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Unmanned Aircraft Systems (UAS) are state of the art in the aerospace industry and are

involved in many operations. Although initially developed for military purposes, commercial

applications of small-scale UAS, such as multicopters, are abundant today. Accurate engineering

tools are required to assess the performance of these vehicles and optimize power consumption.

The thrust and power curves of the rotors used by small-scale UAS are essential elements

in designing efficient aircraft. The scarcity of experimental data and sufficiently accurate

prediction models to evaluate rotor aerodynamic performance in the flight envelope are primary

limitations in UAS science. In addition, for small-scale rotors at usual rotation rates, chord-based

Reynolds numbers are typically smaller than 100,000, a flow regime in which performance tends

to degrade. In this paper, experimental data on small-scale multicopter propulsion systems are

presented and combined with a Computational Fluid Dynamics (CFD) model to describe the

aerodynamics of these vehicles in low Reynolds numbers conditions. We use the STAR-CCM+

software to perform CFD simulations adopting both a dynamic-grid, time-accurate analysis

and a static-grid, steady-state technique that solves the Navier-Stokes equations in a suitable

framework. Comparing numerical simulation results on a conventional UAS propeller with

related experimental data suggests that the proposed approach can correctly describe the thrust

and torque coefficients in the range of Reynolds numbers characterizing the UAS flight envelope.
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𝐶𝑄 =
𝑄

𝜌𝜋Ω2𝑅5
= rotor torque coefficient

𝐶𝑇 = 𝑇

𝜌𝜋Ω2𝑅4
= rotor thrust coefficient

𝐶𝑃 = 𝑃

𝜌𝜋Ω3𝑅5
= rotor power coefficient

𝐹𝑀 = rotor figure of merit

𝐷 = rotor diameter

Ω = rotation rate in radians per second

𝑅𝑃𝑀 = rotation rate in revolutions per minute

𝑅 = rotor radius

𝑐 = chord length at 75% radial station

𝑅𝑒 =
0.75𝜌Ω𝑅𝑐

𝜇
= rotor Reynolds number computed at the 75% radial station

𝑀 = rotor tip Mach number

𝑇 = rotor thrust

𝑄 = rotor torque

𝑃 = rotor power

𝜌 = air density

𝛾 = intermittency

𝑘 = turbulent kinetic energy

𝑅𝑒𝜃 = momentum thickness Reynolds number

𝜔 = specific dissipation rate

I. Introduction

Unmanned Aircraft Systems (UAS) have become popular vehicles in the last few years for recreational and

commercial applications. Among all the types of UAS, small-scale rotary-wing UAS, particularly multicopter

rotorcraft, offer great potential in many scenarios, such as earthquakes, floods, and avalanches. The Mars Helicopter

Ingenuity, recently launched by NASA [1], is an example of the role played by UAS in complex scenarios. The flexibility

of small UAS combined with emerging Artificial Intelligent (AI) tools makes these innovative vehicles suitable for

dangerous applications to support and partially replace piloted aircraft.

While the design of multicopter UAS, as well as autopilot control laws, have been extensively studied in the literature

[2–5], few research studies focus on the experimental characterization of small-scale vehicles providing details on their

thrust and power consumption capabilities, especially when unconventional atmospheric conditions intervene, such as

low density at high altitudes. The relatively small rotor size used by lightweight multicopter platforms, combined with

relatively low rotation rates to avoid high tip Mach numbers, are responsible for low Reynolds numbers resulting in
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laminar separation conditions that affect vehicle performance [6].

Brandt and Selig[7, 8] conducted the first studies on the effects of low Reynolds number on rotors for small-scale

UAS by focusing on the isolated propulsion system rather than the complete vehicles. Their work has allowed measuring

thrust and power coefficients for a range of rotors at Reynolds numbers less than 100,000. More recently, wind tunnel

tests on small scales UAS were performed in 2016 at NASA Ames Research Center by Russell et al.[9]. The objective

of that study was to collect a high-quality set of data related to multicopters in windy conditions. The authors took

advantage of the U.S. Army 7’-by-10’ wind tunnel to measure the thrust, torque, motor speed, and electrical power of a

lightweight multicopter in the presence of different wind speeds and by varying the aircraft attitude in the test section.

As part of their research, the authors studied the complete vehicle and isolated rotor performance to create a high-quality

database for UAS development. A noticeable contribution was the geometrical characterization of rotors used by some

of these vehicles exploiting a 3D laser scanner analysis [10]. These data are valuable for validating numerical tools

for rotor performance predictions. We are unaware of systematic studies regarding the performance of UAS under

unconventional atmospheric conditions (i.e., high altitude and temperature testing). Therefore, our data provide further

information for understanding the aerodynamics of UAS platforms.

