate as an MRFZone in the

solver.

2.2 SSG/LRR-ω-γ Reynolds stress transition model

The SSG/LRR−ω model is coupled with the γ transition

model to solve for the Reynolds stress tensor Rij in the

RANS equations. A summary of the coupled model for-

mulation is presented here. The SSG/LRR−ω Reynolds

stress model solves for the components of Rij and the spe-

cific dissipation, ω. The Reynolds stress transport equation

is given by (2).
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With production term Pij , pressure-strain correlation Πij ,

destruction term εij , and diffusion term Dij . The transport

equation for ω is given by (3).
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The γ one equation transition model consists of a transport

equation (4) for the intermittency, γ, which scales the pro-

duction, pressure strain correlation, and destruction terms

in the Rij equation (2). The γ model detects when tran-

sition is triggered through the empirical correlation term

Fonset in the production term Pγ (5).
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Pγ = FlengthρSγ(1− γ)Fonset (5)

The formulation for Fonset is given by (6).

Fonset1 =
ReV

2.2Reθc
, Fonset2 = min(Fonset1, 2.0)

Fonset3 = max

(
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RT

3.5
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)

Fonset = max(Fonset2 − Fonset3, 0)

(6)

Where ReV is a vorticity Reynolds number and RT is a

turbulence Reynolds number. The value of the critical mo-

mentum layer thickness Reynolds number Reθc is given by

an empirical correlation (7).

Reθc = CTU1 + CTU2 exp[−CTU3TuLFPG(λθL)] (7)

Where TuL is a freestream turbulence parameter and

FPG is a function of the pressure gradient parameter λθL.

CTU1, 2, 3 are user adjustable parameters defining the min-

imum, maximum, and decrease of Reθc with increasing

freestream turbulence, respectively. The pressure gradi-

ent correlation FPG includes user adjustable parameters

CPG1, 2, 3 which control Reθc in regions of favorable and

adverse pressure gradients (CPG1 and CPG2) and sepa-

rated flows (CPG3). See Menter et al. (2015) for the

full formulation. The original values for the empirical

constants are shown in Table 1. Colonia et al. (2017)

propose alternate CTU values of CTU1 = 163.44 and

CTU2 = 1002.5, which are implemented in the current

model.

Table 1: Empirical correlation constants in the γ model

1 2 3

CTU 100.0 1000.0 1.0

CPG 14.68 -7.34 0.0



3 PROPELLER TEST CASES

Kuiper (1978) examined the thrust, torque, and cavita-

tion performance of four model scale propeller geometries

in the depressurized towing tank at the Netherlands Ship

Model Basin. The propellers, described as propellers A, B,

C, D, are shown to scale in Figure 1.

Figure 1: Test Propeller Geometries (from top left) A, B,

C, and D.

Propeller parameters are given in Table 2. D is the diame-

ter, Rhub is the hub radius, and Z is the number of blades.

Table 2: Propeller geometry data

Propeller D(mm) Rhub(mm) Z
A 326.8 32.7 5

B 218.3 37.1 6

C 300.0 47.8 4

D 212.0 21.2 6

Experimental force and surface streamline data were col-

lected for each propeller geometry in the open water test-

ing. Test conditions were specified by Kuiper using the

diameter Reynolds number, ReN and advance ratio J (8).

ReN =
nD2

ν
, J =

Va

nD
(8)

Where n is the rotation rate in rev/s, ν is the fluid kinematic

viscosity, and Va is the propeller inflow velocity. Thrust

and torque data are reported as the thrust coefficient KT ,

torque coefficient KQ, and open water efficiency η0 (9).

KT =
ZFT

ρn2D4
, KQ =

ZMQ

ρn2D5
, η0 =

JKT

2πKQ

(9)

Where Z is the number of blades, FT is the thrust from a

single propeller blade, and MQ is the blade torque.

In this study, simulations for thrust, torque, and efficiency

were performed on propellers A and D, representing the

highest and lowest ReN studied by Kuiper respectively.

Flow visualization studies were performed on all four pro-

peller geometries. The advance coefficient for the flow vi-

sualization tests corresponds to a slip ratio of 30% for each

propeller, with an additional case at slip ratio 60% for pro-

peller D. The conditions for each test case are given in Ta-

ble 3.

