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Estimating the performance of a small-scale
non-isolated propeller in hover using WMLES

By J. Svorcan†, K. Wang‡, C. Ivey‡ AND A. Kovačević†

1. Motivation and objectives

Unmanned aircraft systems (UASs) equipped with rotors are a very contemporary topic
in the field of aerospace engineering. Small-scale structures for civilian purposes, operat-
ing at low-to-medium Reynolds numbers (Re) where laminar-to-turbulent transition is
present, are particularly attractive, even though they are quite challenging to explore.
For their efficient design, we need accurate and reliable numerical tools to estimate their
performance. Here the flow field around a small-scale non-isolated hovering propeller is
predicted using wall-modeled large-eddy simulation (WMLES) and validated with exper-
imental data. To achieve better correspondence between numerical and measured values,
both the measuring table and equipment are included. Computations are performed using
the GPU-accelerated unstructured finite-volume-based compressible flow solver charLES.
Slightly underestimated thrust is observed at all inspected angular velocities (Re); how-

ever, by careful geometric modeling, fine meshes, refinements around the leading edge,
anisotropic meshing using stranded grid options and an arbitrary Lagrangian-Eulerian
(ALE) moving mesh approach, the relative differences may shrink to a mere 3% at nom-
inal operating conditions with modest mesh resolutions.

2. Introduction

Small-scale propellers, intended for multirotor unmanned air vehicles (UAVs), have
become quite widespread for their diverse applications (military, commercial and recre-
ational) and flight potential (including hover, vertical flight, progressive flight, maneu-
vers, flight in the vicinity of surrounding objects, flight in different atmospheres, etc.).
Although they are mostly designed from previous engineering experience (as larger-scale
rotating lifting surfaces have been made and tested for decades) or by means of extensive
experimental measurements, there is an increasing number of (computational) research
studies that adopt a scientific approach in the estimation of aerodynamic performance
of small-scale propellers (Kutty & Rajendran 2017; Pérez Gordillo et al. 2019; Carreño
Ruiz et al. 2022).
These rotors are computationally very interesting because there are several great

challenges to their modeling, among which transition to turbulence at low to medium
Reynolds numbers (Re) should be emphasized. Due to small blade chords and rotor
angular velocities, in most cases, tip Re ranges from several tens to several hundreds of
thousands. In these regimes, along smooth composite blades, the flow starts off as laminar
but almost inevitably transitions to turbulent, often by laminar separation bubbles, due
to its great sensitivity to outer disturbances. There is a lack of adequate models that can
accurately represent these highly unsteady and complex flows at relatively coarse meshes.
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Figure 1. Propeller geometry.

Different numerical approaches have been tried; some examples can be found in Kutty &
Rajendran (2017), Pérez Gordillo et al. (2019) and Carreño Ruiz et al. (2022). In addition,
the blades rotate and the flow, although prevailingly periodic and nearly axisymmetric,
is still transient, since the blades interact with the shedding vortices. Therefore, small
spatial and temporal scales must be resolved to accurately capture these complex flow
phenomena and predict aerodynamic loads.
Still, owing to the acceptable balance between computational cost and global accu-

racy, the most employed computational fluid dynamics (CFD) approach is solving the
unsteady Reynolds-averaged Navier-Stokes (URANS) equations. Governing flow equa-
tions are most often closed by the fully turbulent two-equation k−ω SST, with examples
in Kutty & Rajendran (2017) and Pérez Gordillo et al. (2019), or the transitional four-
equation γ −Reθ, with an example in Carreño Ruiz et al. (2022) on turbulence models.
Research studies described in Carreño Ruiz et al. (2022) report that the achieved cor-
respondence between measured and computed thrust and power at Re around 100,000
amounted to 3–5% and 4%, respectively.
Here, we wish to employ modest mesh sizes with a more complex and computationally

expensive numerical model, wall-modeled large-eddy simulation (WMLES), capable of
resolving a large portion of turbulent motion, and investigate its ability to accurately
predict the thrust T , power P and figure of merit FM of a small-scale custom-made
propeller in hover at various Reynolds numbers.

