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Abstract

Accurate static-thrust prediction is essential for early-stage unmanned aerial vehicle (UAV)
propulsion assessment, but computational fluid dynamics (CFD) predictions for small
propellers can be sensitive to mesh resolution, domain size, boundary treatment, and
turbulence closure. This study verifies and validates a steady Reynolds-averaged Navier–
Stokes/single-reference-frame (RANS/SRF) workflow for a reconstructed APC 18 × 12E
propeller. Experimental thrust was measured at seven operating points from 1000 to
7000 RPM, and four representative points were used for CFD validation. The model used
geometry reconstructed by X-ray computed tomography (XCT), an aligned rotation axis,
a verified polyhedral mesh, a 4 m cylindrical domain, and open boundaries representing
ambient entrainment and downstream wake discharge. Mesh, domain-size, and boundary-
condition sensitivities were assessed before comparing the Spalart–Allmaras, SST k-ω,
realizable k-ε, and Reynolds stress closures. Mesh refinement changed thrust by 1.20%
relative to the production mesh, whereas an all-pressure-outlet setup changed thrust by
5.7%. Under the investigated conditions, the Reynolds stress model yielded the lowest
mean absolute percentage error (2.70%). Nevertheless, every model underpredicted thrust
at 5000 and 7000 RPM, showing that the remaining high-speed discrepancy cannot be
attributed to turbulence closure alone. The workflow therefore supports practical static
propeller assessment, subject to the stated limitations of steady modelling and single-
propeller validation.

Keywords: UAV; propeller; CFD; RANS; Single Reference Frame; static thrust; turbulence
modelling

1. Introduction
Unmanned aerial vehicles (UAVs) have become increasingly important in both military

and civilian applications. Their use is driven by the need to reduce operational risk, increase
mission flexibility, and lower costs in tasks such as surveillance, precision agriculture,
disaster response, transportation, and logistics [1]. Regardless of the mission profile or
payload, the performance of a UAV is strongly dependent on its propulsion system, which
determines the available thrust, endurance, maneuverability, payload capability, and overall
operational envelope.
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Several propulsion architectures are used in UAV platforms, including internal com-
bustion engines, electric motors, and hybrid powertrains [2]. In many small and medium
UAV classes, electric propulsion systems coupled with open propellers remain a common
solution because of their mechanical simplicity, relatively low mass, compact integration,
and suitability for distributed propulsion layouts. From a design perspective, propulsion-
system selection is a coupled problem involving the propeller, motor, electronic speed
controller, battery, and airframe requirements [2,3].

The objective of this study is to verify and validate a steady RANS/SRF computational
workflow for static thrust prediction of a reconstructed UAV propeller. Unlike a full
propulsion-system sizing tool, the present work focuses on one specific component of
early-stage propulsion assessment: static propeller thrust prediction. The study combines
experimental test-bench data, reconstructed propeller geometry, domain-size sensitivity,
mesh-independence verification, boundary-condition assessment, and turbulence-model
comparison. Particular attention is paid to identifying which elements of the numerical
setup most strongly affect the predicted thrust and to defining the limitations of a steady
SRF approach for static propeller simulation.

2. Literature Overview
2.1. Experimental and Low-Fidelity Approaches for Small Propellers

The aerodynamic performance of small UAV propellers is difficult to predict because
these propellers often operate at low Reynolds numbers, where laminar separation, transi-
tion, three-dimensional rotational effects, tip vortices, and wake contraction can strongly
affect thrust and power. Experimental databases have therefore played an important role in
UAV propulsion research. Brandt and Selig [4] provided extensive low-Reynolds-number
propeller performance data, including static thrust and measurements over a range of
advance ratios and rotational speeds. The UIUC propeller database has further expanded
the availability of wind-tunnel data for small UAV and model-aircraft propellers [5]. Addi-
tional static tests of micro and multirotor propellers have shown that Reynolds-number
effects remain significant for small-scale propulsion systems and that direct extrapolation
from larger propellers may be unreliable [6–8].

Low-fidelity methods, including blade element theory, blade element momentum
theory (BEMT), actuator-disk approaches, and vortex-based methods, are widely used
during preliminary propeller calculation because they are computationally efficient and
require limited geometric information [7,9]. These methods are useful for early design
iterations and for parametric studies; however, their accuracy depends strongly on the
availability and validity of sectional airfoil data, empirical corrections, and assumptions
regarding inflow, induced velocity, and post-stall behaviour. For small fixed-pitch UAV
propellers, these assumptions may become restrictive at low Reynolds numbers or at off-
design operating points, where local separation and three-dimensional effects are not fully
captured [10,11].

2.2. CFD Modelling of UAV and Small-Scale Propellers

Computational fluid dynamics (CFD) provides a higher-fidelity alternative because
it resolves the three-dimensional flow around the blade and can capture effects that are
simplified or neglected in low-order models. Previous studies have demonstrated the
use of CFD for small UAV propellers and have compared numerical predictions with
experimental data. Kutty and Rajendran [12] validated a three-dimensional CFD model of
an APC Slow Flyer propeller against available experimental data, showing that CFD can
reproduce thrust and power trends with reasonable accuracy when the geometry, mesh,
and rotating-domain setup are properly defined. Loureiro et al. [10] compared BEMT and
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CFD approaches for a small propeller and showed that the relative performance of low- and
high-fidelity methods depends on operating conditions, Reynolds number, and advance
ratio. Liu et al. [11] combined wind-tunnel tests, BEMT, and three-dimensional CFD for an
APC 1045 multirotor propeller, demonstrating that CFD can provide good agreement with
experiments over a wider operating range, while BEMT remains attractive because of its
lower computational cost.

2.3. Rotating-Frame Methods and Static Propeller Simulations

A key modelling choice in CFD simulations of rotating propellers concerns the treat-
ment of blade motion. Steady approaches (where flow properties do not change over time)
such as single reference frame, multiple reference frame, or frozen-rotor formulations are
computationally efficient and therefore attractive for design studies. However, they rely on
a quasi-steady representation of the rotating flow field. Transient approaches, including
sliding mesh or arbitrary mesh interface formulations, can capture unsteady blade–wake
interaction and azimuthal flow variations, but they require substantially higher computa-
tional cost. Stajuda et al. [13] showed that multiple reference frame (MRF)-based propeller
simulations can be sensitive to the size of the rotating domain and that inappropriate do-
main sizing may lead to non-negligible errors in thrust and power prediction. Paz et al. [14]
compared MRF and sliding-mesh approaches for quadcopter simulations and reported that
MRF can be attractive because of its lower computational cost, although thrust differences
between modelling approaches may remain significant in multirotor configurations. More
recently, Aular et al. [15] systematically assessed steady RANS–MRF modelling against
unsteady Reynolds-averaged Navier–Stokes (URANS) for UAV propellers under non-axial
inflow, showing that the validity of steady MRF models depends on the operating envelope
and deteriorates under strongly asymmetric inflow conditions.

2.4. Turbulence Models, Grid Effects, and Verification Gaps

The choice of turbulence model is another important source of uncertainty. RANS-
based CFD studies of UAV propellers commonly rely on eddy-viscosity turbulence closures,
while the Spalart–Allmaras and SST k–ω models are among the standard models used
in aerodynamic CFD [16,17]. In propeller simulations, the selected turbulence closure,
rotating-frame formulation, and mesh resolution can influence the agreement between
numerical predictions and experimental data [12,14,15]. The Spalart–Allmaras model is
computationally economical and was originally developed for aerospace wall-bounded
flows [16], whereas the SST k–ω model combines near-wall k–ω behaviour with improved
treatment of free-shear regions and adverse pressure gradients [17]. Nevertheless, no single
turbulence model can be assumed to be universally accurate for small UAV propellers,
particularly when low-Reynolds-number effects, separation, tip-vortex structures, and
near-static operating conditions are important. As a result, CFD predictions should be
interpreted in relation to mesh resolution, near-wall treatment, rotating-domain definition,
turbulence closure, and experimental uncertainty.

CFD has also been extended beyond isolated thrust prediction. Studies have investi-
gated tractor and pusher configurations [18], blade-number effects in multirotor UAVs [19],
simplified propeller models for UAV aerodynamic simulations [20], and aeroacoustic
optimisation of low-noise UAV propellers [21,22]. These works demonstrate the broad
applicability of numerical methods in UAV propulsion research. However, many of them
either focus on specific configurations, use complete or idealised propeller geometries,
emphasise forward-flight or aeroacoustic behaviour, or validate selected numerical setups
without systematically addressing the practical problem faced in low-cost UAV design:
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estimating static propeller performance when only reconstructed geometry and limited
experimental data are available.