Table 3: Propeller test case conditions

Propeller Forces ReN FlowVis ReN FlowVis J
A 2.3× 106 0.73× 106 0.703

B - 0.51× 106 1.067

C - 0.66× 106 0.724

D 1.5× 106 0.47× 106 0.418 & 0.731

4 SIMULATION SETUP

Simulations were performed for each propeller geometry

on a domain consisting of a single blade with periodic

cyclic interfaces to take advantage of the propeller period-

icity and reduce computational cost. The domain for pro-

peller D is illustrated in Figure 2. The periodic interfaces

were implemented with the arbitrary mesh interface cycli-

cAMI boundary condition. The domain was constructed

with the inlet and freestream boundaries specified as veloc-

ity and turbulence inlets, with a pressure outlet boundary

downstream, as shown in Figure 3. Because the experimen-

tal propeller tests were performed in a towing tank and the

incoming flow is assumed to be quiescent, the freestream

turbulence was set to 0.1% and the turbulent viscosity ratio

was set to 10.

Figure 2: Propeller D geometry with modeled section high-

lighted in dark gray.

Figure 3: Periodic domain for propeller D



Computational meshes were generated using the polyhe-

dral mesher in the commercial CFD code Star-CCM+.

Prism layers were added to the blade surface to ensure

sufficient resolution of the boundary layer with y+ < 1
for all cases. Volume refinements were performed in the

blade passage region, and the minimum surface size was

set to ensure resolution of the blade leading and trailing

edge radii. Each mesh generated for this study was checked

using the checkMesh utility in OpenFoam to ensure suffi-

cient grid quality. Final meshes were selected to have a

non-orthogonality no greater than 85 and skew no greater

than 15. Grid convergence studies were performed with the

A and D propeller geometries for the force measurement

condition at ReN = 2.3 × 106 for the A propeller, and

ReN = 1.5 × 106 for the D propeller. The advance ratio

for both cases is J = 0.5. The pimpleDyMFoam solver and

SSG/LRR-ω-γ Reynolds stress transition model were used

in the mesh refinement study. Solutions were converged to

steady state thrust values for all meshes, as shown in Figure

4. Due to noise in the results, thrust and torque values were

time-averaged once the solution converged. The results for

KT and KQ for each grid, as well as the percentage change

from the finest grid, ∆KT and ∆KQ (10) are shown in Ta-

ble 4 for propeller A and Table 5 for propeller D.

∆KT =
abs(KT −KT fine)

KT fine

∆KQ =
abs(KQ −KQfine)

KQfine

(10)

Where KTfine and KQfine are the results from the finest

mesh.

Table 4: Propeller A mesh convergence study

# cells KT ∆KT KQ ∆KQ

3,975,060 0.3279 0.528 % 0.0512958 1.147 %

5,550,216 0.3251 0.328 % 0.0513031 1.133 %

10,508,561 0.3262 - 0.0518913 -

Table 5: Propeller D mesh convergence study

# cells KT ∆KT KQ ∆KQ

2,431,257 0.3221 0.325 % 0.051196 0.0186 %

3,620,748 0.3202 0.292 % 0.051204 0.0341 %

4,693,067 0.3201 0.312 % 0.051245 0.115 %

9,173,364 0.3199 0.3675 % 0.05113 0.112 %

12,738,094 0.3211 - 0.051187 -

Results from the mesh convergence study show that the KT

values for all meshes are all within 1%, and the KQ values

are near 1% for propeller A, and much less than 1% for

propeller D. To limit computational cost while maintaining

solution accuracy, the 5.55 million cell mesh was selected

for propeller A, and the 4.69 million cell mesh was selected

for propeller D. Although the coarsest grid on Propeller D

showed close agreement with the finest case, a denser grid

was selected to maintain resolution of any regions of lam-

inar separation in accordance with the meshing guidelines

from Menter et. al (2015) Appendix A. The higher grid er-

ror for the propeller A case is likely due to the larger size of

the blade, which requires a higher number of cells to reach

the same density as propeller D. The final meshes for each

blade are shown in Figure 5. A detailed view of the mesh

refinement at the leading edge and prism layers is shown in

Figure 6. The final grids contain 27 prism layers to ensure

sufficient resolution of the boundary layer for the transition

model. Meshes for propellers C and D were generated us-

ing the meshing algorithm settings used to generate the A

and D propeller meshes.

Figure 4: Thrust convergence histories for propeller A grids

(left) and propeller D grids (right) at J = 0.5. Average

thrust values from the converged solution are plotted for

each propeller.

