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ABSTRACT
A steady-state multicopter simulation capability leveraging automated Cartesian grid generation and a blade element
source term rotor model was used to investigate multi-rotor aerodynamics in and out of ground effect. Simulations
demonstrated that this model is able to predict reasonably accurate thrust in ground effect for both single and multiple
propeller cases. The method yielded accurate lift and drag predictions for a commercial quadcopter when compared
to recent wind tunnel test data. This aircraft was then simulated in a variety of flight conditions, including both hover
and edgewise forward flight, to determine if generalized guidelines for airborne sensor placement could be developed.
Velocity perturbation magnitudes showed large regions of affected air upstream of the vehicle at low speeds, which
contracted as the vehicle’s speed was increased. Placing the sensors more than one characteristic length ahead of
or above the aircraft reduces errors from rotor-induced flow at higher speeds. For low-speed forward flight, the
entrainment of flow into the propeller wakes introduces significant flow turning above the aircraft, suggesting that a
forward location, with more moderate perturbations, could be advantageous for these conditions.

NOTATION

English
sUAS Small uncrewed aircraft system(s)
CFD Computational Fluid Dynamics
DJI Da-Jiang Innovations
IGE In ground effect
OGE Out of ground effect
RPM Revolutions per minute (1/min)
Nb Number of blades
R Propeller radius
v Velocity vector
v∞ Freestream velocity
z Height above ground
T Thrust, force parallel to propeller axis (lbs)
CT Thrust coefficient, T/ρA(ΩR)2

sd Distance between propeller rotation axes
p Static pressure
p0 Stagnation pressure, p+ 1

2 ρ |v|2

Greek
Ω Rotational velocity (rad/sec)
µ Advance Ratio, v∞/ΩR
ρ Density

Subscript
∞ Freestream or far-field value
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INTRODUCTION

Recent advances in battery and controls technology have led
to the development of a variety of low-cost, remotely-piloted
aircraft known as small uncrewed aircraft systems, or sUAS.
One common use of sUAS is as an aerial platform for sci-
entific measurements. Multi-rotor aircraft are commonly em-
ployed for these missions because of their hovering capability
and low speed maneuverability. However, the interactional
aerodynamics of multiple propellers raises questions about
sensor placement in order to minimize error and uncertainty
in the desired measurements.

Various studies have come to different conclusions as to the
best location for wind and gas/particulate sensors such that
effects from the propellers are minimized. Researchers have
placed these instruments in various positions: below the air-
craft fuselage, on a mast above the propellers, or on a boom
extending in front of the vehicle (Refs. 1–4).

The growing interest in sUAS across academia, government,
and industry has sparked significant computational and ex-
perimental research in the aerodynamics of these aircraft.
Throneberry et al. (Ref. 5) provide an excellent review of re-
cent work in this area as well as a discussion of recommen-
dations for further research. One particular area of recent re-
search is ground, ceiling, and wall effects for multi-rotor air-
craft. Matus-Vargas et al. detail much of the recent research
on this topic in their review paper (Ref. 6).

The present work focuses on two main areas: multi-rotor
ground effect aerodynamics and the near-body flow-field of
multicopters towards developing airborne sensor placement
guidelines. Ground effect is an excellent starting place as it
is more general than flight with ceiling and wall effects, since
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nearly all aircraft take-off from and land on the ground. This
work provides validation of a medium-fidelity CFD model for
predicting multi-rotor ground effect aerodynamics in hovering
flight and explores some of the differences between published
experimental and computational results for quadrotors. It also
examines the accuracy of an experimentally derived model for
multi-rotor ground effect thrust augmentation (Ref. 7). In the
second section, simulations of a DJI Phantom 3 are performed
to assess the merits of various airborne sensor placement lo-
cations and their sensitivity to several vehicle parameters.