Mathematical tools used to evaluate rotor performance, such as Blade Element Momentum Theory (BEMT), can’t

fully describe the effects of small scale rotor aerodynamics in hovering, mainly due to the lack of wake modeling as

shown by the authors in [11] comparing BEMT local thrust predictions with CFD and Free Vortex Wake simulations for

isolated hovering rotors. Another Reduced Order Model (ROM), the Vortex Particle Method, has been employed by

[12] to compute isolated rotor and multirotor aerodynamics. ROMs present the complication of requiring a high fidelity

two-dimensional aerodynamic database for the different airfoils forming the rotor, which are difficult to obtain in this

transitional range. Computational Fluid Dynamics (CFD) provides a way to improve predictions on both rotor and

vehicle performance, avoiding the previously mentioned limitation but at a much higher computational cost. We propose

an Unsteady Reynolds Averaged Navier Stokes (URANS) approach combined with a transition model in our CFD

simulations. This strategy offers a compromise solution between ROMs and high fidelity scale resolving simulations

such as those presented by [13] in the context of Urban Air Mobility (UAM). The main objective of the following study

is to collect experimental data on small-scale multicopters and develop a CFD model able to describe precisely the

flow around rotors, providing accurate performance predictions at a reasonable computational cost. In Section II we

will provide details of the experimental activity that took place in a climate-controlled laboratory. The measured data

include thrust, torque, and power coefficients for different Reynolds numbers considering unconventional atmospheric

conditions, i.e., low temperature and high altitude which generate very low rotor Reynolds numbers and allows the study

of the performance deterioration shown in [6]. Section III contains a description of the CFD model and its results,

including comparisons with experimental data. For comparison between experimental data and CFD results, we used

the T-Motor 15x5 propeller, typical of conventional multicopters involved in aerial surveillance operations. In section
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IV we focus on validating and calibrating the above CFD tools based on experimental data collected on a complete

small UAS and its propulsion systems. Finally, in section V, we draw the main conclusions of this research activity and

indicate the guidelines for our future work.

II. Experimental tests on small-scale UAS
terraXcube, managed by EURAC Research, is an infrastructure for research and testing that centers on the concept

of cubes. The Large Cube, the Small Cube, and the Mini Cube, are three distinct chambers for an environmental

simulation that enable a broad spectrum of experiments and tests [14–16]. We carried out aerodynamics experiments

on rotary-wing vehicles in the Large Cube chamber, where it is possible to simulate the most extreme environmental

conditions on the Earth’s surface. The Large Cube has a usable volume of 360 m3 and allows the synchronous control of

multiple complex environmental parameters for long-duration analysis. The facility is fully re-configurable to perform

industrial tests. We measured the aerodynamic performance of small-scale UAS on both an isolated rotor and the

complete vehicle, considering combinations of temperature and altitude to explore their effects on thrust and power

coefficients [17–20]. We describe the experimental setup and the main results in the following paragraphs. The authors

will like to point out that, even though results from this experimental campaign have been partially previously published,

this paper presents the final results of a series of experiments consolidating a definitive data set for validation purposes.

A. Test matrix

Throttle, temperature, and altitude (via pressure) are the three independent variables that define our test matrix.

Changing their value, one can generate a wide variety of Reynolds numbers, which, according to the dimensional

analysis, along with the Mach number, are the only independent parameters affecting the thrust and torque coefficients of

the hovering rotor. In any case, the small variation range of the tip Mach number and the vicinity to the incompressible

limit makes its expected influence limited compared to the Reynolds number. The Prandtl-Glauert correction, shown in

[21], could be employed using the Mach number at the tip to estimate the influence of compressibility effects on thrust

and torque coefficients. This provides maximum differences of 3% in the range of Mach numbers shown in table 1.

However, in the light of the radial thrust and torque distributions for this rotor shown in [11] and considering a linear

dependency of Mach number with the radial coordinate, the estimated value would be conservative. A more accurate

estimation is obtained by integrating the radial distributions corrected with Prandtl-Glauert’s approach. This technique

produces maximum differences related to the Mach number of around 1.5% between the largest and smallest Mach

numbers shown in table 1. Therefore, the Mach number effect is approximately an order of magnitude lower than the

Reynolds number effect, which is responsible for variations of over 10% of the thrust coefficient in the considered

ranges. We defined four throttle levels (50%, 66%, 86% and 100% of the maximum throttle), five temperature values

(from 40ºC to -40ºC in 20ºC intervals), and six altitude conditions (from sea level to 6000 m in intervals of 1500 m with
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a final test at 9000 m). This test matrix results in 120 cases which comprise a range of Reynolds numbers between

24,099 and 186,670. For the comparison and validation with numerical simulations, we chose three representative

conditions as shown in table 1.