Figure 5: Blade and hub surface mesh for propeller A (left)

and propeller D (right)

Figure 6: Prism layer and leading edge

detail for propeller D



5 RESULTS

Results are presented for thrust, torque, and efficiency for

propellers A and D, as well as flow visualization compar-

isons of surface streamlines for propellers A, B, C, and D.

The test cases for forces are performed at a higher diam-

eter Reynolds number compared to the flow visualization

cases, as described in Table 3, which results in higher chord

Reynolds numbers along the propeller blades, as shown in

Figure 7 for J = 0.5.

Rec =

√

V 2
a + (ωnr)2 ∗ c

ν
(11)

Where ωn is the rotation rate in rads/s, r is the local radius,

and c is the section chord length.

Figure 7: Chord Reynolds number distribution for the pro-

peller thrust and torque measurement cases (left) and flow

visualization cases (right) at J = 0.5

5.1 Propeller A thrust, torque, and efficiency

Thrust and torque were measured for propeller A at ReN =
2.3× 106. Simulation results for J = 0.1 to 0.9 are shown

in Figure 8.
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Figure 8: KT , 10 × KQ, and η0 curves for Propeller A.

Results from the SSG/LRR-ω-γ model with dynamic and

MRF solver are compared with those using the k − ω SST

turbulence model with dynamic solver.

The SSG/LRR-ω-γ model using both the pimpleDyMFoam

and simpleFoam MRF solvers predicts higher efficiency

compared with the k − ω SST model with increasing J .

All models predict a higher KT than the experimental re-

sult across the range of J , which suggests a source of thrust

degradation in the experiment which was not modeled in

the simulation. This offset could also be due to uncertainty

in the experimental thrust measurement. To examine the

impact of transition on the efficiency prediction, wall shear

stress and surface streamlines for J = 0.3 and J = 0.7
from the SSG/LRR-ω-γ and k − ω SST models using the

dynamic solver are compared on the suction side of pro-

peller A in Figures 9 and 10. At J = 0.3, the Reynolds

stress model predicts turbulent flow over much of the blade

as illustrated by streamlines at approximately constant ra-

dius and a smooth increase in wall shear stress with increas-

ing radius. At J = 0.7, the radius of transition is closer to

the blade tip, with a region of laminar flow extending out-

ward from the hub. In regions where the flow is laminar, the

surface streamlines include a significant radial component,

as the laminar boundary layer is less resistant to centripetal

acceleration, and a discontinuity in the wall shear stress is

observed where the flow transitions to turbulence. This re-

gion of laminar flow reduces the viscous drag on the blade

section near the hub, and increases the predicted thrust and

torque, resulting in an increase in the predicted efficiency.

Figure 9: Wall shear stress and surface streamlines for pro-

peller A suction side at J = 0.3. Results from the k − ω-

SST model (left) and SSG/LRR-ω-γ model dynamic solver

(right)

Figure 10: Wall shear stress and surface streamlines for pro-

peller A suction side at J = 0.7. Results from the k − ω-

SST model (left) and SSG/LRR-ω-γ model dynamic solver

(right)



5.2 Propeller D thrust and torque

Thrust and torque were measured for propeller D at ReN =
1.5× 106. Simulation results for J = 0.1 to 0.9 are shown

in Figure 11. The SSG/LLR-ω-γ model again predicts

higher efficiency than the k−ω SST model at high J . This

difference is the result of a lower thrust prediction from the

k − ω SST model, which due to the smaller magnitudes of

the thrust and torque on the blade at high J causes a large

percentage change in the predicted efficiency.
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Figure 11: KT , 10×KQ, and η0 curves for Propeller D.

Wall shear stress and surface streamlines on the suction

side of propeller D at J = 0.3 and 0.7 are shown in Fig-

ures 12 and 13. Results from the SSG/LRR-ω-γ model us-

ing both the dynamic and MRF solvers are compared with

the k − ω SST model using the dynamic solver. Similarly

to propeller A, the SSG/LRR-ω-γ model with the dynamic

solver predicts mostly turbulent flow on the blade surface at

the lower J , and a large region of laminar flow at higher J .

