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Abstract

The emergence of new aerospace vehicles concepts has renewed interest in optimizing propeller design.
Among them, several share in common that their propellers operate at low Reynolds numbers. This research
assesses the accuracy and efficiency of different transition-turbulence models to determine the convenience
of using a more complex turbulence model in computational fluid dynamics. The prediction of propeller perfor-
mance parameters for both high and low Reynolds propellers are compared using different turbulence models.
At high Reynolds number operating conditions, transition-turbulence models provide no advantage, whereas
at low Reynolds numbers, y— Reg SST model is preferred. Additionally, at moderate Reynolds number operat-
ing conditions ¥ SST model represents the best compromise between accuracy and computational efficiency.
These findings provide insights for selecting turbulence models in propeller aerodynamic design and may help
to reduce its computational cost.

Keywords: Propeller aerodynamics, laminar-turbulent transition, laminar separation bubble, turbulence mod-
eling

1. Introduction

The emergence of new aerospace vehicles concepts has renewed interest in optimizing propeller de-
sign for aerospace propulsion. These concepts include unmanned stratospheric vehicles, commonly
known as High-Altitude Pseudosatellites (HAPS), aircraft relying on Distributed Electric Propulsion
(DEP) systems —both employing configurations with multiple propellers or fans distributed along the
wing or fuselage as well as eVTOL aircraft— or vehicles developed for space exploration. This trend
is further reinforced by the growing demand for commercial aircraft capable of meeting increasingly
stringent energy-efficiency, environmental, and operational requirements. The majority of these plat-
forms share in common that, due to small chord lengths, freestream velocities or densities, their
propellers operate at low Reynolds numbers.

Low Reynolds number flows are characterized by the increasing importance of viscous forces within
the fluid compared to inertial forces [1], the most prominent feature of such flows being the appear-
ance of laminar separation bubbles (LSB) [2], which leads to a nonlinear variation of lift with angle
of attack [3]. Consequently, the lower the Reynolds number, the lower the aerodynamic efficiency of
airfoils.

As a result, high-fidelity methods must be employed during the design phase, not only to evaluate
the aerodynamic performance of the propellers, but also to accurately predict the formation of LSB
and minimize their impact on the design. Therefore, the main objective of this study is to analyze
the behavior of different transition turbulence models in predicting propeller performance parameters,
which are usually influenced by the formation of LSBs at low Reynolds numbers.
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2. Transition-turbulence models

The prediction of transition using RANS models is by nature ambiguous [2], as all spectral effects are
lost in the time-averaging process employed by turbulence models. Hence, these models cannot re-
liably determine whether a given perturbation will actually trigger the transition [4], and any predicted
transitional behaviour should not be expected to accurately match real physical transition processes.
This limitation becomes particularly significant at low Reynolds numbers, where turbulence models
are used outside of their intended range of applicability due to the presence of extended laminar or
transitional regions. As a result, the use of a turbulence model coupled with a transition model is
more appropriate [5].

Existing transition-turbulence models can be classified into three categories [2]: (i) models that use
damping functions to limit turbulence production in the viscous sublayer, commonly referred to as
low-Reynolds models, (ii) models that rely on empirical correlations and (iii) models that attempt to
model the transition-related phenomena within a more theoretical framework.

To this end, this analysis considers several transition-turbulence models representative of the cate-
gories defined above. First, Menter’'s k — w Shear Stress Transport (SST) model —with Wilcox’s low
Reynolds modification— is selected as representative of the first category. Second, the empirical cor-
relation based Langtry’s y — Reg model and its simplified version, the Menter and Langtry’s y model,
are analyzed. Finally, the physics-based Walter and Cockljat’s k — k; — @ model is employed.

In the following, a brief description of how the different transition-turbulence models attempt to model
transitional phenomena is presented.

2.1 k— o SST low-Re turbulence model

This version of the standard k — w Shear Stress Transport (SST) turbulence model, originally de-
veloped by Wilcox [4], employs an artificial damping on the closure terms and on the definition of
turbulent viscosity [2].