TECHNICAL APPROACH

This work employs a widely-used simulation framework that
solves the three dimensional inviscid flow equations on a mul-
tilevel Cartesian mesh with embedded boundaries is employed
in this work (Ref. 8). The mesh consists of regular Carte-
sian hexahedra everywhere, except for a layer of “cut cells”
adjacent to the body of interest, which are arbitrarily-shaped
polyhedra (Ref. 9). The spatial discretization employs a cell-
centered, second-order accurate finite volume method with a
weak imposition of both far-field and surface boundary con-
ditions. Consistent with a medium-fidelity approach, all sim-
ulations in this work are steady state, although both first- and
second-order accurate implicit backward difference time inte-
gration methods are available for unsteady simulations. The
governing flow equations are closed with the ideal gas equa-
tion of state and solved using a non-linear multigrid method
and Runge-Kutta smoothing.

For the steady-state solutions, the propeller effects are mod-
eled with volumetric momentum and energy source terms in
the governing equations (Refs. 10, 11). In each cell of the
computational mesh, the propeller source terms are computed
by first interrogating the computational flow-field to deter-
mine a local angle of attack and Mach number. With these
in hand, aerodynamic lift and drag forces can then be com-
puted by interpolating tabulated airfoil performance data. In
this work, the airfoil tables blend both analytic (thin airfoil
theory) and two-dimensional computational results to encom-
pass the full range of angles of attack from −180◦ to 180◦

while providing more accurate lift and drag coefficients near
the nominal operating conditions (Ref. 12). Airfoil ordinates
were taken from laser scan data (Ref. 13) from over 20 differ-
ent radial cuts through the propeller, although non-destructive
methods such as photogrammetry can be a reasonable alterna-
tive (Ref. 14).

SINGLE PROPELLER VALIDATION

The present model has been previously validated for both
large (Ref. 15) and small rotors (Ref. 12), but recent simu-
lations of the DJI Phantom 3 aircraft have focused on time-
accurate simulations (Ref. 11). Therefore, this section begins
with a brief discussion of the steady-state rotor model as it
relates to the previously published results and then contin-
ues with a validation of this method for the DJI Phantom 3
propeller in OGE hover. After presenting the results of this

validation effort, an isolated propeller ground effect study is
performed to demonstrate the ability of the method to capture
ground effect thrust augmentation at constant RPM.

Steady-state Propeller Model

The integral velocity sampling unsteady rotor model previ-
ously published permitted arbitrarily large timesteps to be
taken (Ref. 10). One straightforward approach to a steady
state rotor model would simply take a timestep equivalent to
1

Nb
propeller revolution. However, when using integral veloc-

ity sampling to determine local flow conditions, the spatial
and temporal resolutions are directly coupled and the com-
puted angle of attack would be averaged around the entire
azimuth at each radial station. This is a reasonable approx-
imation for an isolated propeller in hover, but is generally in-
valid, especial when considering an installed propeller or dur-
ing edgewise forward flight. Cell local angle of attack and
Mach number sampling has been routinely used for steady-
state simulations with excellent results. In the context of in-
tegral sampling, this can be interpreted as ensemble averag-
ing on a cylindrical mesh where the grid lines align with the
blade position. On a Cartesian mesh the grid lines are not
azimuthally aligned, however this is still a reasonable approx-
imation as will be shown in the following section.

Hover Validation

Validation of this simulation approach begins with an isolated
DJI Phantom 3 propeller in hovering flight out of ground ef-
fect. The farfield boundaries are placed 60 propeller radii
away and are formulated using characteristics based on Rie-
mann invariants. The lower boundary employs a slip wall
formulation (inviscid ground plane) and is located 20 radii
beneath the propeller center, well out of ground effect. A
sequence of computational meshes is created using feature-
based adaptation. The first mesh (37K cells) has a pre-
specified refinement box containing the propeller source re-
gion. Each subsequent mesh reduces the finest cell spacing
by a factor of 2 and targets adaptation in regions with large
undivided first differences of velocity magnitude. Figure 1
demonstrates excellent grid convergence of thrust coefficient
on these adapted meshes. Cell spacing is normalized by tip
chord, and the propeller’s rotational velocity is 4000 RPM.
The second finest mesh contains about 8 million cells after 3
adaptation cycles and is used for the hover validation effort.
Each case ran in about 2 hours using 140 Cascade Lake cores
on the NASA Endeavour supercomputer.