2.5. Research Gap and Contribution of This Study

Despite the growing number of experimental and numerical studies, a clear practical
gap remains. Existing literature provides valuable data and validated CFD procedures
for selected propellers and operating conditions, but there is still limited evidence on
whether a streamlined CFD workflow based on reconstructed propeller geometry can
predict static thrust with accuracy sufficient for static propeller-level thrust assessment
in early UAV propulsion studies. In particular, the sensitivity of such predictions to the
selected turbulence model and steady rotating-frame formulation remains insufficiently
documented for low-cost UAV propeller analyses.

The contribution of this work is not the development of a new turbulence model
or propeller-design method, but the verification-oriented evaluation of a practical steady
RANS/SRF workflow for static thrust prediction from reconstructed propeller geometry.
The study combines experimentally measured thrust with a geometry obtained directly
from XCT and evaluates mesh resolution, computational-domain size, open-boundary
treatment, and turbulence closure as separate sources of numerical sensitivity. This sepa-
ration is important because these effects are frequently combined in propeller CFD stud-
ies, making it difficult to determine whether CFD–experiment discrepancies originate
from discretization, external-boundary placement, or turbulence modelling. The present
study therefore provides a reproducible assessment of the accuracy and limitations of
a practical steady RANS/SRF workflow based on reconstructed geometry and limited
experimental data.

3. Governing Equations and Computational Framework
3.1. Propeller Performance Parameters

A propeller generates thrust by increasing the axial momentum of the surrounding
fluid. From an aerodynamic perspective, each blade can be treated as a rotating lifting
surface whose local sections generate lift and drag forces. The axial component of the
resulting aerodynamic force contributes to thrust, whereas the tangential component
contributes to torque. For a propeller of diameter D, rotational speed n, and operating in a
fluid of density ρ, the thrust coefficient is commonly defined as follows:

CT =
T

ρn2D4 (1)

where T is the generated thrust. The torque and power coefficients can be expressed
as follows:

CQ =
Q

ρn2D5 (2)

CP =
P

ρn3D5 (3)

where Q is torque and P is shaft power. These non-dimensional parameters allow propeller
performance to be compared across different rotational speeds and geometrical scales. The
shaft power is related to torque by:

P = 2πnQ (4)
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where n is the rotational speed expressed in revolutions per second. Substituting
Equation (4) into the definition of the power coefficient, Equation (3), and using the defini-
tion of the torque coefficient, Equation (2), gives:

CP = 2πCQ (5)

Thus, the power coefficient is directly related to the torque coefficient and does not
constitute an independent performance quantity in the present analysis.

3.2. RANS Equations in a Rotating Reference Frame

In the present study, the propeller flow was modelled using the Reynolds-averaged
Navier–Stokes equations formulated in a rotating reference frame. This formulation is
consistent with the Single Reference Frame (SRF) approach, in which the propeller remains
stationary relative to the rotating computational cell zone, while the surrounding flow is
solved in a non-inertial frame attached to the propeller [23]. This approach reduces the
computational cost relative to fully transient blade-motion simulations and is therefore
suitable for assessing static thrust under steady operating assumptions [14,15,23]. The
pressure-based solver was operated using the absolute velocity formulation. In this for-
mulation, the absolute velocity u, defined with respect to the stationary reference frame,
is used as the dependent velocity variable in the momentum equations, while convective
transport is expressed using the relative velocity ur [23]. For the present case, in which
the reference frame undergoes pure rotation with constant angular velocity Ω and no
translational motion, the relative and absolute velocities are related by:

ur = u − Ω × r (6)

The continuity equation may therefore be written as

∂ρ

∂t
+∇·(ρur) = 0 (7)

For the absolute velocity formulation, the Reynolds-averaged momentum equation
can be expressed as

∂(ρu)
∂t

+∇·(ρuru) = −∇p +∇·
[
τ− ρu′u′

]
+ SΩ (8)

where p is the static pressure, τ is the mean viscous stress tensor, −ρu′u′ represents the
Reynolds-stress tensor. For constant rotation about a fixed origin, the rotational source
term in the absolute velocity formulation is

SΩ = −ρ(Ω × u) (9)

In contrast to the relative velocity formulation, the Coriolis and centrifugal contribu-
tions do not appear as separate source terms in the absolute velocity formulation [23].

The Reynolds stresses require closure through a turbulence model. In this study, dif-
ferent RANS closures were compared, including the Spalart–Allmaras model, the SST
k − ω model, the realizable k − ε model, and the Reynolds Stress Model. The same
rotating-frame formulation, computational domain, boundary-condition setup, and con-
vergence criteria were used for all turbulence models so that differences in predicted
thrust could be attributed primarily to the turbulence closure rather than to changes in the
numerical setup.
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The SRF approach assumes that the flow is steady in the rotating frame. Under this
assumption, the propeller geometry is fixed relative to the rotating cell zone, and the flow
solution represents a time-averaged approximation of the rotating flow field [23]. This
is appropriate for the present objective, which is static thrust prediction for an isolated
propeller. However, the method cannot directly resolve unsteady blade-passing effects,
wake meandering, transient vortex shedding, or time-dependent propeller–airframe in-
teractions. Therefore, the SRF results should be interpreted as a steady RANS approxima-
tion of the static propeller flow rather than as a full transient representation of the wake
dynamics [14,15,23].

3.3. Single Reference Frame Assumptions and Limitations

In the Single Reference Frame (SRF) approach, the computational domain is solved
in a rotating coordinate system attached to the propeller. The propeller geometry remains
stationary relative to the rotating fluid cell zone, while rotation is accounted for through
the moving-reference-frame formulation described in Section 3.2. In the present study, the
absolute velocity formulation was used, with the absolute velocity serving as the depen-
dent variable in the momentum equations and the relative velocity defining convective
transport [23]. This approach avoids explicit transient blade motion and is therefore com-
putationally efficient for steady simulations of isolated rotating machinery, including static
propeller thrust prediction.

The term “steady” in the SRF formulation should be interpreted as steady with respect
to the rotating frame, not necessarily steady in the stationary laboratory frame. Under
this assumption, the time-averaged aerodynamic loading on the blades can be estimated
without resolving the actual time-dependent blade motion. This is appropriate for the
objective of the present work, which is the prediction of integral static thrust for an isolated
propeller. The method is therefore useful when the main quantity of interest is the mean
thrust rather than the instantaneous evolution of the wake.

However, the SRF approximation has inherent limitations. It cannot directly resolve
blade-passing effects, transient wake development, vortex shedding, wake meandering,
or time-dependent interactions between the propeller and surrounding structures. These
effects can be important in cases involving non-axial inflow, propeller–airframe interaction,
ground effect, multirotor interference, or strongly unsteady operating conditions. Previ-
ous studies comparing steady rotating-frame approaches with sliding-mesh or URANS
formulations have shown that steady MRF/SRF-type methods can provide acceptable
estimates for selected operating conditions, but their accuracy may deteriorate when the
flow becomes strongly asymmetric or unsteady [14,15].

In the present study, the use of SRF is justified by the isolated-propeller and static-
thrust configuration. The propeller was simulated without a fuselage, wing, ground plane,
or neighbouring rotors, and the objective was to evaluate the mean static thrust over a
range of rotational speeds. Nevertheless, the resulting flow field should be interpreted as a
steady RANS approximation of the propeller flow, not as a time-resolved representation
of the wake. This limitation is particularly relevant at higher rotational speeds, where
stronger tip-vortex dynamics, local compressibility effects, and three-dimensional wake
structures may increase the discrepancy between steady SRF predictions and experimental
measurements [15,24,25].

Consequently, the SRF results in this work are used for comparative and validation
purposes within a fixed numerical framework. The same rotating-frame formulation,
domain definition, boundary-condition setup, mesh strategy, and convergence criteria
were applied to all turbulence models. This ensures that differences in predicted thrust
can be attributed primarily to the turbulence closure and not to changes in the rotating-
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frame treatment. The SRF workflow should therefore be regarded as a practical approach
based on steady rotating-frame modelling for static propeller thrust prediction, whereas
transient sliding-mesh or URANS simulations remain more appropriate for detailed wake
dynamics, unsteady loading, aeroacoustic analysis, and propeller–airframe interaction
studies [14,15,23].