Initially, the boundary layer remains laminar, and the turbulence energy & is entrained from the free-
stream and spreads throughout the boundary layer. At a critical Reynolds number, where production
of turbulent kinetic energy exceeds its dissipation ®, the transition point is reached and eddy viscosity
increases rapidly. Turbulent kinetic energy continues to be amplified until production catches dissi-
pation in @ equation. Now, w is amplified and continues to grow until a balance between production
and dissipation of k is achieved, indicating a fully turbulent flow [4].

However, a number of deficiencies —independent of flow conditions— directly related to the damping
functions have been identified in [2]: (i) the model predicts natural transition too early, (ii) it is not able
to properly predict separation-induced transition, (iii) the prediction of transition can be coincidental
and (iv) it is not able to capture factors that affect transition, such as the adverse pressure gradient
or turbulence intensity.

2.2 y— Rey transition-turbulence model

This model, developed by Menter and Langtry [6, 7], aims to overcome the difficulties of low-Reynolds
turbulence models in accurately predicting transition. To this end, two additional transport equations
are coupled with those of the k — @ SST turbulence model.

An intermittency equation is used to to trigger the transition process by activating the production
term of the turbulent kinetic energy downstream of the transition point, whereas a second equation
—formulated in terms of the transition onset momentum-thickness Reynolds number, Reg,— is em-
ployed to capture the nonlocal influence of the turbulence intensity. It should be noted that these
transport equations do not attempt to model the physics of the transition process, which is contained
entirely in the experimental correlations provided to the model [6].

The transition onset Reynolds number is established in the free-stream through experimental cor-
relations, and it is diffused into the boundary layer. When a certain critical momentum-thickness
Reynolds number, Reg. = f (Req,), is achieved, the production of intermittency is triggered, which
initiates the production of turbulent kinetic energy, leading to transition [2].
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2.3 ytransition-turbulence model

This transition-turbulence model is a simplified formulation of the y— Rey model [8], which is built upon
the downsides found in it [2] regarding the today’s requirements for transition-turbulence models, as
resumed in [9]. The y model avoids the transport equation for the momentum-thickness Reynolds
number by evaluating the correlations inside the boundary layer and not outside. Like the y— Req
model, it employs transition onset criteria in terms of Rey, but computes the latter algebraically using
local variables [8]. As in the y— Rey model, the ¥ model is coupled with the k — w SST turbulence
model [10].

2.4 k—k; — o transition-turbulence model

The k — k; — o transition-turbulence model is a three equation physics-based model proposed by
Walters and Cokljat [11]. It uses a model equation for the laminar fluctuation energy that is then
linked to the underlying k — @ turbulence model through source and sink terms. By this mechanism,
the laminar kinetic energy can be transferred into the turbulent kinetic energy equation and initiate
the transitional process. It uses several threshold functions to trigger the transition onset, which are
similar in nature to those used in the y— Reg model [8].

The main advantage of the k — k; — @ model over the y— Reg model is that it requires only one ad-
ditional transport equation. On the downside, it presents two main disadvantages: (i) it is combined
with the standard k — @ model and, as a consequence, inherits the freestream dependency in the fully
turbulent regime and (ii) it is also not easily fine-tuned and adjusted to other underlying turbulence
models or additional physics [8].

3. Simulation setup

In the study, two propellers are considered. The first one is the NACA 4-(5)(05)-041 which, despite
the low freestream velocity selected for the analysis, operates at relatively high Reynolds numbers.
As a consequence, the configuration with a blade torsion of 3,75 = 20° is chosen for the study. Exper-
imental data for this propeller, along with its geometric description, are available in [12]. Experimental
tests were conducted on NASA’s Ames 12-foot pressure wind tunnel. A default value of turbulence
intensity of 0.08% was defined, as it is not specified in [12].

The second propeller is the TUD-XPROP-S [13], which operates at low Reynolds numbers due to
its small diameter. For the aerodynamic study, a configuration with a blade torsion of By79 = 30° is
selected. This setting was preferred over larger pitch angles since the maximum efficiency is obtained
at a high thrust setting [14]. Experimental tests were carried out at the low-speed, low-turbulence wind
tunnel of the Delft University of Technology, which has turbulence intensity levels below 0.04% [15].
Table 1 compares the main geometric characteristics of both propellers, as well as their operating
conditions. Additionally, in Figure 1 blade torsion and chord-to-diameter distributions along blade
span for both propellers is presented.