The results for the MRF approach show a high value of wall

shear stress and streamlines of constant radius, suggesting

that the MRF approach and the wallShearStress post pro-

cessing function in OpenFoam only captures flow in the

blade-relative reference frame. To investigate the perfor-

mance of the MRF solver in transition prediction, contours

of intermittency at constant radius r/R = 0.5 are shown in

Figure 14 using the dynamic solver, and in Figure 15 using

the MRF approach. Turbulent flow is denoted by a γ value

of 1, while laminar flow is denoted by a γ value of 0. At

J = 0.3, both methods predict turbulent flow across the

suction side of the entire section. At J = 0.7, a laminar

boundary layer grows from the leading edge to the transi-

tion location near the trailing edge in the dynamic case, but

transition occurs near the leading edge for the MRF case

in the near wall region, but the outer layer of the boundary

layer remains turbulent.

Figure 12: Wall shear stress and surface streamlines for

propeller D suction side at J = 0.3. Results from the

k − ω-SST model (left) SSG/LRR-ω-γ model dynamic

solver (center), and SSG/LRR-ω-γ model moving refer-

ence frame (right)

Figure 13: Wall shear stress and surface streamlines for

propeller D suction side at J = 0.7. Results from the

k − ω-SST model (left) SSG/LRR-ω-γ model dynamic

solver (center), and SSG/LRR-ω-γ model moving refer-

ence frame (right)

Figure 14: γ contours at r/R = 0.5 for propeller D suc-

tion side using the SSG/LRR-ω-γ model with pimpleDyM-

Foam solver for J = 0.3 (left) and J = 0.7 (right)

Figure 15: γ contours at r/R = 0.5 for propeller D suc-

tion side using the SSG/LRR-ω-γ model with simpleFoam

MRF solver for J = 0.3 (left) and J = 0.7 (right)



5.3 Flow Visualization Cases

Flow visualization cases for propellers A, B, C, and D

are presented at the diameter Reynolds numbers and ad-

vance coefficients described in Table 3. Results from the

SSG/LRR-ω-γ model with the pimpleDyMFoam dynamic

solver are compared with experimental results for each pro-

peller. At very the low chord Reynolds numbers inves-

tigated in the flow visualization study, the SSG/LRR-ω-γ
model failed to predict transition to turbulent flow any-

where on the blade surface in some cases. To investigate

the impact of the user adjustable empirical correlation pa-

rameters in the γ model CTU1, 2, 3 and CPG1, 2, 3 (7) on

transition behavior for these cases, results using the coeffi-

cient set from Menter et al. (2015) were compared with the

calibrated parameters proposed by Colonia et al. (2017).

The sets of parameters used in the flow visualization study

are given in Table 6. The coefficient set from Menter et al.

is referred to as the original set, while the set from Colonia

et al. is referred to as the calibrated set. An additional mod-

ified set of parameters was developed to produce regions of

turbulent flow on propeller D, with results compared with

the additional two sets.

Table 6: User-adjustable parameters tested for flow visual-

ization cases

paramter set CTU1 CTU2 CPG1 CPG2

original 100 1000 14.35 -7.35

calibrated 163.5 1002.5 14.35 -7.35

modified 10 1000 5 -15

5.3.1 Propeller A

Flow visualization studies were performed at ReN =
0.73 × 106 and a slip ratio of 30%. A slip ratio of 30% is

equivalent to an advance ratio equal to 70% of the propeller

pitch ratio at r/R = 0.7. For propeller A, the advance ra-

tio for the flow visualization study is J = 0.703. Results

for wall shear stress and surface streamlines on the blade

suction side from the k− ω SST model and the SSG/LRR-

ω-γ model are shown in Figure 16. The SSG/LRR-ω-γ
model predicts a large region of laminar flow with stream-

lines in the radial direction, as well as a clear discontinuity

between laminar and turbulent regions. Results using the

original and modified correlation coefficients in the transi-

tion model are shown in Figure 17 and compared with the

experimental imagery. The location of the critical radius is

located further from the hub using the calibrated coefficient

set, which shows better agreement with the experimental

result.

Figure 16: Wall shear stress and surface streamlines on pro-

peller A suction side using the k−ω SST turbulence model

(left) and SSG/RR-ω-γ Reynolds stress transition model

(right).

Figure 17: Wall shear stress and surface streamlines on pro-

peller A suction side using the original tuning coefficients

(left) and calibrated coefficients (center). Experimental re-

sults from Kuiper (1978) for surface streamlines using oil

paint are shown on the right. The critical radius is visible

near the blade tip in the experimental imagery.