3.4. Turbulence Modelling

For UAV propeller simulations, Reynolds-averaged Navier–Stokes (RANS) turbulence
models are commonly used because they provide a practical compromise between computa-
tional cost and predictive capability. In static propeller calculations, the turbulence closure
affects the predicted blade-surface pressure distribution, boundary-layer development,
separation behaviour, tip-vortex diffusion, wake structure, and consequently the integrated
thrust and torque. This is particularly important for small UAV propellers, which often
operate at low to moderate Reynolds numbers, where laminar separation, transitional
behaviour, three-dimensional rotational effects, and tip-vortex dynamics may influence the
aerodynamic loading [4–8,12,26].

Four turbulence closures were considered: Spalart–Allmaras, SST k − ω, realizable
k − ε, and the Reynolds Stress Model (RSM). These models span different levels of RANS
modelling complexity, from a one-equation eddy-viscosity formulation to Reynolds-stress
transport [16,17,27,28]. The realizable k − ε model was used with enhanced wall treatment.
Their main characteristics and role in the present study are summarized in Table 1.

Table 1. Turbulence closures considered in this study and their expected relevance to steady
RANS/SRF propeller simulations [16,17,23,27–31].

Feature Spalart–Allmaras k − ω SST k − ε Realizable Reynolds Stress
Model

Model class
One-equation
eddy-viscosity

model

Two-equation
eddy-viscosity

model

Two-equation
eddy-viscosity

model

Reynolds-stress
transport model

Relative
computational cost Low Moderate Moderate High

Main strengths

Aerodynamic
wall-bounded flows;
low computational

cost

Near-wall flows;
adverse pressure

gradients;
separation-prone

regions

Robust industrial
closure; moderate

cost; improved
realizability
constraints

Turbulence
anisotropy; rotation;
curvature; swirling

flows

Main limitations

Limited
representation of
strong separation

and anisotropy

Sensitive to near-wall
resolution and

separation modelling

Less suitable for
strong curvature,

rotation, and
anisotropic wake

structures

High cost;
numerically

demanding; sensitive
to mesh and

near-wall treatment

Role in this study Economical baseline
model

Reference
two-equation

aerodynamic closure

Industrial
two-equation

comparison model

Higher-order
turbulence-closure

comparison

Because the objective of this work is to verify and validate a steady RANS/SRF
workflow for static thrust prediction, the turbulence models were evaluated primarily on
their ability to reproduce the measured thrust trend over the investigated rotational-speed
range. The comparison is therefore interpreted as a turbulence-closure sensitivity study
within a fixed numerical framework, rather than as a universal ranking of turbulence
models for all propeller-flow conditions. The limitations of steady RANS modelling should
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also be recognized: none of the models used here can fully resolve unsteady wake evolution,
blade-passing effects, transitional phenomena, or time-dependent vortex dynamics without
a transient simulation framework.

4. Experimental Data and Geometry Reconstruction
4.1. Static Thrust Measurements

Static thrust measurements were performed using a Flight Stand 15 Pro test bench
(Tyto Robotics Inc., Gatineau, QC, Canada) equipped with force, torque, electrical, and
optical RPM measurement modules. The tested propulsion system consisted of an APC
18 × 12E fixed-pitch propeller, a BadAss 6230–265 kV brushless motor (Monroe, MI, USA),
and a 12S Li-Po battery with a capacity of 5 Ah. The measurements were conducted under
static conditions over a rotational-speed range from 1000 to 7000 RPM. The objective of the
experimental campaign was to obtain reference static thrust data for subsequent validation
of the CFD predictions.

The tests were conducted outdoors in an enclosed courtyard to limit the influence of
ambient wind while preserving an open-air test environment. For each operating point,
the propulsion system was operated at approximately constant rotational speed, and the
measured quantities were recorded over a finite sampling interval. The exported data
included thrust, rotational speed, voltage, current, electrical power, and derived electrical
quantities. Torque and mechanical-power data were not recorded during the experimental
campaign used in the present study. Although the Flight Stand 15 Pro is capable of
measuring torque, experimental torque data were therefore not available for independent
CFD validation. Consequently, the CFD-predicted torque and the derived CQ and CP values
are reported only as diagnostic quantities supporting the interpretation of the numerical
results. The experimental test bench is shown in Figure 1.

Figure 1. Assembled test bench.

The raw thrust signal was recorded in kgf and converted to newtons using

TN = Tkg f ·g (10)

where g = 9.81 m s−2. The rotational speed and thrust values used for CFD validation
were calculated as time-averaged values over the selected steady part of each measure-
ment record.
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The measurement uncertainty was evaluated using both statistical scatter in the
recorded signal and the manufacturer-specified measurement accuracy [32]. Following
the general approach recommended in the Guide to the Expression of Uncertainty in
Measurement (GUM), the statistical component was treated as a Type A uncertainty, while
the instrumental accuracy was treated as a Type B uncertainty [33]. For a given operating
point with N samples, the mean thrust was calculated as

T =
1
N

N

∑
i=1

Ti (11)

and the standard deviation of the thrust signal was calculated as

ST =

√√√√ 1
N − 1

N

∑
i=1

(
Ti − T

)2 (12)

The standard uncertainty associated with the mean thrust was then estimated as

uA,T =
sT√

N
(13)

The Type B uncertainty associated with the thrust measurement was calculated from
the manufacturer-specified accuracy limit aT , assuming a rectangular distribution:

uB,T =
aT√

3
(14)

The combined standard uncertainty of the measured thrust was then calculated as

uT =
√

u2
A,T + u2

B,T + u2
res,T (15)

where ures,T is the standard uncertainty associated with the sensor resolution. The expanded
uncertainty was reported as

UT = kuT (16)

with a coverage factor k = 2, corresponding approximately to a 95% coverage interval.
An analogous procedure was applied to the rotational-speed signal, using the standard
deviation of the RPM samples and the manufacturer-specified RPM accuracy.

Because the revised experimental campaign could not include repeated measurements
at each RPM, the uncertainty reported here represents the uncertainty of the mean value
within the recorded steady window combined with the instrumental uncertainty. It should
not be interpreted as a full repeatability assessment between independent experimental
runs. This limitation is explicitly considered when comparing the experimental data with
the CFD predictions. The resulting experimental data and uncertainty are summarized
in Table 2.

The thrust uncertainty was calculated using the Flight Stand 15 Pro accuracy speci-
fication. For thrust values below 10 N, the accuracy limit was taken as ±0.075 N, while
for thrust values above 10 N it was taken as 0.75% of the measured value. The RPM
uncertainty was calculated using the manufacturer-specified RPM accuracy of ±1 RPM
and resolution of 0.1 RPM. Both statistical scatter within the selected steady window
and instrument-related uncertainty components were included in the combined standard
uncertainty. Expanded uncertainties were reported using a coverage factor of k = 2.
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Table 2. Experimental static thrust data and expanded uncertainty. Mean values were calculated from
the selected steady measurement windows. UN and UT denote expanded uncertainties calculated
with coverage factor k=2.

Target
RPM

Mean
RPM Un [RPM] Mean

Thrust [N] UT [N] UT/T [%] Samples

1000 1001.2 6.7 1.31 0.09 6.89 113
2000 2001.8 6.6 5.51 0.10 1.81 112
3000 2999.5 7.1 12.75 0.12 0.97 108
4000 4002.3 6.6 23.14 0.28 1.21 111
5000 4997.3 6.9 36.74 0.36 0.99 105
6000 5996.0 5.0 53.60 0.47 0.88 121
7000 6994.2 5.8 73.76 0.64 0.87 116

4.2. Air-Property Determination

The air properties used in the CFD calculations were determined from the meteorolog-
ical conditions recorded during the experimental campaign. The measured temperature,
dew-point temperature, and absolute pressure are summarized in Table 3.

Table 3. Meteorological data during measuring procedure.

Temperature Dew Point Absolute Pressure

8 ◦C 4 ◦C 996 hPa

Air density was calculated from the measured pressure, temperature, and dew-point
temperature using the Magnus relation and the ideal-gas formulation for humid air [34],
yielding ρ = 1.2303 kg m−3. Dynamic viscosity was evaluated using Sutherland’s law [35],
giving µ = 1.76 × 10−5 Pa s. These values were used in the CFD calculations and experi-
mental data reduction.