Table 1 — Comparison of geometric characteristics and selected operating conditions for both high
(NACA 4-(5)(05)-041) and low (TUD-XPROP-S) Reynolds number propellers.

(a) Propeller geometric characteristics. (b) Propeller operating conditions.

Parameter NACA 4-(5)(05)-041 TUD-XPROP-S Parameter NACA 4-(5)(05)-041 TUD-XPROP-S

N 4 6 oo [ms™] 34 30
D [m] 1.22 0.2032 n [revs™!] 30.33 —53.33 110.8 —184.6
Airfoil NACA 16015 Clark Y Reg 75 [6.9—12]-10° [6.3—9.6]-10*
Bret [°] 20 30 J 0.920 —0.523 1.332-0.800
co.75/D 0.089 0.076 M., 0.1 0.087
(t/c)oss 0.047 0.061 My 0.36—0.61 0.22—-0.35

For the CFD modeling, the commercial solver ANSYS Fluent 2025R1 is employed. The flow
around the propeller is simulated using a MRF (Multiple Reference Frame) approach. The control
volume is defined as a cylindrical sector around one blade due to the symmetry of the problem. The
dimensions of the control volume are defined in terms of the propeller radius: the cylinder has an

3
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Figure 1 — Blade torsion and chord distribution for the NACA 4-(5)(05)-041 (left) [12] and
TUD-XPROP-S (right) [14] propellers.

axial length of 7.5R (with 3R upstream the propeller plane) and a radius of 5.75R in a similar manner
to that indicated in [16].

Regarding the mesh, an unstructured poly-hexcore mesh with a prism layer in the near-wall region
is selected. A mesh convergence study was conducted following the index refinement concept pro-
posed in [17, 18]. Five different grids were used, where grid 1 is the finest configuration, with 4;
representing the average cell volume of the grid i. To evaluate mesh convergence, both the thrust,
Cr =T /(p.n*D*), and power coefficients, Cp = P/(p..n’D°), were evaluated for the geometries. The
number of cells, Ngeis, and the number of divisions of the upper surface for the reference airfoil of
the blade, Ngivs, for the evaluated meshes are presented in Table 2 together with the results of the
analysis, showing that convergence was achieved.

Table 2 — Mesh convergence study.

Grid NACA 4-(5)(05)-041 TUD-XPROP-S
Neells hi/hi  Ngivs  Cr Cp Neelis hi/hi  Ngivs  Cr Cp
5 3.53-10° 1.587 36 0.083 0.082 3.06-10° 1.817 31 0.163 0.224
4 5.90-10° 1.357 72 0.079 0.075 4.55-10° 1.582 60 0.162 0.222
3 0.42.10° 1.161 109 0.080 0.075 7.21-10° 1.361 103  0.163 0.225
2 11.6-10° 1.082 121 0.079 0.074 8.75-10° 1.277 124 0.165 0.226
1 14.7-10° 1.000 136 0.079 0.074 17.7-10° 1.000 154 0.164 0.226

Finally, a coupled solver was employed along with the energy equation and the equation of state for
ideal gasses —to account for compressibility effects—, with least-square cell for gradient terms and
second order discretization schemes for the momentum, energy and turbulence closure equations.
Velocity inlet boundary conditions are imposed at the inlet and on the upper cylindrical faces, while
pressure outlet condition is applied at the outlet. Periodic boundary conditions are applied on the
lateral faces of the cylinder and no-slip wall conditions are imposed on the propeller and hub surfaces.
At the inlet, turbulence intensity is prescribed to match the experimental values, the length scale is
estimated as 0.07¢¢.75, and, when required, intermittency is set to one [6] and laminar kinetic energy
is set to zero [11].
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4. Results

This section presents a discussion on the prediction of propeller performance parameters —namely,
the thrust coefficient, the power coefficient and the propulsive efficiency np = J-Cr/Cp— for several
advance ratios J = u../(nD), and for the different turbulence models considered in the study. Figure 2
compares the predicted performance parameters of both high and low Reynolds number propellers
obtained using these turbulence models.

1.0
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Figure 2 — Comparison of performance parameters of both high (NACA 4-(5)(05)-041) and low
(TUD-XPROP-S) Reynolds number propellers for different advance ratios.