3. Problem description

The fixed-pitch two-bladed propeller geometry, illustrated in Figure 1, was previously
defined through an optimization study (Kovačević et al. 2021). Its diameter is D = 76.2
cm. For assumed linear twist and cubic chord distributions, an optimal airfoil (meant to
operate at nominal tip Reynolds number Re = 300, 000) is designed and applied along
the streamlined portions of the two blades. The rotor is regulated by varying its rotation
speed; where the nominal operating regime corresponds to Ω = 3289 rpm.
Experimental measurements of the hovering propeller on a specially designed sliding

stand were conducted at the University of Belgrade, Faculty of Mechanical Engineer-
ing (Kovačević et al. 2021). A schematic of the experiment is illustrated in Figure 2(a),
whereas the simplified model of the experimental setup, which is used in computations
described below, is presented in Figure 2(b). The collected data include force (thrust

88



WMLES of small-scale non-isolated propeller in hover

(a)

(b)

Figure 2. (a) Schematic of the experiment and (b) simplified model of the experimental setup.

T ), voltage, current, angular velocity and blade vibrations. That is, the power at dif-
ferent angular velocities was not explicitly measured like thrust force but was implicitly
estimated from voltage, current and assumed efficiency of electric-to-mechanical power
conversion (extracted from the available data sheets). Unfortunately, accurate estimates
of the measurement errors are not available.

4. Computational methodology

This section describes in more detail the preparation of the geometric model and mesh
generation procedure as well as the starting assumptions and employed numerical setup.

4.1. Geometric model

The outer computational domain, representing the surrounding stationary region, is
shaped like a cuboid and includes both the propeller as well as the testing stand and
measuring equipment to reduce the ground effect (interaction of the propeller wake with
the ground), i.e., the change of aerodynamic loads and performance in the vicinity of ob-
jects located downstream of the rotor. All rigid surfaces are ideally smooth. The surface
propeller geometry/triangulation is of sufficient quality (resolution) to accurately repre-
sent the leading and trailing edge details (such as curvatures and small edge lengths)
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Figure 3. Cross section of the fine computational grid.

and assure that neither the initially laminar flow at the leading edge nor the transition
to turbulence is artificially affected by the geometric representation. The inclusion of
the test stand and the measuring equipment, using simplified models, does increase the
complexity of the complete model but does not particularly increase the difficulty of
mesh generation thanks to the Voronoi mesh generation approach (for more details, see
the following subsection). The inner rotating zone, tightly encompassing the propeller,
is shortened in the streamwise direction because of the table with the sliding stand lo-
cated aft of it. The length of the rotating zone did not particularly affect the computed
aerodynamic performances.

4.2. Computational meshes

All the tested meshes are generated by building Voronoi diagrams and smoothing the
point distribution with Lloyd iteration in the mesh generator Stitch developed by Cas-
cade Technologies, Inc. Additionally, computational meshes incorporate layers of thin
prismatic cells along the blade walls using boundary layer (so-called stranded) meshes to
better capture the steep velocity gradient inside the boundary layer. To assure that grid
features do not affect the final results, a mesh convergence study was conducted, where
both medium and fine meshes performed very similarly (differences in converged thrust
and power are less than 1%). A view of the generated fine mesh is shown in Figure 3. It
contains approximately 27 million control volumes (Mcvs).

4.3. Numerical setup

Flow fields around the propeller rotating at several different angular velocities are com-
puted by the GPU-accelerated finite-volume-based compressible flow solver charLES de-
veloped by Cascade Technologies, Inc. that solves the spatially filtered conservation equa-
tions governing the flow with the addition of the ideal gas equation of state. In this
compressible formulation, the effects of rotation are incorporated by actually moving
(i.e., rotating) the inner portion of the mesh in every time step, that is, by using the
arbitrary Lagrangian-Eulerian (ALE) moving mesh approach. The two zones are sepa-
rated by the interface boundary where Voronoi diagrams along the interface surface are
recomputed/regenerated anew in every time step. The subgrid-scale stresses resulting
from the filtering process are modeled by the Vreman model (Vreman 2004), whereas a
no-penetration stress-based algebraic equilibrium wall model (Kawai & Larsson 2012) is
applied along the rotating propeller walls as well as the stationary surrounding objects
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and the floor. Characteristic boundary conditions with zero-velocity conditions are ap-
plied on all the remaining outer surfaces. Flow is initialized from rest. Standard values
of air properties are assumed.
Time step on the fine mesh and nominal angular velocity corresponds to an angular