4.3. Propeller Geometry Reconstruction and Alignment

The propeller used in this study was an APC 18 × 12E. Its geometry was reconstructed
using X-ray computed tomography (XCT), yielding a surface representation comprising
1,243,684 triangles. XCT was used to reproduce the actual external geometry of the tested
propeller rather than to resolve micrometer-scale surface features in the CFD model. The
subsequent CFD mesh had a substantially coarser characteristic surface resolution, and
therefore the nominal XCT measurement precision should not be interpreted as the effective
geometric resolution of the numerical simulation. The reconstructed geometry used for the
CFD analysis is shown in Figure 2.

Before mesh generation, the propeller geometry was aligned with the numerical rota-
tion axis. This step is essential in Single Reference Frame simulations because the rotation
axis defines the origin and direction of the non-inertial rotating frame. If the reconstructed
propeller is shifted relative to the rotation axis, the local blade-tip radius, tangential velocity,
and aerodynamic loading may become artificially asymmetric. Therefore, the cylindrical
bore of the hub was used to define the physical axis of rotation. The geometry was trans-
lated and rotated so that the hub-bore centre coincided with the computational origin and
the bore axis was aligned with the selected global rotation axis.

After alignment, the distances from the rotation axis to the opposite blade tips were
checked to confirm that the reconstructed propeller radius was consistent on both sides. The
nominal propeller diameter was D = 18 in = 0.4572 m, corresponding to a nominal radius
of R = 0.2286 m. This alignment procedure ensured that the angular velocity prescribed in
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the SRF model produced the correct blade-tip speed and that the computed thrust was not
biased by an offset between the scanned geometry and the numerical rotation axis.

Figure 2. Scanned geometry of propeller.

The cleaned and aligned propeller geometry was then embedded in a cylindrical
computational domain. The propeller blades and hub were treated as no-slip walls sta-
tionary relative to the rotating reference frame. The same aligned geometry was used for
all subsequent mesh, domain-size, boundary-condition, and turbulence-model sensitivity
studies. No comparison with an idealized CAD representation was performed; conse-
quently, the present study does not attempt to quantify the isolated effect of XCT-based
geometry reconstruction on the predicted thrust.

5. Numerical Methodology
5.1. Computational Domain and Coordinate System

The numerical simulations were performed in ANSYS 2024 R1 Fluent using a steady
Single Reference Frame (SRF) formulation. The final computational domain was defined
as a cylindrical enclosure surrounding the reconstructed APC 18 × 12E propeller. The
propeller diameter was D = 0.4572 m, corresponding to the nominal 18 in diameter. The
final domain had a diameter of 4 m, an upstream extension of 3.5D, and a downstream
extension of 7D. These dimensions were selected after the domain-size sensitivity analysis
described in Section 6.2. The entire cylindrical fluid domain was defined as a single rotating
fluid cell zone in the SRF formulation. No stationary fluid subdomain or rotating–stationary
interface was used.

The propeller was positioned on the cylinder axis, and the coordinate origin was
placed at the centre of the hub bore. The physical rotation axis was defined from the
cylindrical bore of the hub and aligned with the global rotation axis used in the SRF
setup. The propeller rotation axis was aligned with the global Z-axis. Consequently, the
w-velocity component corresponds to the axial velocity component along the propeller axis
and was used for the wake-field comparison presented in Section 7.4. This alignment step
was necessary because any offset between the reconstructed geometry and the numerical
rotation axis would modify the local blade-tip radius, tangential velocity, and blade loading.
The positive thrust direction was defined along the propeller axis and was kept consistent
with the experimental thrust direction used in the test-bench measurements.
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The rotating fluid cell zone was prescribed with an angular velocity corresponding to
the investigated rotational speed. The angular velocity was calculated from

ω =
2πN
60

(17)

where N is the rotational speed in RPM. The same domain geometry, coordinate sys-
tem, and rotation-axis definition were used for all turbulence models and all rotational
speeds to ensure that the observed differences in thrust prediction resulted from the nu-
merical model settings rather than from changes in geometry or domain placement. The
final computational domain, including its dimensions and coordinate system, is shown
in Figure 3.

Figure 3. Final computational domain and coordinate system used in the SRF simulations. The
propeller was aligned with the cylindrical domain axis, with the coordinate origin located at the hub-
bore centre. The domain diameter was 4 m, with an upstream extension of 3.5D and a downstream
extension of 7D.

5.2. Boundary Conditions

The external boundaries were defined to represent static propeller operation in an open
ambient environment. Unlike a conventional internal-flow problem, the static propeller
does not have a prescribed uniform inflow. Instead, the propeller entrains air from the
surrounding domain and accelerates it into the downstream wake. Therefore, the lateral
and upper boundaries of the cylindrical domain were prescribed as ambient-pressure inlet
boundaries, while the downstream boundary was defined as a pressure outlet [23,35].
Section 6.3 further investigates boundary conditions and presents an appropriate compara-
tive analysis.

The upper boundary and lateral boundary were assigned as pressure inlets with zero
gauge pressure. The downstream boundary was assigned as a pressure outlet, also with
zero gauge pressure. The gauge pressure was defined relative to the measured ambient
pressure from the experiment. The operating pressure was set to 99, 600 Pa, corresponding
to the atmospheric pressure recorded during the experimental campaign. The boundary
temperature was set to 281.15 K, corresponding to the measured ambient temperature
of 8 ◦C.

The pressure-inlet boundaries were specified using the absolute reference frame. The
downstream pressure outlet was likewise assigned an absolute backflow reference frame.
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Consequently, inlet and potential backflow velocity-related quantities were interpreted in
the stationary reference frame, while the prescribed pressure values remained 0 Pa gauge
relative to the operating pressure.

The turbulence quantities at the open boundaries were specified using turbulence
intensity and turbulent viscosity ratio. A turbulence intensity of 5% and a turbulent
viscosity ratio of 10 were prescribed at the pressure inlet boundaries and as back-
flow quantities at the pressure outlet. Reverse flow was not artificially suppressed,
because local backflow can occur at open boundaries in static propeller simulations.
Instead, reverse flow at the open boundaries and the global mass-flow balance were
monitored during convergence. Particular attention was paid to the downstream out-
let to ensure that the propeller wake left the computational domain without significant
outlet-boundary recirculation.

The propeller blades and hub were modelled as no-slip walls. In the SRF formulation,
the propeller wall was stationary relative to the adjacent rotating fluid cell zone [23]. This
represents a propeller fixed in the rotating reference frame, while the flow equations account
for frame rotation through the rotating cell-zone formulation. No surface roughness was
prescribed on the propeller walls. The final boundary-condition setup is shown in Figure 4.

Figure 4. Boundary-condition setup used for the final static propeller simulations. The upper and
lateral boundaries were defined as ambient-pressure inlets, while the downstream boundary was
defined as a pressure outlet. The propeller blades and hub were treated as no-slip walls stationary
relative to the rotating fluid cell zone.

5.3. Mesh Generation and Near-Wall Treatment

The computational mesh was generated using a polyhedral volume-meshing strategy.
The meshing procedure was based on local surface sizing on the propeller, coarser sizing
at the far-field boundaries, and inflation layers on the propeller walls. This approach was
used to resolve the blade surface, leading and trailing edges, blade-tip region, and near-wall
boundary layer, while limiting the total cell count in the far field.

The final production mesh contained approximately 4.67 × 106 cells. The propeller
surface was refined using a local face sizing of 1.5 mm. The external open boundaries were
meshed more coarsely because they were located sufficiently far from the propeller and
were not intended to resolve local aerodynamic gradients. The near-wall region on the
propeller was resolved using 22 inflation layers with a first-layer height of 0.015 mm and a
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layer growth rate of 1.12. The first-layer height was selected to maintain low wall y+ values
for the turbulence models used in this study.

Mesh quality was assessed using the number of cells, surface skewness, orthogonal
quality, aspect ratio, and near-wall y+. The final mesh had a maximum surface skewness of
approximately 0.80, a minimum orthogonal quality of approximately 0.16, and no cells with
orthogonal quality below 0.05. Only a small number of cells had orthogonal quality below
0.2, and these cells represented a negligible fraction of the total mesh. The area-weighted
average wall y+ and maximum wall y+ on the propeller surface were monitored for each
operating point. For the representative 5000 RPM case, the area-weighted average wall
y+ was approximately 1.5, while the maximum value remained below 10. This indicates
predominantly low near-wall y+ values over the propeller surface, although localized
regions exceeded the nominal y+ < 1 target commonly associated with fully wall-resolved
treatment [17,35].