For the NACA propeller, the k — k; — o transition model behaves notably differently from the other
models for advance ratios lower than the on-design point (/ = 0.73). This advance ratios correspond
to higher rotational speeds and therefore higher Reynolds numbers. It is worth noting how the dif-
ferent transition—turbulence models behave under fully turbulent flow conditions. On the one hand,
intermittency-based transition models are coupled with the k — @ turbulence model. In these models,
the production and destruction terms of the turbulent kinetic energy equation are modified through
the intermittency factor to account for transition effects. Under fully turbulent conditions, the intermit-
tency reaches a value of one and, as a consequence, the transition model reduces to the k—ow SST
model. On the other hand, in the k — k; — @ transition model, the laminar kinetic energy remains at low
levels, with its peak value asymptotically decaying to approximately 17% of the peak turbulent kinetic
energy [11]. As a result, the terms associated with bypass and natural transition become negligible,
and the production of turbulent kinetic energy is no longer damped by the empirical intermittency
function. Consequently, under fully turbulent conditions, the model behaviour approaches that of
the standard k — @ turbulence model. This fact leads to the aforementioned discrepancies at high
Reynolds numbers operating conditions of the k — k; — @ model with the rest of the turbulent-transition
models considered in this study.

In addition, all turbulence models tend to underpredict propeller performance at high advance ratios.
However, propeller efficiency does not appear to be significantly affected, as it is proportional to the
Cr/Cp ratio, which leads to a closer agreement with the experimental data.

On the other hand, for the TUD propeller, all turbulence models tend to overestimate propeller per-
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formance at high advance ratios. As a consequence, propulsive efficiency is also overestimated for
advance ratios beyond the design point. This leads to a higher propulsive efficiency and, conse-
quently, to a predicted design point that occurs at a higher advance ratio. Note that these operating
conditions correspond to lower rotational speeds and negative angles of attack on certain blade sec-
tions. Furthermore, the k — @ SST and y transition models tend to overpredict thrust and power
coefficients when compared to the y— Rey and the k — k; — @ transition models for all advance ratios.
For clarity, Table 3 shows the relative mean square error (RMSE) computed for both Cr and Cp in
order to assess the accuracy of the computations. It should be noted that experimental data for
NACA 4-(5)(05)-041 exhibits two operating points at which performance coefficients appear to be
overestimated, considering the overall trend of the their value across the studied range of advance
ratios. This fact is clearly observable in the np curve shown in Figure 2.

Table 3 — Relative mean square error in the prediction of propeller performance parameters.

NACA 4-(5)(05)-041 TUD-XPROP-S
Cr Cp Cr Cp

k— o SST low-Re  0.070 0.071 0.045  0.035
y—Reg SST  0.084 0.097 0.0334 0.028

y SST 0.0693 0.080 0.065  0.056

k—k—o 0.121 0.099 0.039  0.038

Turbulence model

From the data in Table 3, it can be observed that for the high Reynolds number propeller, the use
of a transition-turbulence model does not provide a clear advantage over the k — o SST model. On
the other hand, for the low Reynolds number propeller, the use of transition-turbulence models leads
to improved predictions of the propeller performance parameters. For this configuration, the y SST
transition model yields the least accurate results among the models considered.

Moreover, in Figure 3 and Figure 4 the predicted distributions by transition-turbulence models of
sectional thrust coefficient, ¢, = T’/(p..n*D?), and sectional power coefficient, ¢, = P'/(p.n’D*)', are
represented along blade span for on-design operating conditions for both NACA 4-(5)(05)-041 and
TUD-XPROP-S propellers, respectively. Additionally, Reynolds number distribution along blade span
is presented to give a deeper insight on the range of Reynolds number at which blade elements
operate. The sectional Reynolds number is defined as follows:

1/2

Re<f>zb“fﬁ[1+(’f)2] , (1)

where 7 = r/R is the adimensional position along blade span.
Finally, to evaluate the efficiency of the different models for accurately assessing propeller perfor-
mance, some results?® are summarized in Table 4. To quantify the computational cost associated
with each transition-turbulence model, two parameters are employed to assess the efficiency of each
model:
» The average wall-clock time per iteration, t, representing the time required by the model to
compute a single iteration.
+ The ratio between the number of iterations and the achieved continuity residual®, representing
the number of iterations per unit of convergence. It is defined as follows:

Niter
n=— . (2)
logy (Ry)
Note that the higher its value, the higher the number of iterations the model requires to achieve

convergence.