Reynolds number Pressure(Pa) Temperature(ºC) RPM Tip Mach number

24,099 30,900 40.05 3293 0.19

61,539 58,000 19.91 3979 0.23

186,670 98,450 -40.85 4683 0.31

Table 1 The three experimental conditions used for comparison with numerical simulations.

B. Experimental setup for small scale UAS testing

The test bench consists of a welded-steel construction with a central hollow tube filled with sand to reduce mechanical

vibrations. The upper removable end cap can house a six-axes load cell to collect force and torque data. Optical

tachometers sense motor speeds, while precision shunt resistors measure electrical currents. Figure 1 shows the

experimental setup while testing a quad-rotor vehicle and the combined thrust coefficient of the four rotors plotted

against the Reynolds number and Mach number. We can appreciate a linear increase of the thrust coefficient with

the Reynolds numbers up to about 120,000. Then an asymptotic behaviour is achieved. On the other hand, no clear

trend is appreciated for this range of Mach numbers. Measurements on the propulsion system alone are possible by

reconfiguring the test stand, as shown in the following section.

C. Experimental tests on an isolated rotor

The experimental results of rotor performance tests carried out according to the procedure detailed in [18, 19] are

reported in Fig. 2, which shows the thrust coefficient 𝐶𝑇 versus the Reynolds number. We considered a T-Motor 15’x5’

carbon fiber rotor due to the availability of geometrical details and experimental measurements in [10], which we can

use for comparison. The experimental data in Fig. 2 reveal a linear relationship between 𝐶𝑇 and the Reynolds number,

with degradation of the thrust coefficient as the Reynolds decreases. At the highest values of the Reynolds numbers,

it seems that 𝐶𝑇 approaches asymptotic behavior. The thrust coefficient degradation could derive from the effect of

delayed transition and the formation of separated flow regions that may reattach, creating laminar separation bubbles.

Previous studies, such as in [6], mention the existence of a critical Reynolds number of 120,000, below which the

effects of laminar separation become significant and very sensitive to operating conditions that might affect transition.

Above these limits, rotor performance shows an asymptotic behavior. That observation is in good agreement with our

experimental results, as in Fig. 2d, where the figure of merit shows an almost linear increase with increasing Reynolds

numbers until about Re=120,000, where an asymptotic evolution starts. Our CFD results using a transition model
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(a) Thrust coefficient vs Reynolds number (quad-rotor tests)

(b) Thrust coefficient vs Mach number (quad-rotor tests)

(c) Quad-rotor testing in terraXcube

Fig. 1 Experimental testing in terraXcube laboratory
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are in good agreement with the trends of the non-dimensional coefficients that characterize rotor performance. A

detailed explanation of the CFD model employed to obtain such results and quantitative comparison between numerical

and experimental results will follow in section III. Concerning the comparison with experimental data provided by

Russel et al.[10], the asymptotic value of thrust and torque seems to be in good agreement also. However, there is

a slight overestimation of thrust and torque values for the lowest Reynolds numbers. Despite such overestimation,

the performance degradation is again in good agreement if we observe the figure of merit. The reasons for these

discrepancies are currently under investigation. They are probably related to the different experimental procedures and

also to the extremely high sensitivity of laminar separation bubbles to free stream conditions as reported in [22].

(a) Isolated T-Motor 15x5 rotor test in terraXcube (b) Experimental and numerical 𝐶𝑇 (𝑅𝑒) data.

(c) Experimental and numerical 𝐶𝑄 (𝑅𝑒) data. (d) Experimental and numerical figure of merit.

Fig. 2 Experimental measurements (terraXcube and [10]) and numerical results for an isolated rotor.

III. CFD simulations on isolated rotors

A. Blade geometry

We analyzed the T-motor 15x5 CF two-bladed rotor using an optical precision measuring machine (OPMM) to

obtain an accurate three-dimensional model for CFD simulations. The 3D scan of the blade generated a cloud of points
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defining the outer surface. We sliced the cloud of points with planes normal to the radial direction with a step of 1 cm

to reproduce an accurate geometry. We interpolated the intersection points with a smooth spline, and we generated a

guiding curve using the points defining the leading edge. A lofting process allows generating a smooth manifold surface,

which is appropriate for CFD simulations. Figure 3 shows the top and front views of the reconstructed geometries

(right) compared with images of the original rotor (left).