The mesh-independence assessment itself is presented separately in Section 6.1. The
present subsection only defines the final mesh used for the production simulations. The
final production mesh, including the global polyhedral mesh, local propeller refinement,
and inflation layers, is shown in Figure 5.

Figure 5. Final production mesh: (a) global polyhedral mesh in the cylindrical domain, (b) local
surface refinement on the reconstructed propeller geometry, and (c) inflation layers generated on
the propeller wall. The final mesh contained approximately 4.67 × 106 cells and was generated with
22 boundary layers and a first-layer height of 0.015 mm.

5.4. Solver Settings and Convergence Criteria

The simulations were performed using a pressure-based steady solver with the ab-
solute velocity formulation. Pressure–velocity coupling was handled using the SIMPLE
algorithm. Spatial discretization was performed using second-order upwind schemes for
the momentum, energy, and turbulence equations. The SRF formulation was activated in
the fluid cell zone by prescribing the angular velocity corresponding to the investigated
rotational speed [23,35].

Air was modelled as an ideal gas, and dynamic viscosity was calculated using Suther-
land’s law. The energy equation was enabled in the final simulations to maintain consistency
with the ideal-gas density formulation and to allow compressibility effects to be represented
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within the steady RANS/SRF framework. The nominal blade-tip Mach number increased
from approximately 0.07 at 1000 RPM to approximately 0.50 at 7000 RPM; therefore, the
final simulations were not treated as incompressible calculations.

The simulations were initialized using hybrid initialization or, for subsequent op-
erating points of the same turbulence model, from a previously converged solution at a
neighbouring rotational speed. In all cases, the solution was advanced until the integrated
thrust reached a stable value. Convergence was assessed using several criteria rather than
residuals alone. The monitored quantities included scaled residuals, integrated thrust,
torque, mass-flow balance through the open boundaries, reverse flow at the downstream
outlet, and wall y+ on the propeller [35,36].

A solution was considered converged when the integrated thrust varied by less than
0.2% over the final 300 iterations, the residuals were stable or decreasing, the global mass-
flow imbalance was small relative to the main wake mass flow, and no significant reverse
flow was observed at the downstream outlet. The maximum number of iterations was
set to 1500 for the production cases, with additional iterations used only when the thrust
monitor had not yet reached a stable plateau.

The same solver settings, material model, boundary conditions, convergence criteria,
and report definitions were used for all turbulence models and all rotational speeds. This
ensured that the turbulence-model comparison was performed within a fixed numerical
framework. As a representative measure of computational cost, the SST k − ω simulation
at 5000 RPM required approximately 2 h 17 min of wall-clock time using 16 CPU cores,
corresponding to approximately 36.5 core-hours. Since no equivalent transient sliding-mesh
simulation was performed using the same mesh and hardware, a direct SRF-to-transient
computational-cost ratio is not reported.

5.5. Output Quantities

The primary validation quantity was the static thrust generated by the propeller. In
ANSYS Fluent, thrust was obtained using force reports defined on the propeller blade and
hub wall surfaces. The force direction was aligned with the propeller axis and kept consis-
tent with the positive thrust direction used in the experimental test-bench measurements.
Both pressure and viscous force contributions were included in the reported axial force [35].

The propeller torque was obtained from moment reports calculated about the pre-
scribed rotation axis. The same axis definition was used in the SRF cell-zone setup, in
the moment report definition, and in the geometry-alignment procedure. This ensured
that the reported torque corresponded to the physical rotation axis of the reconstructed
propeller [23,35].

In addition to thrust and torque, the non-dimensional performance coefficients defined
in Section 3.1 were calculated during post-processing. The same air density, propeller
diameter, and rotational speed values were used consistently in the CFD post-processing
and in the experimental data reduction.

A representative blade Reynolds number was calculated at 75% of the propeller radius,
which is commonly used as a reference radial location in small-propeller performance
analysis [4–8,26]. It was defined as

Re0.75R =
ρV0.75Rc0.75R

µ
, (18)

where ρ is the air density, µ is the dynamic viscosity of air, c0.75R is the blade chord at 75%
of the propeller radius, and V0.75R is the local tangential velocity at this radial position:

V0.75R = Ω(0.75R). (19)
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The Reynolds number was used only as a representative operating parameter and
not as an additional validation quantity. Its purpose was to characterize the aerodynamic
regime of the propeller and to support the interpretation of turbulence-model sensitivity.

Several diagnostic quantities were also exported for each simulation. These included
the area-weighted average wall y+ and maximum wall y+. Those values were used to
verify the near-wall resolution of the final mesh.

For each operating point, the following quantities were recorded: thrust, torque,
thrust coefficient, torque coefficient, power coefficient, average wall y+, maximum wall
y+, residual history, thrust history and torque history. These quantities were used both for
the final CFD–experiment comparison and for assessing convergence, mesh quality, and
boundary-condition consistency.

For the qualitative flow-field comparison, blade-surface static pressure and the axial
velocity component w, aligned with the global Z-axis and the propeller rotation axis,
were extracted at 5000 RPM. The axial-velocity contours were evaluated in the propeller
symmetry plane using an identical colour scale for all turbulence models, allowing direct
comparison of the spatial extent and distribution of the downstream wake.

Because the rotation vector is aligned with the global Z-axis, the transformation term
Ω × r has no axial component. Consequently, the axial velocity component w is identical in
the stationary and rotating reference frames.

6. Verification of the Numerical Setup
Before comparing turbulence models, the numerical setup was verified with respect

to mesh resolution, domain size and boundary-condition definition. This verification step
was introduced to separate numerical-setup effects from turbulence-closure effects. In
particular, mesh resolution, external-domain size, and open-boundary treatment were
assessed independently before the final turbulence-model comparison was performed.

All verification cases were conducted for the reconstructed APC 18 × 12E propeller
using the same geometry-alignment procedure, material model, SRF formulation, and
force-report definitions as described in Section 5. Unless stated otherwise, the verification
cases were performed at 5000 RPM, which was selected as a representative operating
point because it lies in the upper part of the investigated range while remaining below the
maximum-speed case. The static thrust, torque, mass-flow balance, wall y+ and residual
histories were monitored for each verification case.

6.1. Mesh-Independence Study

A mesh-independence study was first performed on a fixed computational domain
to isolate discretization effects from domain-size effects. The domain geometry, boundary
conditions, material model, rotating-frame formulation, solver settings, and turbulence
model were kept unchanged. Only the mesh resolution was varied. This approach was
adopted to avoid the common ambiguity in which changes in predicted thrust are caused
simultaneously by mesh refinement and by changes in the external boundary location.

The mesh-independence study was conducted using the final cylindrical domain with
a diameter of 4 m, an upstream extension of 3.5D, and a downstream extension of 7D. The
SST k − ω model was used for the mesh study because it is a robust two-equation closure
commonly used in external aerodynamic and rotating-flow simulations [17]. Three mesh
levels were considered: a reduced coarse mesh, the final production mesh, and a refined
mesh. The refinement was concentrated on the propeller surface, blade-tip region, leading
and trailing edges, inflation layers, and near-wake region, while the far-field mesh was
kept coarser to limit the total cell count.
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Because the meshes were generated as locally refined unstructured polyhedral meshes
rather than as a strictly uniform grid-refinement family, the present study was treated as a
practical mesh-independence assessment rather than as a formal Grid Convergence Index
calculation. Formal discretization-uncertainty procedures require a consistent refinement
strategy and monotonic convergence behaviour, which are not always obtained for complex
unstructured propeller meshes [37]. Nevertheless, the main numerical requirement was
that further mesh refinement should produce only a small change in the integrated thrust
while preserving acceptable near-wall resolution and mass-flow balance. The outcome of
this mesh evaluation is summarized in Table 4.

Table 4. Mesh-independence study at 5000 RPM using the fixed final domain.