5.3.2 Propeller B

Wall shear stress and surface streamlines on the suction

side of propeller B using the original and calibrated cor-

relation coefficient sets with the SSG/LRR-ω-γ model are

compared with the experimental result in Figure 18. The

slip ratio for this test case was 30%, which corresponds to

J = 1.067. The experimental results show a large region of

turbulent flow near the blade tip, with streamlines of con-

stant radius. The transition model fails to predict transition

on the blade using either coefficient set, suggesting that the

boundary layer in the experiment has more turbulent en-

ergy available near the leading edge which causes transi-

tion to turbulence at a critical radius closer to the hub. The

turbulence in the experimental results could be a result of

freestream turbulence ingested by the propeller, or of sur-

face roughness effects not accounted for in the transition

model.



Figure 18: Wall shear stress and surface streamlines on pro-

peller B suction side using the original tuning coefficients

(left) calibrated coefficients (center), and experimental sur-

face streamlines (Kuiper 1978) (right).

5.3.3 Propeller C

Results for propeller C are shown in Figure 19. The slip

ratio was 30%, which corresponds to J = 0.724. The tran-

sition model predicts a small region of turbulent flow near

the blade tip trailing edge for both sets of coefficients. The

original coefficient set predicts a slight increase in the area

of turbulent flow compared to the calibrated coefficients.

The experimental results show a critical radius and a re-

gion of turbulent flow near the blade tip not predicted by

the transition model.

Figure 19: Wall shear stress and surface streamlines on pro-

peller C suction side using the original coefficients (left),

calibrated coefficients (center), and experimental surface

streamlines (Kuiper 1978) (right).

5.3.4 Propeller D

Flow visualization tests for propeller D were performed at

slip ratios of 30% and 60%, corresponding to J = 0.731
and 0.418, respectively. Wall shear stress and surface

streamlines are shown for the 30% slip ratio case in Fig-

ure 20 and for the 60% slip ratio case in Figure 21. For the

30% slip case, an additional set of modified coefficients

was implemented to observe the effect of reducing Reθc
to trip transition. While an area of turbulent flow is visi-

ble in the wall shear stress contour, this approach does not

capture the mechanism for transition in the experimental

results, whether driven by freestream turbulence or surface

roughness. The results for the more heavily loaded 60%

slip case show resolution of a critical radius slightly farther

from the hub than in the experimental results.

Figure 20: Wall shear stress and surface streamlines on

propeller D suction side using the heavily modified coef-

ficient set (left), original tuning coefficients (center left),

calibrated coefficients (center right), and experimental sur-

face streamlines from Kuiper (1978) (right).

Figure 21: Wall shear stress and surface streamlines on

propeller D suction side using the original tuning coef-

ficients (left) and calibrated tuning coefficients (center),

compared with the experimental surface streamline from

Kuiper (1978) (right)

CONCLUSIONS

In this study, RANS CFD simulations of propellers operat-

ing at low Reynolds number were performed in the open-

source CFD code OpenFOAM. The Galilean invariant γ
one equation transition model, coupled to the SSG/LRR-ω
full Reynolds stress model, was used to model the transi-

tion and turbulence. Results using the coupled SSG/LRR-

ω-γ model with both the simpleFoam MRF and pim-

pleDyMFoam solvers show good agreement with experi-

mental thrust and torque values on model scale propellers

from Kuiper (1978). A comparison with results from the

k − ω SST turbulence model illustrate the impact of re-

gions of laminar flow on the blade surface on thrust, torque,

and efficiency predictions. For the two propeller geome-

tries examined, simulations of propeller A predict an in-

creased thrust value when compared with experiments, due

to sources of thrust degradation not modeled in the sim-

ulations, such as surface roughness, or numerical uncer-

tainty in the experimental thrust measurement. For pro-

peller D, large regions of laminar flow on the blade result

in increased predictions of efficiency when compared with

the fully turbulent k − ω SST model, especially at high

J where small differences in the thrust and torque on the

blade result in a larger percentage change in KT and KQ.

Flow visualization studies on four model scale propellers at

low diameter Reynolds number result in mixed predictions

for regions of turbulent flow on the blade surface depending

on the geometry, Reynolds number, and model tuning coef-



ficients, with excellent agreement for propeller A and pre-

dictions of smaller regions of turbulence when compared

with the experiments for propellers B, C, and D. Overall,

the SSG/LRR-ω-γ full Reynolds stress transition model is

capable of predicting transitional flows on propellers oper-

ating a low Reynolds number, and is a capable of doing so

with a moving reference frame or dynamic mesh solver.
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