Having demonstrated mesh convergence of the modeling ap-
proach using local flow-field sampling, the propeller speed
was varied from 3000 to 7500 RPM and compared to the
NASA Ames multicopter test data (Ref. 13). Figure 2 is a
plot of the propeller’s torque required versus thrust. The CFD
predictions match the experimental data well across the range
of propeller RPM. There is a very slight difference in slope,
which could result from modeling errors in the blade element
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Figure 1. Excellent grid convergence of the velocity mag-
nitude adapted meshes for a DJI Phantom 3 isolated pro-
peller hovering out of ground effect (4000 RPM).
assumptions, computed airfoil tables, or inviscid wake mod-
eling, but overall the correlation is very good and well within
the experimental uncertainty.

Figure 2. Thrust vs. torque for DJI Phantom 3 iso-
lated propeller in hover (OGE) at various RPM. The
Cart3D steady rotor model closely matches the data
(Ref. 13) to well within the experimental uncertainty.

Hovering Flight in Ground Effect

Ground effect aerodynamics for single main rotor helicopters
has been well studied both analytically and experimentally.
Cheeseman and Bennett developed a model for predicting
IGE thrust augmentation for both hovering and forward flight
(Ref. 16). Their model used momentum theory and the
method of images, assuming uniform inflow and induced ve-
locity (from the image rotor) over the disk. In this present

work, only the limiting case of zero forward speed is con-
sidered, which results in the well-known classical IGE thrust
model for hover:

TIGE

TOGE
=

1

1−
( R

4z

)2 (1)

This model compares well to experimental data for large ro-
tors (Ref. 17) and has been recently investigated for small,
low Reynolds number propellers typically used on sUAS. The
experimental studies show that the model remains an excel-
lent approximation for single propeller thrust in ground effect
(Refs. 7, 18). The computational study of Paz et al. (Ref. 19)
showed reasonable correlation with the Cheeseman-Bennett
model as well, although some differences were found when
the steady-state multiple reference frame approach was com-
pared to the time-accurate sliding mesh model.
A series of hover simulations at various heights above ground
was performed to develop confidence in the steady medium-
fidelity approach which models propellers with source terms
and the ground plane using an inviscid wall. The feature-
based mesh adaptation from the OGE hover simulations is
used for the IGE simulations. Figure 3 shows the varia-
tion of non-dimensional thrust with height above ground.
The CFD predicted ground effect thrust variation (labeled
“Cart3D”) is in excellent agreement with the theoretical
model of Cheeseman-Bennett.

Figure 3. Thrust increase at different heights when hover-
ing in ground effect for isolated DJI Phantom 3 propeller.
Simulation results correlate well to the theoretical model
of Cheeseman-Bennett.

MULTI-ROTOR AERODYNAMICS IN
GROUND EFFECT

Multi-rotor ground effect aerodynamics has recently become
a topic of interest with the emergence and widespread uti-
lization of sUAS. Having developed confidence in the present
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model for predicting a single propeller’s thrust in ground ef-
fect at various heights above the ground, dual propeller sys-
tems are considered next before investigating quadruple pro-
peller configurations. In each arrangement, the propellers are
modeled identically and placed at the same height above the
ground plane. Only the rotation directions are changed to min-
imize hover yaw moments as is typical for a multicopter in
hover.

Two Propellers

The simple dual fixed-pitch propeller system considered here
has limited utility for an aircraft due to the lack of suffi-
cient control inputs; however, it serves as a useful building
block before considering configurations with more propellers.
Some researchers have suggested that multi-rotor ground ef-
fect models should be scaled to an equivalent radius based on
the total area of all the rotors. There is some merit to this
concept since the characteristic length scale of the flow may
no longer be the radius of a single rotor, at least for closely
packed cases. However, one would also expect a sensitiv-
ity to separation distance because if sd � R, the character-
istic length scale should be that of a single rotor. For a (non-
overlapped) twin rotor system, this would shift the ground ef-
fect thrust curve by the factor

√
2.