Fig. 3 Comparison of top and front views of the original (left) and digitally reconstructed (right) blade.

B. Model description and assumptions

We performed numerical experiments using the commercial CFD software STARCCM+[23]. It is possible to

simulate the rotational motion either with a rotating grid incorporating the rotor, the so-called dynamic or sliding mesh

approach, or using a rotating reference frame to which the rotor is stationary, the Moving Reference Frame (MRF)

technique. In the latter approach, the grid is static, and the effect of rotation depends on source terms inserted into

the conservation equations, which introduce the Coriolis and centripetal acceleration. Various authors have validated

the MRF approach [24–27], reporting a good agreement between approaches. The MFR approach is well suited to

steady-state solution methods, which normally reduce the computational cost significantly compared to time-accurate

analyses. Unfortunately, the approach is only accurate when the flow on the side surface of the cylinder defining the

rotating region is nearly tangent to it[23, 28], and one must therefore be cautious in defining and meshing these areas.

The static nature of the MRF approach allows for straightforward use of the transition model 𝛾-Re𝜃 . This transition

model has been previously used to capture transition in rotating flows, namely in a wind turbine [29] and in a marine

propeller [25]. The 𝛾-Re𝜃 model is highly empirical and depends upon three correlations that have been published

in slightly different forms by various authors [30, 31]. In this paper, we use the correlations provided in [30]. The

dynamic approach uses a cylindrical mesh that rotates about its axis and whose contours lap a static external domain.

The dynamic approach is more general than the MFR approach. For this reason, it is the ideal choice when transient

effects are important and when symmetry conditions are inapplicable. It is also helpful when the rotating domain cannot

be large enough to reduce the artificial fluxes at the interface in the MFR method.

The numerical setup reproduces, in a simplified but consistent manner, the experimental arrangement in an attempt

8



Fig. 4 Numerical setup. Perspective view(Left) and parallel scaled view(Right)

Isolated Rotor Experimental fixture

Reynolds number Thrust [N] Torque [Nm] Thrust [N] Torque [Nm]

186,670 12.85 0.243 13.04 0.244

Table 2 Numerical results on the effect of support on the rotor thrust and torque coefficients (MRF approach
and Adaptive Mesh Refinement).

to account for the possible blocking effect of the pole, which has a diameter comparable to that of the propeller as

shown in Fig. 4. Previous studies [27] suggest that the blocking effect with similarly sized experimental equipment can

produce significant increases in thrust and torque of up to 5% and 2%, respectively. Here, for the highest Reynolds

number, we found just an additional 1.5% and 0.5% in the thrust and torque values, respectively, as shown in Table 2.

The limited increase in thrust and torque could be due to the extra rod present in our simulations (Figs. 1c and 2a) that

was not present in the simulations reported in [27].

(a) Static approach
(b) Dynamic approach

Fig. 5 Boundary conditions
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Regarding boundary conditions, the setup differs between static and dynamic approaches as shown in figure 5. In

the latter, we created a box that imitates the dimensions of the actual chamber using wall boundary conditions. In the

MFR approach, we used a long, truncated, cone-shaped domain with free stream conditions characterized by a minimal

axial velocity(0.1 m/s) to speed up convergence and a pressure outlet. The rotor is placed 2 meters (>5 diameters) above

the ground so that ground effect should be negligible [19] and hence both simulations should be comparable.

C. Turbulence and transition modelling

We chose the SST 𝑘 − 𝜔 turbulence model as it is probably the most widely used for external aerodynamics and has

been proven effective in propeller simulations by several authors [24, 28, 32]. Furthermore, it allows the coupling with

the 𝛾-Re𝜃 transition model to adequately capture laminar to turbulent transition and hence the formation of laminar

separation bubbles as shown in [33]. The ability to include a transition model is interesting because, if the model works,

one could resolve both laminar and turbulent boundary layers. We applied a laminar flow model for the lowest Reynolds

numbers, as large portions of the blade might be in laminar flow conditions. Perez Perez [34] took the same approach

to calculate the aerodynamic database for a reduced-order model. Table 3 shows an increase in the accuracy of the

thrust prediction when the transition model is activated, with an error reduction by approximately 45% for the highest

Reynolds number. Furthermore, as we show in the following section, the inclusion of the transition model triggers

two different transition mechanisms, which bring to the generation of a laminar separation bubble. In this way, the

near-blade flow field is qualitatively more accurate than using a standard turbulence model for these very-low Reynolds

numbers. It is interesting to note that the torque remains constant. This result is due to a combination of increased

pressure torque and decreased shear torque. In this particular case, an exact cancellation is produced. The previous

observation is consistent with an increase in blade lift and a decrease in blade drag.