increment of 0.0025◦ (keeping CFL below 5 throughout the domain). Computations are
performed until achieving the convergence of aerodynamic force and moment (averaged
per rotation), which was usually 25 rotations in total; where flow statistics were collected
during the last five rotations. The simulations in this paper were performed using Chap-
man at the Center for Turbulence Research, composed of eight AMD Radeon Instinct
MI50 GPUs.

5. Results and discussion

Experimental measurements and numerical results using WMLES, moving mesh ap-
proach and fine grid (numbering approximately 27 Mcvs) are presented and compared
in the following subsections.

5.1. Qualitative results and flow visualizations

Qualitative analysis may begin by comparing the computed instantaneous and averaged
Mach number (or velocity) fields in some characteristic plane, e.g. the vertical mid-plane.
Even though the two flow visualizations appear similar, a clear distinction in the flow
structures in the close proximity of the rotor can be made. Only the instantaneous repre-
sentation can adequately illustrate a multitude of flow structures of different scales that
originate from the blades, grow, evolve and ultimately disperse further downstream. In-
duced velocities and the contraction of the stream tube can be differentiated by increased
values of Mach number. Also, the considerable impact of the table on the flow field may
be visualized. A nearly axisymmetric and static flow field that would appear around an
isolated rotor will be disturbed, with the lower part of the accelerated flow being split
into two streaks, one flowing outward toward the floor and the second flowing inward
toward the rotation axis.
Pressure contours, presented in Figure 4, further accentuate the asymmetry of the

induced flow inside the stream tube. Positive values of gauge pressure are evident across
the frontal surface of the table. Even though the blades operate as designed, and lower
pressure zones are clearly visible on the blade suction side, they do not contribute equally
throughout a single revolution, and they are exposed to cyclic aerodynamic loads.
Instantaneous wall shear stress distribution across the blade can be used to indicate

whether the flow on the suction side undergoes transition in the vicinity of the leading
edge (although the transition region and mechanism will vary in radial direction). Despite
the fact this flow phenomena is difficult to accurately simulate, the computed wall shear
stress distribution may suggest a separation bubble (near the blade tip), or a natural
transition (in the inner regions of the blade). Furthermore, the lack of sudden jumps
or increases in wall shear stress as the flow approaches the trailing edge would imply it
remains attached (and that there is no separation).
Vortical structures in the flow (delineated by Q-criterion isosurface and colored by

Mach number), identifying the wake more clearly, are illustrated in Figure 5. Apart from
the main vortex system comprising the two helical wakes originating from the blade
tips, smaller secondary structures forming around it are also apparent. Whereas these
secondary structures are partially the consequence of numerical artifacts, their existence
has also been experimentally confirmed (Gardner et al. 2019; Schwarz et al. 2022). The
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Figure 4. Averaged pressure field along the rigid surfaces.

Figure 5. Vortical structures in the flow.

mutual interaction of the blades and the wakes as well as the disruption of the wake by
the table located downstream are also well captured. Furthermore, the vortices shedding
from the blade root sections are shown to be significant. They are strengthened by the
existence of the aft table, sliding stand and measuring equipment and are also responsible
for the redistribution of aerodynamic loads in comparison to the performance of a clean,
isolated propeller.