Griffiths & Leishman (Ref. 20) analyzed a lateral twin ro-
tor configuration in ground effect using a free-wake vortex
method. For the rotor spacing considered (1.25D), they dis-
covered an upwash between the two rotors similar to tiltro-
tor “fountain flow” recirculation above the fuselage between
the wings. However, their study was performed at a constant
thrust coefficient of 0.015 and did not report the power re-
quired at each height above ground. Recently, He (Ref. 21) in-
vestigated multi-rotor ground effect aerodynamics experimen-
tally towards developing a novel IGE thrust model free of sin-
gularities, unlike the Cheeseman-Bennett model which is sin-
gular at z/R = 0.25. The dual-propeller experiments demon-
strated a modest sensitivity to the separation distance between
the propellers. Consistent with intuition, at very large sepa-
ration distances, dual propeller thrust behaved similarly to an
isolated propeller in ground effect. However, IGE thrust at
close spacings (sd ≈ R) also reverted to the isolated propeller
curve, while some differences were found at the intermediate
distances. The IGE thrust augmentation was found to be gen-
erally insensitive to propeller rotation direction or velocity.

Figure 4 depicts the velocity field (colored by magnitude)
around two DJI Phantom 3 propellers hovering in ground ef-
fect at a height of z/Req = 1.25 on the y = 0 cutting plane.
The separation distance is identical to that of the produc-
tion quadcopter (sd = 1.036R), much closer than in the lateral
twin proprotor study of Griffiths & Leishman. The flow-field
does not show significant upward flow between the propellers,
likely due to their close spacing. Otsuka et al. (Ref. 22) ob-
served this phenomenon in their experimental wake visual-
izations, where they found a reduction in so-called “soaring
flow” at the center of the quadcopter when the propellers were
more tightly spaced.

Figure 4. Velocity magnitude (yellow=high, blue=low)
with surface streamlines on yyy === 000 cutting plane, showing
little upwards flow between the closely-spaced propellers.
Rotor hexes are shown in gray and axisymmetric center-
bodies in light gray.

Figure 5 shows the thrust augmentation in ground effect for
this twin propeller system. When rescaled to the equiva-
lent radius, the model does not match the Cheeseman-Bennett
model. In fact, the unscaled results match the model much
more closely, which is consistent with He’s experimental re-
sults for tightly spaced twin rotor configurations. Given the
lack of “fountain flow” between the propellers in the simula-
tion, this is a reasonable result. It is possible that the equiv-
alent radius scaling may be valid for intermediate spacings,
where He’s data did show a difference between single and
twin propeller systems, however, it is clear that the scaling
is not valid in general.

Figure 5. Twin propeller (sssddd === 111...000333666) thrust in ground ef-
fect at various heights plotted as actual geometric height
(“standard”) and scaled to an equivalent-area radius.
At this spacing, the twin propellers behave similarly to
a single propeller in ground effect, as shown by the
Cheeseman-Bennett model.
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Four Propellers

Next, a simple quadruple propeller configuration is consid-
ered with diagonally opposed propellers spinning in the same
direction. The separation distance is kept constant at sd =
1.036R, and as a result, this configuration is essentially the
DJI Phantom 3 aircraft without a fuselage. In this case, the
equivalent-area radial scaling is found to produce better re-
sults than the curve based on actual height above ground (Fig-
ure 6). This is consistent with the literature that the classical
(unscaled) Cheeseman-Bennett model (Equation 1) is not a
good approximation for the thrust of a quadcopter hovering
in ground effect. Sanchez-Cuevas et al. derived the extension
of the Cheeseman-Bennett model for a quadcopter with four
image sources below the ground plane (Ref. 23):

TIGE

TOGE
=

1

1−
( R

4z

)2− zR2

(s2
d+4z2)

3/2 − 0.5zR2

(2s2
d+4z2)

3/2

(2)