CFD simulation CFD vs. Experimental data

Reynolds number Turbulence model Thrust [N] Torque [Nm] Δ Thrust % Δ Torque %

186,670 𝑘 − 𝜔 12.74 0.244 -5.00 -3.71

186,670 𝑘 − 𝜔 + 𝛾-Re𝜃 13.04 0.244 -2.76 -3.71

Table 3 Experimental vs numerical results. MRF approach, Adaptive Mesh Refinement, SST 𝑘 − 𝜔 turbulence
model with and without transition model

D. Grid independence study

Accurately resolving tip vortices, at least until they first interact with the blade, is crucial, especially in hovering

cases where the vortices are very close to the propeller, and the velocity they induce on the rotor is relevant[35]. Vortex

cores require a much smaller cell size than the rest of the flow field. However, a standard refinement strategy involving
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the entire computational domain, or even the wake region only, increases the number of cells prohibitively before

achieving grid convergence. Here we adopted various mesh refinement strategies starting from a baseline grid (Fig. 6)

and increasing the number of cells where we expect strong gradients, as in tip vortices and the propellers’ near wake.

Fig. 6 Baseline Grid.

Using the MFR approach, we applied an adaptive grid refinement based on the Q-criterion to correctly track and resolve

tip vortices, as shown in Fig. 7. Based on this experience, in the dynamic approach, we axisymmetrically refined those

Fig. 7 Adaptative Mesh Refinement (AMR) based on the Q-criterion. MRF approach.

regions where we expect to see tip vortices, as shown in Fig. 8. We further refined the grid by reducing the target cell

size on the propeller surface, increasing the number of prism layers, and adding a wake refinement near the trailing edge

of the blades, as shown in Fig. 9.

Table 4 summarizes the three adopted refinement levels and highlights how the local refinement produced significant
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Fig. 8 Baseline Grid with tip vortex refinement.

Fig. 9 Baseline Grid with tip vortex and near rotor refinement.

improvement in the comparison between numerical and experimental results using a limited number of cells for the

highest Reynolds number condition. We considered such case as it was likely to present the steepest gradients and,

therefore, require the highest number of cells to achieve grid convergence. Furthermore, at these Reynolds numbers, the

transition model is expected to perform better, and therefore the comparison with the experimental results will be more

realistic. The grid size would have easily reached 100 million cells had we used a global refinement strategy. In these

simulations, showing a traditional grid convergence study based on systematic global mesh refinement/coarsening is

impossible due to the limited computing capabilities. However, the intense, localized refinement and the reasonably

small distance from the experimental measurements suggest that grid convergence is not far. The finest grid will be used

in the results presented in the following chapter.
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CFD simulation CFD vs. Experimental data

Grid Nº Cells Thrust [N] Torque [Nm] Δ Thrust % Δ Torque %

Baseline 8.6 Million 13.03 0.238 -2.83 -5.29

Tip vortex 14.1 Million 13.13 0.241 -2.09 -4.89

Tip vortex & Propeller 17.0 Million 13.16 0.246 -1.86 -2.92

Table 4 Grid refinement study using the dynamic approach at Re=186,670

E. Comparison between the MRF and the dynamic approaches

We compared the performance prediction capabilities and computational cost of the static (MRF) and dynamic

approaches in the highest Reynolds number case. Both simulations use the baseline grid settings shown in Fig. 6. The

two meshes are not identical because the computational domains are different. However, the baseline grids are the same

in the region near the rotor and should allow a fair comparison of the results of the two approaches. Table 5 shows how

the performance results predicted by both approaches, using the same turbulence modeling and the baseline grid, are

very close. It could indicate that the nonstationarity in the averaged flow is low, and therefore the steady MFR approach

reproduces well the rotational motion of a propeller. The introduction of source terms in momentum equations might

compromise convergence, and therefore one should carefully select the solver settings and cautiously build the grid. In

the static approach, we consider just one blade using a periodic boundary condition, and therefore the cell count is

halved. Adding this characteristic to the faster convergence rate of the steady approach reduces the computational cost

by approximately a factor of 6. We used a conservative time step equivalent to a rotation of 0.5◦ to ensure time accuracy

even though other studies use larger values [36]. In particular [36] finds an error of 1.6% increasing the angular advance

per time step from 0.5◦ to 3◦.