Mesh Cells
106

Max
Surface

Skewness

Min
Orthogonal

Quality
y + avg/max Mmax

Torque
[N·m]

Thrust
[N]

Relative
Change to
Previous
Mesh [%]

Comment

coarse 2.17 0.881 0.147 1.47/8.61 0.350 1.13 31.85 -
Rejected; thrust

underpredicted relative
to production mesh

production 4.67 0.796 0.158 1.54/9.08 0.358 1.22 34.76 9.15 Selected final mesh

fine 7.20 0.865 0.129 1.01/7.06 0.357 1.25 35.17 1.20
Used to confirm

production-mesh
independence

The reduced coarse mesh produced a noticeably lower thrust than the production
mesh, indicating that the propeller-surface and near-wake resolution were insufficient.
The final production mesh increased the cell count to approximately 4.67 × 106 cells and
improved the surface resolution in the blade-tip and near-wall regions. The wall y+

values remained low, with an area-weighted average value of approximately 1.5 and a
maximum value below 10 for the representative 5000 RPM case. This confirmed that the
production mesh provided predominantly low near-wall y+ values, although localized
regions remained above the nominal y+ < 1 target. The production mesh was retained for
the final simulations because it provided a stable thrust prediction, acceptable near-wall
resolution, no critically low-quality cells, and a closed mass-flow balance. The refined mesh
changed the predicted thrust by 1.20% relative to the production mesh. Therefore, the
production mesh was considered an acceptable compromise between numerical accuracy
and computational cost. The y+ distribution on the propeller blade is presented in Figure 6.

Figure 6. Wall y+ distribution on the propeller surface for the representative 5000 RPM case using
the final production mesh. The area-weighted average wall y+ was approximately 1.5, while the
maximum value remained below 10.

To assess whether the increased near-wall y+ at the highest rotational speed affected
the thrust predictions, additional 7000 RPM calculations were performed for the Spalart–
Allmaras and SST k − ω models using increased near-wall mesh resolution. For Spalart–
Allmaras, the area-weighted average y+ decreased from 1.952 to 0.949, while the max-
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imum y+ decreased from 10.62 to 7.72. The predicted thrust decreased from 64.312 to
64.012 N, corresponding to a change of only 0.47%, while the predicted torque decreased
from 2.324 to 2.317 N·m, corresponding to a change of 0.32%. For SST k − ω, the area-
weighted average y+ decreased from 2.022 to 0.92 and the maximum value from 10.65 to
5.93. The predicted thrust decreased from 65.903 to 65.41 N, corresponding to a change
of 0.75%. In both cases, the changes caused by the additional near-wall refinement were
small relative to the CFD–experiment discrepancies and did not improve agreement with
the experimental thrust. Therefore, the high-RPM thrust underprediction obtained with
the Spalart–Allmaras and SST k − ω models was not primarily caused by insufficient
near-wall resolution.

6.2. Domain-Size Sensitivity Study

After the mesh-resolution assessment, the influence of external-domain size was
investigated. The objective was to verify whether the open boundaries constrained the
static inflow field or the downstream wake. This step was performed separately from the
mesh study because static propeller simulations are sensitive to the location of far-field
boundaries, especially in the radial direction. If the domain is too narrow, the pressure field
and entrainment pattern can be artificially constrained, which directly affects the integrated
blade loading and the predicted thrust. The investigated domain variants are shown
in Figure 7.

Figure 7. Tested domains, (a) D3-L7; (b) D3-L12; (c) D4-L7; (d) D5-L7; (e) D4-L7-U5.

Three domain-size effects were considered. First, the downstream extension was
increased from 7D to 12D while keeping the domain diameter and upstream extension
unchanged. Second, the radial domain size was varied by changing the cylindrical domain
diameter while keeping the upstream and downstream lengths fixed. Third, the upstream
extension was increased from 3.5D to 5D while keeping the domain diameter and down-
stream length unchanged. The same boundary-condition strategy and solver settings were
used in all cases. The outcomes of these domain-size variations are summarized in Table 5.

Increasing the downstream length from 7D to 12D changed the predicted thrust
by only approximately 0.26% for the 3 m diameter domain. This indicates that, for the
investigated setup, the downstream outlet location did not dominate the thrust prediction
once a downstream length of 7D was used. In contrast, increasing the domain diameter
from 3 m to 4 m produced a much larger change in thrust. This shows that the radial
boundary location had a significant influence on the static entrainment field.

A further increase in the domain diameter from 4 m to 5 m changed the predicted thrust
by approximately 1.38%. The upstream-boundary sensitivity was additionally assessed
by increasing the upstream extent from 3.5D to 5D while retaining the 4 m diameter and
7D downstream length. The predicted thrust decreased from 34.76 N to 34.44 N (−0.92%),
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while torque changed from 1.22 Nm to 1.21 Nm. Although the distribution of mass flow
among the open boundaries changed, the global mass balance remained closed. Therefore,
the 3.5D upstream extent was considered sufficient for the integral-load prediction. The
4 m domain was therefore selected as the final computational domain because it reduced
radial-boundary influence while avoiding the additional computational cost of the 5 m
domain. The final selected domain had a diameter of 4 m, an upstream extension of 3.5D,
and a downstream extension of 7D. This selection was based on domain-size sensitivity
rather than on tuning the numerical result to match the experimental thrust.

Table 5. Domain-size sensitivity study at 5000 RPM.

Case Domain
Diameter

Upstream
Length

Downstream
Length

Torque
[N·m]

Thrust
[N]

Change
Relative to

Reference [%]

Global
Mass

Balance
Interpretation

D3-L7 3 m 3.5D 7D 1.14 31.74 −8.67 closed Radial domain too
restrictive

D3-L12 3 m 3.5D 12D 1.14 31.83 −8.42 closed
Longer downstream

length had minor
influence

D4-L7 4 m 3.5D 7D 1.22 34.76 Reference closed Selected final domain

D5-L7 5 m 3.5D 7D 1.25 35.24 +1.38 closed
Further radial increase
produced small thrust

change

D4-L7-U5 4 m 5D 7D 1.21 34.44 −0.92 closed Minor influence of
upstream extension

The global mass-flow balance remained closed for all domain-size cases. Although the
distribution of mass flow among the individual open boundaries changed with domain
geometry, the integrated thrust and torque remained nearly unchanged when the upstream
extent was increased from 3.5D to 5D. Therefore, domain adequacy was assessed primarily
from the stability of the integral loads and global mass conservation rather than from a
fixed boundary-flow pattern.

6.3. Boundary-Condition Sensitivity Study

The boundary-condition setup was also assessed because static propeller operation
does not involve a prescribed uniform inflow. Instead, the propeller draws air from the
surrounding environment and accelerates it into the downstream wake. Therefore, the
treatment of the external boundaries can influence the predicted entrainment pattern
and thrust.

The final setup used a mixed open-boundary configuration. The lateral and upper
boundaries were prescribed as pressure inlets at zero gauge pressure, while the downstream
boundary was prescribed as a pressure outlet at zero gauge pressure. The gauge pressure
was defined relative to the measured ambient pressure used as the operating pressure.
Reverse flow was not artificially suppressed, because local reverse flow can occur at open
boundaries during static propeller calculations. Fluent pressure boundary conditions allow
the specification of inlet and outlet pressure boundaries as well as backflow quantities for
reversed flow, which is relevant for open-domain calculations [36].

To assess the sensitivity to this choice, the final mixed inlet/outlet configuration was
compared with an alternative setup in which all external boundaries were defined as
pressure outlets. The propeller wall treatment, mesh, material model, solver settings, and
SRF formulation were kept unchanged with the resulting comparison detailed in Table 6.
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Table 6. Boundary-condition sensitivity study at 5000 RPM.

BC Setup Top
Boundary

Lateral
Boundary

Downstream
Boundary

Torque
[N·m]

Thrust
[N]

Change Relative
to Final Setup

[%]

Top Mass
Flow [kg/s]

Side Mass
Flow [kg/s]

Downstream
Mass Flow

[kg/s]

Boundary-Flow
Distribution Assessment

Final mixed
setup

Pressure
inlet

Pressure
inlet

Pressure
outlet 1.22 34.76 Reference −0.045 +115.06 −115.01

Clear
entrainment and

downstream
discharge

Clear
entrainment/wake-
discharge pattern

Pressure
outlets

Pressure
outlet

Pressure
outlet

Pressure
outlet 1.14 32.77 −5.73 0.475 −0.778 0.302

Boundary-flow
pattern changed

substantially

Strong backflow and
reversed

boundary-flow
distribution
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According to the Fluent mass-flow sign convention, positive values denote flow into
the computational domain, whereas negative values denote flow out of the domain.