"Note that T’ and P’ are the sectional thrust and power, respectively.

2Note that the simulations were performed on a computer with 128 GB DDR5 RAM memory and an Intel Core
i7-14000KF processor (using 12 cores).

3The continuity residual is selected because it is the slowest to converge.

6
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Figure 3 — Comparison of ¢, and ¢, distributions along blade span for on-design operating condition
(J/ =0.730) for NACA 4-(5)(05)-041 propeller.
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The simulation cost is computed in terms of the previous parameters as y = t- 1, representing the
time required by each model to achieve convergence. Note that all quantities are normalized with
respect to the least computationally expensive turbulence model (k— o SST low-Re model).

Table 4 — Comparison of average wall-clock time per iteration (7), number of iterations to achieve
convergence (n) and computational cost () for different turbulence models relative to the k — o SST
low-Re model.

Turbulence model Relative ¢ Relative n Relative y

k— o SST low-Re 1.000 1.000 1.000
y SST 1.076 3.244 3.491

Y—Reg SST 1.200 9.398 11.28

k—k —w 1.164 16.60 19.32

We have observed that the average wall-clock time per iteration for the y transition model is approx-
imately a 10% lower than that of the y— Rey and k — k; — o transition models. Moreover, the latter
two transition models exhibit a similar average wall-clock time per iteration. Additionally, the compu-
tational time for the y — Reg transition-turbulence model is a 20% higher compared with k — o SST
which is consistent with the findings reported in [6], where an overall increase in computational time
of about 20% is expected. On the other hand, regarding the number of iterations needed for each
model it is observed that the higher the model complexity, the more iterations are needed to achieve
the same level of convergence. It should be noted that k — k; — w presents a value of n approximately
a 77% higher than that of the y— Regy model denoting that it presents a slower convergence rate. This
fact makes this model the one with the highest computational cost among the ones considered in this
study. This agrees with the results provided in [19] where the k — k; — @ transition model is the most
time consuming to obtain a converged solution.

In summary, in Table 5 an assessment of accuracy and efficiency for the transition-turbulence models
considered is shown. Accuracy is quantified as the relative mean square error in the prediction of
the propeller performance parameters shown in Table 3, for each model. lts overall value is selected
as ervse = max (&c,,€&c,). Note that the lower the value the higher the accuracy. Moreover, overall
efficiency is selected as the relative computational cost, y, shown in Table 4.

Table 5 — Summary of the accuracy and efficiency of the evaluated transition-turbulence models in
predicting high and low Reynolds number propeller performance.

Accuracy

Turbulence model Efficiency
High Re Prop. Low Re Prop.
k— ® SST low-Re 0.071 0.045 1.000
y SST 0.080 0.065 3.491
Y—Reg SST 0.097 0.034 11.28
k—k —w 0.121 0.039 19.32

5. Conclusions

This study investigated the accuracy and efficiency of transition-turbulence models in predicting pro-
peller performance parameters. To do so, two propeller geometries operating at relatively high and
low Reynolds number conditions are considered.

The results indicate that, for the high Reynolds number propeller, the use of transition—turbulence
models provides no advantage over the k—@ SST turbulence model. In contrast, for the low Reynolds
number propeller, the more complex models (i.e., the y—Reg SST and k—k;—w transition—turbulence
models) yield the highest accuracy, although they also incur the greatest computational cost. How-
ever, in the low Reynolds number regime, where a non-negligible portion of the flow remains laminar
and the formation of laminar separation bubbles is likely, the use of these models is advisable to

8
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accurately predict not only performance parameters, but also separation and transition-related phe-
nomena. Among them, the y—Rey SST transition—turbulence model is preferred because of its lower
computational cost and the absence of the aforementioned shortcomings of the k—k,—w transition
model, namely its sensitivity to freestream conditions and the difficulty of tuning or extending it to
account for additional physics. Under relatively high Reynolds number operating conditions, where
transition-related phenomena remain of interest, the y SST model represents the best compromise
between accuracy and computational efficiency.
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