Finally, we compared the results obtained using the grids that provide the closest values to the experimental results

using both approaches, namely the baseline grid with tip and near rotor refinement (Fig. 9) for the dynamic mesh and

the AMR grid (Fig. 7) for the MFR approach. Table 6 shows that thrust and torque differ by less than 1% for two

operating conditions even by changing the mesh, the solver, and the rotation methodology. Another conclusion extracted

from this study is the high efficiency of the AMR grid combined with a periodic interface that can provide comparable

results with one-third of grid points and reduce the total computational time by a factor of 10. Such methodology is

Static approach Dynamic approach

Reynolds number Thrust [N] Torque [Nm] Thrust [N] Torque [Nm]

186,670 13.14 0.238 13.03 0.240

Table 5 Comparison between static and dynamic approaches using baseline grids
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noticeably helpful for propeller characterization as one can obtain the values of the integral performance parameters of

the rotor with satisfactory precision.

Static approach Dynamic approach

Reynolds number Thrust [N] Torque [Nm] Thrust [N] Torque [Nm]

61,539 4.08 0.0830 4.12 0.0828

186,670 13.04 0.244 13.16 0.246

Table 6 Static (AMR mesh) vs dynamic (baseline grid with tip vortex and near rotor refinement) approach

F. Results

We compare our experimental measurements and numerical results obtained using the dynamic approach and the 17

million cell grid for three representative Reynolds number conditions in Table 7. We discuss the main flow features in

the following subsections.

CFD simulation CFD/Experimental data %

Reynolds number Turbulence model Thrust [N] Torque [Nm] Δ Thrust % Δ Torque %

24,099 Laminar 1.21 0.0280 -4.27 -4.76

24,099 𝛾-Re𝜃 1.33 0.0299 5.22 1.70

61,539 𝛾-Re𝜃 4.12 0.0828 -0.96 0.98

186,670 𝛾-Re𝜃 13.16 0.246 -1.86 -2.92

Table 7 Experimental data vs CFD simulations. Dynamic approach, 17 million cells.

1. Re=24,099

For the lowest Reynolds number, we initially performed a laminar simulation. Figure 10 shows a Q-criterion

iso-surface that reveals, apart from the expected rotor vortex system formed by pairs of root and tip vortices, noticeable

vortex shedding towards the tip of the blade. Table 7 shows that the laminar solver underestimates thrust and torque

values by under 5%. The results look promising considering the absence of turbulence models. At these Reynolds

numbers, the vortex shedding pattern is likely to become turbulent, so we rerun the simulation using the 𝛾-Re𝜃 transition

model, even though it was not clear if the transition model would work adequately for Reynolds numbers as low as 24,000.

The results show that the separated boundary layer undergoes transition, but the production of turbulent kinetic energy

is not fast enough to produce boundary layer reattachment before the trailing edge. However, since the transition model

calibration arises from two-dimensional boundary layer simulations, the reliability of the transition process predicted

after the trailing edge is at least doubtful. Using the 𝛾-Re𝜃 transition model, thrust and torque are overpredicted by 5%
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Fig. 10 Q-criterion iso-surface coloured with velocity magnitude. Re=24,099.

and 2%, respectively. Even though the difference with the experimental measurement is limited, the validity of this

empirical transition model could be compromised for these and especially for lower Reynolds numbers, as this model

has been designed, tuned, and tested mainly for flat plate cases at higher Reynolds numbers[29, 30]. The spatial and

temporal resolution required to capture the vortex shedding in laminar simulations with sufficient accuracy is currently

under investigation. However, the laminar solver could become an attractive option to compute the performance of

blades in the lower range of the very-low-Reynolds number regime (104 − 105), as, in these conditions, the effects of

turbulence in the averaged flow are modest, and the transition model reliability is questionable.

2. Re=61,539

We chose to perform a numerical experiment at this Reynolds number because we expected to find a laminar

behavior in the inner region of the blade and transition towards the tip. Transition models such as the 𝛾-Re𝜃 model

are highly empirical, and their calibration relies mainly on 2D boundary layer simulations. Nevertheless, they should

identify the main transition mechanisms. At these Reynolds numbers, separation usually triggers the transition, as

shown by [37, 38] for the SD7003 airfoil using scale resolving simulations. If separation induced transition is captured,

they should also detect the separation bubbles formed after the reattachment of the boundary layer due to the increased

near-wall momentum of the now turbulent boundary layer. Figures 11a and 11b show different wall quantities that
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(a) Chordwise component of the Wall shear stress (b) Wall intermittency

(c) Streamlines illustrating the separation bubble.