The derivation of Equation 2 assumes a uniform distribution
of induced velocity over each propeller disk and neglects the
induced flow in the plane of the rotors. Nevertheless, Fig-
ure 6 shows that this model (green) is a reasonable model for
this case. In their work, they found significant upload (ver-
tical force) on the fuselage and accounted for this by adding
another correction term to the model based on the induced
velocity at point in the middle of the four propellers, with a
coefficient tuned to their experimental results, which showed
ground effects up to around z/R = 5. Note that in Conyers’s
curve fit ground effect thrust model, the propeller spacing
coefficients would be extrapolated significantly beyond the
tested range and would likely be invalid. Both the equivalent-
area scaling and S-C-H-O model (Equation 2) provide reason-
able estimates of ground effect thrust for this configuration,
but further study is warranted to assess the generalizability of
each model.

Figure 7 visualizes the velocity field for the quad propeller
configuration on the y = 0 cutting plane at a z/req = 3. There
is some flow recirculation in between the four propellers as
shown by the streamlines, but minimal “fountain flow” likely
due to the close spacing and higher height above the ground
plane.

AIRBORNE SENSOR PLACEMENT
INVESTIGATIONS

This section focuses on developing a methodology towards
airborne sensor placement guidelines having established con-
fidence in the present model for simulating multicopter hover
aerodynamics in and out of ground effect. There are sev-
eral steps required to develop any sort of sensor placement
guideline. First, a metric must be established to compare the
quality of different sensor locations. Next, some assessment
of the generalizability of the guideline is needed. If CFD
simulations of the exact multicopter geometry and its oper-
ating conditions are required, then the benefits of any such
guideline will be severely limited. Such detailed simulations

Figure 6. Quad propeller (sssddd === 111...000333666) thrust in ground
effect at various heights plotted as actual geometric
height (“standard”) and scaled to an equivalent-area ra-
dius. The equivalent-area scaling is a reasonable ground
effect model for this configuration as shown by the
Cheeseman-Bennett equation.

Figure 7. Velocity magnitude (yellow=high, blue=low)
with surface streamlines on yyy === 000 cutting plane, showing
flow recirculation a significant distance above the ground
(zzz///RRReq === 333). Rotor hexes are shown in gray and axisym-
metric centerbodies in light gray.
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would significantly extend the design cycle as they incur sig-
nificant computational expense and require design parameters
and models that are typically only available when the design
is nearly complete.

Flow-field Metric

The goal of optimizing airborne sensor placement is to mini-
mize the impact of the vehicle on the desired measurements.
In some cases such as leak detection, this is not as critical be-
cause the localization requirements are not as stringent. How-
ever, in other cases, the user may be interested in sampling a
large area or volume in order to determine the contours of the
measured quantity in that region, so any flow mixing could
contaminate these types of readings. One approach to assess
this effect is to monitor unsteady streaklines to determine all
regions of flow that pass through the propellers and see if that
flow also enters the sensor(s). Or one could use a similar
method of tracking the flow pathlines upstream to determine
the original location of fluid parcels that are sampled by the
sensor. However, this type of analysis (computationally or ex-
perimentally) would be relatively costly and specific to both
the aircraft and mission parameters such as the atmospheric
conditions and planned flight path. The goal of this work
is to determine if more general guidelines for sensor place-
ment can be established without requiring a nearly complete
aircraft design. This process could accelerate the design cy-
cle by providing better initial sensor locations and more rapid
turnaround for assessing each design if sensor placement is
mission critical.

This work focuses on developing guidelines using steady-
state CFD simulations, which are a reasonable starting point
and typically at least an order of magnitude faster than time-
accurate simulations. One possible metric is the stagnation
pressure field, because regions with increased p0 have expe-
rienced work done by the propellers. However, this metric
will only be valid in regions downstream of the propeller, but
it is conceivable that the propeller inflow could affect mea-
surements as well, especially for sensors mounted above the
propeller plane. Figures 8 & 9 depict stagnation pressure and
velocity magnitude contours around a DJI Phantom 3 hover-
ing out of ground effect (7000 RPM). The contours are very
similar, except it is obvious that the stagnation pressure field
does not reflect any upstream flow perturbations, as expected,
unlike the velocity magnitude contours which reflect the ac-
celeration of the flow into and through the plane of the pro-
pellers. While velocity changes are not solely caused by the
propeller wakes, they can provide a reasonable metric for eas-
ily delineating regions of flow affected by the air vehicle.