The all-pressure-outlet setup produced a lower thrust, differing by approximately
5.7% from the final mixed-boundary configuration. In the selected mixed setup, the
lateral boundary supplied approximately 115.06 kg/s to the domain, while approxi-
mately 115.01 kg/s left through the downstream boundary; the mass flow through the
upper boundary was negligible (approximately −0.045 kg/s). For the representative SST
case, this produced a clear entrainment and downstream-discharge pattern, with ambi-
ent air entering predominantly through the lateral boundary and leaving through the
downstream boundary.

In contrast, the all-pressure-outlet configuration produced a substantially different
boundary-flow pattern. The lateral boundary became an outflow boundary with a mass
flow rate of approximately 0.778 kg/s, whereas backflow occurred through both the up-
per and downstream boundaries, with inflow rates of approximately 0.475 kg/s and
0.302 kg/s, respectively. Although the global mass-flow balance remained closed in both
configurations, the distribution and direction of the individual boundary mass flows
changed fundamentally. The mixed pressure-inlet/pressure-outlet configuration was there-
fore retained because it provided a physically more consistent representation of ambient
entrainment and downstream wake discharge. The streamline pattern obtained with
the selected mixed boundary-condition configuration is shown in Figure 8 and quali-
tatively confirms the lateral entrainment and downstream discharge indicated by the
mass-flow reports.

Figure 8. Streamline pattern obtained at 5000 RPM using the final mixed pressure-inlet/pressure-
outlet boundary-condition configuration.

Together with the boundary mass-flow rates reported in Table 6, the streamline pat-
tern confirms that the treatment of the external boundaries has a measurable influence
on the static-propeller solution. The selected configuration was therefore kept fixed for
all subsequent turbulence-model comparisons. Consequently, differences between turbu-
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lence models were evaluated using the same open-boundary treatment rather than being
influenced by changes in the external boundary definition.

7. Results: Static Thrust Prediction and Turbulence-Model Comparison
7.1. Experimental Baseline for CFD Validation

The experimental data reported in Table 2 were used as the validation baseline. The
measurements covered 1000–7000 RPM, with expanded thrust uncertainties determined
as described in Section 4.1. Vertical error bars corresponding to UT are included in the
subsequent CFD–experiment comparisons, whereas RPM uncertainties were sufficiently
small relative to the investigated range that horizontal error bars were omitted. The
corresponding experimental thrust coefficients and representative Reynolds numbers are
summarized in Table 7.

Table 7. Thrust coefficient and Reynolds from experiment.

Target RPM CT (Target RPM) Re0.75R (Target RPM)

1000 0.0877 2.83 × 104

2000 0.0922 5.67 × 104

3000 0.0949 8.50 × 104

4000 0.0969 1.13 × 105

5000 0.0984 1.42 × 105

6000 0.0997 1.70 × 105

7000 0.1008 1.98 × 105

The experimental CT values increased from 0.0877 at 1000 RPM to 0.1008 at 7000 RPM,
while Re0.75R increased from 2.83 × 104 to 1.98 × 105. The Reynolds number is used only as
an operating-regime descriptor. CFD validation was performed at the representative 1000,
3000, 5000, and 7000 RPM points rather than over the complete experimental range.

7.2. Static Thrust Prediction for Representative RPM Points

CFD predictions at 1000, 3000, 5000, and 7000 RPM are summarized in Table 8 and
Figure 9. All turbulence models were evaluated using the same verified numerical setup, so
the observed differences primarily reflect the turbulence closure. Experimental uncertainty
bands correspond to the expanded thrust uncertainty UT with a coverage factor of k = 2.

Table 8. Static thrust predicted by the investigated turbulence models at representative rota-
tional speeds. Values in parentheses denote signed relative error with respect to the experimental
mean thrust.

RPM Texp ± UT [N] Spalart–Allmaras [N] SST k − ω [N] Realizable k − ε [N] RSM [N]

1000 1.31 ± 0.09 1.463 (+11.7%) 1.346 (+2.8%) 1.659 (+26.6%) 1.373 (+4.8%)
3000 12.75 ± 0.12 12.010 (−5.8%) 12.783 (+0.3%) 12.839 (+0.7%) 12.744 (−0.05%)
5000 36.74 ± 0.36 33.331 (−9.3%) 34.760 (−5.4%) 35.100 (−4.5%) 35.985 (−2.1%)
7000 73.76 ± 0.64 64.312 (−12.8%) 65.903(−10.7%) 67.564 (−8.4%) 70.872 (−3.9%)

At 1000 RPM, SST k − ω and RSM remained within the experimental uncertainty band,
whereas Spalart–Allmaras and realizable k − ε overpredicted thrust. The representative
Reynolds number was Re0.75R = 2.83 × 104, indicating that transitional and low-Reynolds-
number effects may be relevant. Because no transition model was employed, all closures
were applied within a fully turbulent RANS framework. The pronounced realizable k − ε

overprediction should therefore be interpreted as a model-specific response under the
present low-Reynolds-number conditions rather than as a general deficiency of the closure.
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At 3000 RPM, SST k − ω, realizable k − ε, and RSM agreed closely with the experiment,
with signed errors below 1%, whereas Spalart–Allmaras underpredicted thrust by 5.8%.

At 5000 and 7000 RPM, all four turbulence models underpredicted the measured
thrust, with RSM showing the smallest deviation at both operating points. The systematic
high-RPM underprediction suggests that the remaining discrepancy cannot be attributed
to turbulence closure alone. Possible contributors include limitations of the steady SRF
approximation, blade-tip and wake modelling, compressibility effects, and the absence of
explicit transition modelling. The additional 7000 RPM near-wall-refinement calculations
described in Section 6.1 changed the predicted thrust by only 0.47% for Spalart–Allmaras
and 0.75% for SST k − ω. The corresponding refined-mesh predictions remained approxi-
mately 13.2% and 11.3% below the experimental value, respectively. Therefore, the high-
RPM underprediction of these two models cannot be attributed primarily to insufficient
near-wall resolution.

Figure 9. Static-thrust comparison at representative rotational speeds. Experimental markers re-
pressent mean values from Table 2, while vertical error bars denote expanded thrust uncertainty. CFD
predictions are shown for the four turbulence models evaluated using the same final numerical setup.

7.3. Turbulence-Model Error Assessment

Global error metrics were calculated from the four representative RPM points to
quantify the turbulence-model comparison. These metrics are used to assess model be-
haviour within the verified steady RANS/SRF framework and should not be interpreted
as a universal ranking of turbulence closures. The resulting error metrics are summarized
in Table 9.

Table 9. Error metrics for turbulence-model screening at 1000, 3000, 5000, and 7000 RPM.

Turbulence Model Mean Absolute Error
[N]

Mean Absolute
Percentage Error [%]

Maximum Absolute
Error [N]

Maximum Absolute
Percentage Error [%] Points Within UT

Spalart–Allmaras 3.44 9.89 9.45 12.81 0/4
SST k − ω 2.48 4.77 7.86 10.65 2/4

realizable k − ε 2.07 10.04 6.20 26.60 1/4
RSM 0.93 2.70 2.89 4.81 2/4

Error metrics were calculated from the unrounded experimental and numerical values;
the values reported in Table 8 are rounded for presentation.
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RSM produced the lowest aggregate errors among the investigated closures, whereas
the realizable k − ε result was strongly affected by its large deviation at 1000 RPM. SST
k − ω showed comparatively low aggregate error but increasingly underpredicted thrust
at the higher rotational speeds. These metrics should be interpreted together with the
operating-point trends discussed in Section 7.2 and the modelling limitations discussed
in Section 8.2.

7.4. Numerical and Performance Diagnostics

Additional numerical diagnostics, including wall y+, torque, and the non-dimensional
coefficients CT , CQ, and CP, are summarized in Table 10. These quantities were used to
support the interpretation of near-wall resolution and integrated propeller loading.

Table 10. Numerical and performance diagnostics obtained across the four turbulence models at
representative RPM points.