Fig. 11 Near blade fluid flow characteristics. Re=61,539

could help identify the presence of a separation bubble on the suction side of the blade. The separated flow region

followed by a rise in intermittency suggests the formation of a separation bubble as corroborated by the streamlines

shown in Fig. 11c which we computed using the velocity expressed in the rotating reference frame. Apart from the

expected recirculation, one can notice a velocity component directed towards the blade tip. That is due to the lack of

centripetal forces when the wall shear stress is low, and its effect is producing a spiral motion towards the blade tip in

the streamlines trapped inside the separation bubble.

3. Re=186,670

This value of the Reynolds number is the largest in the experimental matrix. Here transition is expected, though

it has not to be necessarily separation-induced but likely natural, as the local Reynolds number is almost 200,000

in the outer part of the blade. Figure 12 shows a separated region with posterior transition and reattachment of the

boundary layer between 50% and 60% of the blade span. Separation is no longer present for larger radial coordinates,

but natural transition still occurs. Furthermore, towards the tip, possibly due to the large relative thickness of the airfoil’s

leading-edge, we can notice a separation again, followed by a noticeable increase in wall shear stress which indicates the

presence of a short, leading-edge separation bubble.
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(a) Chordwise component of the Wall shear stress (b) Wall intermittency

Fig. 12 Near blade fluid flow characteristics. Re=186,670

IV. CFD simulations on a quadcopter

Fig. 13 Numerical setup of the complete quadcopter.

In the previous section, we validated the rotation model, and now we use it to simulate the full quadrotor. We

constructed a simplified CAD model compliant with the original Q4L drone to assess the download effect on the thrust

coefficient due to the rotor-rotor interactions. The Q4L mounts four Tmotor 15’x5’ rotors, the tested blade in the

previous section. The numerical setup is shown on figure Fig. 13. We performed a simulation with four rotors, each

one with its own experimentally measured rotation speed, for the highest Reynolds number case (Re=181,410,Fig. 1a).

This Reynolds number is obtained using the average RPM shown on Table 8 in combination with a temperature of

233.8 K and a pressure of 98,280 Pa. The results are a reference solution that we compare with results obtained using

a single rotor with symmetry boundary conditions. Conversely, in the simulations adopting the symmetry boundary

conditions, the rotation speed of the unique rotor is set as the root-mean-square value of the four rotation rates shown in

Table 8. Figure 14 displays the mesh around the complete quadcopter, which consists of 46 million cells. The symmetry

boundary condition simulation uses a grid with approximately one-quarter of the cells compared to the four rotors

case. The simulation setup is consistent with the isolated rotor simulations proposed in the previous chapter. Table 9

and Fig. 15 show that the simulations using the symmetry boundary condition provide almost identical results even
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Fig. 14 Grid around the complete quadcopter.

though the physical problem is not the same as the rotation rates are slightly different. The reduced vortex breakdown

suggests that the symmetry boundary condition dampens rotor-rotor interactions slightly for this rotor separation

distance. However, the thrust value looks virtually unaffected by this phenomenon and applying the symmetry boundary

conditions reduces the simulation time and the memory requirements by a factor of 4. It is interesting to note that the

rotor-rotor interactions are more intense in the inter-rotor planes when the tip of the blades moves from the center of the

vehicle outwards, as one can see in Fig. 15. In particular, the images in Figs. 15b–15d represent the same situation

as Figs. 15a–15c, respectively, but we rotated them by 90° to highlight the different planes of interaction. Fig. 16

shows how a pair of counter-rotating vertical vortices are created in the inter-rotor region near the smallest tip clearance

location. We can appreciate that these vortices only appear in the previously defined strong rotor-rotor interaction

planes. These vortices are responsible for the enhanced breakdown of the rotor tip vortices seen in Fig. 15. Schenk [36]

observed that two counter-rotating isolated rotors induce a local upwash current in the inter-rotor regions following the

direction in which the tips move. On the other hand, the vortex system generated by the four rotors induces a radial

current towards the centre of the quadcopter in these planes. When the tips move towards the body, both currents move

in the same direction, but when they move away from the body, the induced currents oppose each other. The authors

believe that this is the cause of the vortices formation. However, further research is needed to understand in detail the

mechanism of this instability.

To assess the effects of rotor-rotor and rotor-body interactions on the integral vertical force on the quadrotor, we

computed the thrust coefficient using the average rotation speed for the complete vehicle. Then, we compare it to the

corresponding isolated rotor at the closest Reynolds number. Equation (1) shows the relation to calculate the download
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(a) Four rotors configuration: weak rotor-rotor interac-
tion plane.