5.2. Quantitative results

We proceed with the analysis of the obtained integral aerodynamic quantities to reach
more global conclusions. Here, the values of thrust T and power P are particularly
important, since they convey the desired output and the cost to achieve it, respectively.
Measured vs. computed thrust and power curves with respect to tip Re are presented

in Figure 6. Experimental values are denoted by cross markers, since accurate estimation
of measurement errors is unavailable. In contrast, WMLES data are represented by circles
(averaged values of thrust or torque/power per rotation) and error bars (computed as
half of the difference between the maximal and minimal computed values of thrust or
torque/power per rotation). The postprocessed numerical data were collected from the
last rotation when the converged, quasi-steady flow had been achieved.
Figure 6(a) shows that both experimental and numerical thrust relations follow the ex-
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(a)

(b)

Figure 6. (a) Experimental vs. numerical T (Re) data and (b) experimental vs. numerical
P (Re) data.

pected quadratic trend with some slight deviations that are probably the consequence of
viscosity effects as well as some unintentional measuring errors, a so-called unclean exper-
imental set-up or roughness of the actual blade surface. Notice also that the amplitudes
of numerically estimated thrust variations grow with tip Re, whereas the discrepancies
between numerical and experimental data appear greater at smaller tip Re. This can be
attributed to flow phenomena characteristic for lower Re that cause some degradation
of aerodynamic performances. Carreño Ruiz et al. (2022) experimentally confirmed that
thrust coefficient CT of a small-scale propeller nearly linearly increases with tip Re, until
reaching converged behavior. Still, the correspondence between the two sets of data can
be considered satisfactory (particularly at tip Re greater than 200,000), even though the
computed thrust levels always remain below the measured values. However, as illustrated
in Figure 6(b), the power curves follow the expected cubic trend and seem less sensitive
to small tip Re. Indirectly measured and computed values of power P match very well
over the complete range of inspected flight regimes.

Another important dimensionless quantity is the figure of merit FM (rotor efficiency),
which is computed in a manner characteristic for helicopter rotors,

FM =
T 3/2/

√
2ρA

P
, (5.1)
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where ρ is air density and A is rotor reference area. FM represents the ratio of ideal
to real power required for hover. Since it depends on both inspected variables, thrust T
and power P , it is generally more difficult to accurately estimate FM (in comparison to
thrust and power).
Here, a correlation between the measured and computed values of figure of merit at

different tip Re is made. Overall, the aerodynamic performance of the investigated small-
scale propeller can be considered quite satisfactory, with the FM values spanning from
74% to 84%, given that these values are somewhat higher than usual for this kind of
propeller; see some examples in Pérez Gordillo et al. (2019) and Carreño Ruiz et al.
(2022). Following the thrust behavior to the power of 3/2, the computed figure of merit
also steadily increases with tip Re. The asymptotic behavior of the FM(Re) relation was
not reached for the investigated range of operating conditions. Although the numerical
values appear slightly underestimated in comparison to the experimental data, the rela-
tive differences always remain below 8% (in the worst case) and are mostly around 3–4%
with the smallest observed discrepancies approaching 1% (in the best case).
Analogously, it is also interesting to analyze the FM(T ) relation, since it directly im-

pacts the propeller control algorithms and real flight performance. From the beginning, it
was obvious that the ranges of possible values of figure of merit (its error bars±∆FM) are
much wider than the individual ±∆T or ±∆P (since both of these variables contribute).
While thrust fluctuation amplitudes ∆T grow with tip Re, the fluctuation amplitudes of
figure of merit ∆FM are almost equally present at all considered tip Re. Again, note
that the observed scattering of experimental values is probably affected by additional,
real physical influences present during the experimental preparation and realization.

6. Conclusions

This paper describes the WMLES of a small-scale propeller conducted to achieve better
comparison to previously obtained experimental data. It is demonstrated that the actual
modeling of the complete experimental setup, together with modest mesh resolutions
(numbering approximately 27 Mcvs) that include only the boundary layer (without any
additional adaptive refinements following the shed tip vortices) lead to quite usable results
of high accuracy and veracity, even at low tip Re, that are achievable within several hours
on eight AMD MI50 GPUs. Differences in computed and measured thrust at nominal tip
Re around 300,000 are less than 3%, whereas the two powers match nearly completely.
Greater deviations between the two sets of results are observed at lower tip Re. There
are probably two reasons for this: resolution limitations of the simulation to accurately
represent the complex transition process (currently WMLES requires one to resolve the
thin boundary layer in laminar regime), but also nonnegligible measurement inaccuracies.
Still, some important flow phenomena are well represented and important insight into
the flow around a small-scale non-isolated propeller in hover is gained.
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