RPM Model y+
avg y+

max Torque [N·m] CT [-] CQ [-] CP [-]

1000

Spalart–Allmaras 0.407 7.69 0.0505 0.0980 0.0074 0.0465
SST k − ω 0.401 3.12 0.0526 0.0902 0.0077 0.0485

realizable k − ε 0.418 3.33 0.0555 0.1111 0.0081 0.0511
RSM 0.404 3.11 0.0577 0.0919 0.0085 0.0531

3000

Spalart–Allmaras 0.963 7.69 0.404 0.0894 0.0066 0.0414
SST k − ω 0.979 6.60 0.438 0.0951 0.0071 0.0448

realizable k − ε 1.003 7.14 0.419 0.0955 0.0068 0.0429
RSM 0.924 6.85 0.488 0.0948 0.0079 0.0499

5000

Spalart–Allmaras 1.467 8.84 1.144 0.0893 0.0067 0.0421
SST k − ω 1.541 9.08 1.224 0.0931 0.0072 0.0451

realizable k − ε 1.554 9.72 1.157 0.0940 0.0068 0.0426
RSM 1.387 9.12 1.364 0.0964 0.0080 0.0502

7000

Spalart–Allmaras 1.952 10.62 2.324 0.0879 0.0069 0.0437
SST k − ω 2.022 10.65 2.447 0.0901 0.0073 0.0460

realizable k − ε 2.077 11.63 2.352 0.0923 0.0070 0.0442
RSM 1.811 10.94 2.724 0.0969 0.0081 0.0512

The wall y+ values increased with rotational speed but remained predominantly low
over the investigated cases. The targeted near-wall-refinement calculations performed
for the Spalart–Allmaras and SST k − ω models at 7000 RPM are discussed in Section 6.1.
Predicted torque increased with rotational speed for all models. Because experimental
torque was not available, torque and the derived CQ and CP values are treated as diagnostic
quantities rather than independent validation metrics.

Representative flow fields at 5000 RPM are shown in Figures 10 and 11. Blade-
surface pressure was examined because pressure loading directly contributes to propeller
thrust [38], while the signed axial-velocity component w was used to compare the down-
stream wake. The pressure distributions were broadly similar among the turbulence
models, whereas differences were more apparent in the spatial distribution of axial velocity.
These fields are interpreted qualitatively; their relation to the integrated aerodynamic loads
is discussed in Section 8.2.
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Figure 10. Blade-surface pressure distribution at 5000 RPM for the investigated turbulence models.
The same colour scale is used for all panels to allow direct comparison of the predicted blade loading.

Figure 11. Axial-velocity component w in the propeller symmetry plane at 5000 RPM for the investi-
gated turbulence models: (a) Spalart–Allmaras, (b) realizable k − ε, (c) SST k − ω, and (d) RSM. The
propeller rotation axis is aligned with the global Z-axis. Negative w denotes downstream axial flow
along the negative Z-direction, whereas positive w indicates local reverse axial flow. The same colour
scale is used for all panels.
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8. Discussion
8.1. Influence of Numerical Verification on Static Thrust Prediction

The verification study showed that mesh resolution, computational-domain size, and
open-boundary treatment can materially affect static-thrust prediction. The 1.20% thrust
change between the production and refined meshes supported the selected mesh resolution.
This assessment is consistent with the general requirement that CFD predictions should be
evaluated with respect to grid sensitivity and discretization effects [37]. Domain sensitivity
was governed primarily by radial extent, whereas further increases in the upstream and
downstream extensions produced only minor changes in the integral loads. The boundary-
condition comparison likewise demonstrated that open-boundary treatment is not a neutral
numerical setting, with the alternative all-pressure-outlet configuration changing thrust
by approximately 5.7%. These findings support verification of the numerical setup before
turbulence-model comparisons are interpreted.

8.2. Interpretation of Turbulence-Model Performance

Turbulence closure had a measurable influence on the predicted thrust. RSM pro-
duced the lowest aggregate error among the investigated models, but this result should
not be interpreted as universal superiority because the comparison was limited to one
propeller, static operation, and a fixed steady RANS/SRF framework. The eddy-viscosity
models showed stronger operating-point dependence, particularly under the low-Reynolds-
number conditions at 1000 RPM and at the highest rotational speeds. Turbulence closure
should therefore be regarded as a modelling assumption whose suitability depends on the
operating regime [16,17,27,28].

At 5000 RPM, the predicted thrust ranged from 33.331 N for Spalart–Allmaras to
35.985 N for RSM, while the corresponding torque ranged from 1.144 to 1.364 N·m (Tables 8
and 10). Thus, the investigated closures produced spreads of approximately 8.0% in thrust
and 19.2% in torque. Although the blade-surface pressure distributions in Figure 10 exhibit
broadly similar spatial patterns, these integral results demonstrate that comparatively
small differences in the distributed blade loading accumulate into measurable differences
in thrust and torque. Because sectional loads and pressure-force contributions were not
evaluated separately, the individual blade regions responsible for these differences cannot
be identified from the contours alone.

Figure 11 shows more pronounced differences in the spatial distribution of axial veloc-
ity. In particular, SST k–ω produces a broader axial-velocity disturbance in the displayed
symmetry plane, whereas the other closures exhibit more concentrated wake structures.
However, no wake-momentum integral or independent velocity measurement is available;
therefore, the wake width observed in a single plane should not be interpreted as having
a one-to-one causal relationship with the integrated thrust or torque. Figures 10 and 11
should consequently be treated as qualitative diagnostics supporting the thrust-based
comparison rather than as an independent validation of the local flow field.

8.3. Practical Use of the Workflow

The verified workflow can support static thrust prediction for a reconstructed UAV
propeller when experimental data are limited. Its main practical value is that it separates
several sources of numerical sensitivity: mesh resolution, domain size, boundary-condition
treatment, and turbulence closure. This makes the approach more transparent than a
single CFD calculation compared directly with experimental thrust. Accordingly, the
main methodological contribution is the structured verification sequence rather than any
individual CFD model employed in the workflow.
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However, the workflow should not be interpreted as a complete propulsion-system
sizing method. It addresses only the isolated propeller under static conditions. It does
not include motor performance, ESC behaviour, battery voltage sag, thermal limitations,
airframe interaction, forward flight, or installation effects. Therefore, the present workflow
can support early-stage propeller-level assessment, but it does not replace experimental
testing or full propulsion-system validation.

8.4. Limitations

The present validation is limited to a single APC 18 × 12E propeller under static
operating conditions; consequently, the observed turbulence-model trends should not
be generalized to other geometries or operating regimes without further validation. In
addition, the steady SRF formulation does not resolve blade-passing effects, transient wake
evolution, vortex meandering, or time-dependent propeller–airframe interactions [14,15,23].
Because no matched transient sliding-mesh or URANS simulation was performed, the
computational cost of the SRF workflow relative to transient approaches was not quantified
in the present study.

The experimental uncertainty was evaluated using the GUM-based procedure de-
scribed in Section 4.1 [33] and combines within-window statistical scatter with instrument-
related uncertainty. Because independent repeated measurements were not available, it
should not be interpreted as a full test-to-test repeatability assessment. Moreover, CFD
validation was performed at four representative rotational speeds rather than at every
experimentally measured operating point. Future work should therefore include additional
propeller geometries, repeated measurements, further operating points, forward-flight
conditions, and transient simulations where unsteady wake dynamics are relevant.

9. Conclusions
This study verified and validated a steady RANS/SRF workflow for static thrust

prediction of a reconstructed APC 18 × 12E UAV propeller. The main conclusions are
as follows:

1. Numerical verification showed that mesh resolution, domain size, and boundary-
condition treatment influence static-thrust prediction. Refining the final production
mesh changed thrust by only 1.20%, supporting its use for the subsequent simulations.

2. Computational-domain sensitivity was governed primarily by radial extent. Increas-
ing the upstream extent from 3.5D to 5D changed thrust by 0.92%, while increasing
the downstream extent from 7D to 12D had only a minor effect; the larger change
associated with radial-domain enlargement demonstrated the greater sensitivity to
lateral-boundary placement.

3. The treatment of the open boundaries had a measurable effect on the solution. Re-
placing the selected mixed pressure-inlet/pressure-outlet configuration with an all-
pressure-outlet setup changed thrust by approximately 5.7% and substantially redis-
tributed the mass flow among the external boundaries.

4. Turbulence closure had a measurable and operating-point-dependent effect on thrust
prediction. Among the investigated models, RSM produced the lowest aggregate
error, while the eddy-viscosity closures showed stronger variation with rotational
speed. At 5000 and 7000 RPM, all models underpredicted the experimental thrust, in-
dicating that the remaining high-RPM discrepancy cannot be attributed to turbulence
closure alone.

5. The verified workflow provides a practical steady RANS/SRF approach for static
propeller-level thrust assessment, but its present validation is limited to one recon-
structed propeller under isolated static conditions. Extension to additional geometries,
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repeated experimental runs, forward-flight conditions, and transient simulations is
required to assess its broader applicability.
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