(b) Four rotors configuration: strong rotor-rotor inter-
action plane.

(c) Symmetry boundary conditions: weak rotor-rotor
interaction plane.

(d) Symmetry boundary conditions: strong rotor-rotor
interaction plane.

Fig. 15 Q-criterion coloured with Mach number around the quadcopter including experimental fixture.

Fig. 16 Vorticity magnitude in a horizontal plane x=0.02m.
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factor, which takes into account the overall decrease in the axial force of a quadcopter due to the interaction between

rotors and airframe.

RPM Rotor 1 RPM Rotor 2 RPM Rotor 3 RPM Rotor 4 Mean RPM Root Mean Square RPM

4338 4310 4388 4316 4338 4338

Table 8 Rotation rates of the four rotors in the full quadcopter configuration.

𝐷𝐿 =
4𝐶𝑇𝑟𝑜𝑡𝑜𝑟 − 𝐶𝑇𝑈𝐴𝑆

4𝐶𝑇𝑟𝑜𝑡𝑜𝑟

(1)

Symmetry Condition Full Quadcopter Experimental

Mean RPM 4 x Thrust [N] Thrust [N] Thrust [N]

4338 42.72 42.65 44.2

Table 9 Comparison between experimental and numerical approaches to compute the quadcopter thrust.

The highest Reynolds number conditions for the isolated rotor (Re=186,670) are close to the quadcopter (Re=181,410)

and therefore allow a reasonable comparison between thrust coefficients. The download factor computed numerically

provides a value of 4.5% compared to the experimental 3%.One possible explanation for this difference is the lack of

resolution in the boundary layer and wake behind the quadcopter arms and body. Another one resides in the difficulties

that RANS turbulence modeling encounters in accurately predicting drag values in separated flows. Of course, another

explanation for the discrepancies might be attributed to minor geometrical simplifications introduced in the numerical

model, namely in some details of the airframe.

V. Conclusions and Future Work
In this paper, we report on a study on the aerodynamics of small-scale multicopters with both experimental

and numerical approaches. On the one hand, we show the measurements of small rotor performance coefficients

conventionally used in small-scale UAS for a set of flight conditions. On the other hand, we report about CFD numerical

simulations intending to define a suitable protocol, especially about grid resolution and turbulence modeling, to describe

low Reynolds number effects. Within the high transitional regime, the use of the 𝛾-Re𝜃 transition model[39] with the

calibration proposed by [30] produces a satisfactory agreement for both the tested Reynolds numbers in this regime,

61,539 and 186,670. Therefore, we expect that it performs correctly within this range (60,000<Re<200,000). For the

low transitional regime, the performance predictions with the transition model start to deviate from the experimental

results. That is not surprising, as the values of the Reynolds number are close to the onset of transition and well below
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the design and calibration regime of the transition model. In such conditions, the laminar solver might be advantageous

to compute rotor performances for Reynolds numbers lower than 20,000, when the transition does not occur, or when its

effect on the averaged flow is little and contained in a small blade portion.

We used the experimental data to validate CFD simulations and obtained a satisfactory agreement for all the

Reynolds numbers. The use of localized meshing strategies, the inclusion in the geometric model of the experimental

device, and precise blade geometry obtained by 3D optical scanning were instrumental in accurately reproducing the

experimental results.

The validation of the Moving Reference Frame approach for rotor simulation in hovering is also interesting as it

reduces the computational cost by approximately one order of magnitude compared to the dynamic approach while

maintaining reasonable accuracy. This reduction in required computational resources allows the use of CFD simulation in

optimization and design activities. Therefore, it would be possible to design rotor geometries to maximize performance,

limiting the negative impact of low Reynolds number effects.

We also carried out full rotorcraft simulations, obtaining a satisfactory agreement with the experimentally measured

thrust values. We just noted a slight overestimate of the download factor compared to the experimentally computed

value, possibly due to a lack of grid resolution in the wake of the rotors arms and the loss of fidelity of RANS turbulence

models when dealing with large flow separations.

Future work includes investigating the low-Re transitional regime with a twofold goal. The first is fine-tuning

existing transition models to improve performance predictions, and the second is defining a validity range for the laminar

model. The objective is to avoid turbulence-scale-resolving simulations that would be prohibitively expensive for

practical applications. Furthermore, automatic AMR is currently under investigation to improve the computational

efficiency of dynamic simulations by refining the grid in real-time following tip vortices and saving a considerable

amount of cells, as already shown for the static AMR approach.
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