Metric Sensitivity and Generalization

In order to further develop the sensor placement guidelines,
the sensitivity of the velocity magnitude metric to configu-
ration changes must be assessed. If the sensor accuracy at
a given location is strongly influenced by minor design de-
tails, such as the exact surface geometry or propeller RPM,

Figure 8. Stagnation pressure contours on a cutting plane
through the centerline of a DJI Phantom 3 quadcopter in
hover

Figure 9. Velocity magnitude contours on a cutting plane
through the centerline of a DJI Phantom 3 quadcopter in
hover
it is unlikely that any guidelines will work in general, and
their benefit would be strongly reduced. This section investi-
gates several aspects of multicopter design in order to evaluate
the generalizability of any proposed velocity magnitude-based
criterion for sensor placement.

Airframe First, the sensitivity of the near-body velocity field
to small changes in the aircraft configuration is investigated.
An approximation to the laser-scanned geometry is developed
entirely from intersected geometric primitives. A full descrip-
tion of the approximate geometry can be found in the Ap-
pendix, as well as a visual comparison of the two geometries
in Figure 22.

The simplified geometry is a moderately faithful representa-
tion of the true aircraft that can be quickly generated in any
3-D modeler. Figure 10 compares the velocity magnitude per-
turbations on a cutting plane through the propeller hub centers
due to the differences in fuselage geometry. The quadcopter is
in hovering flight two propeller diameters above the ground.
Minimal differences are seen in the wake structure in these
figures, suggesting that general guidelines may be feasible
without requiring a complete, detailed model of the aircraft
fuselage.
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Representative fuselage

Simplified fuselage

Figure 10. Velocity magnitude contours on cutting plane
through forward propeller hubs of DJI Phantom 3 hover-
ing two propeller diameters above the ground showing mi-
nor differences between representative fuselage (top) and
simplified fuselage (bottom)
Airfoils Multicopter propellers are often provided off-the-
shelf with little information about their design or geometry,
making them difficult to model accurately in CFD. For this
reason, the airfoil performance tables based on the stock DJI
propeller are replaced with tables for the Straight-Up Imag-
ing (SUI) Endurance propeller, while the propeller planform
is kept unchanged. Figure 11 shows a comparison of the drag
polars for the airfoil section at r/R= 0.75 operating at a Mach
number of 0.16. The actual SUI propeller is 50% larger and
operates at a higher chord Reynolds number, so there are fairly
significant differences in the polars. The complete details for

Figure 11. Comparison of the DJI and SUI drag polars
for MMM === 000...111666 for the rrr///RRR === 000...777555 airfoil sections

the propeller geometry and airfoil sections can be found in
the NASA Multicopter Test Report (Ref. 13), but this work
focuses on how changes in the airfoil sections affect the ve-

locity field near the aircraft. The velocity magnitude contours
in Figure 12 illustrate how this substitution of the airfoil ta-
bles results in small changes to the wake structure. Weaker
velocity gradients are found in the case with SUI replacement
airfoils. However, in terms of sensor placement, the wake tra-
jectory is nearly identical and suggests that the optimal sensor
placement will not be too sensitive to the precise specification
of the propeller.

DJI airfoils

SUI airfoils

Figure 12. Velocity magnitude contours on cutting plane
through forward hubs of simplified DJI Phantom 3 hover-
ing two propeller diameters above the ground comparing
DJI (top) and SUI (bottom) airfoil performance tables

Aircraft Trim Hovering flight provides basic insight into the
problem at hand, but in fact, airborne sensor platforms are
frequently operated in forward flight. The (near) geometric
symmetry of the hover case simplifies the problem of aircraft
trim but is not valid for edgewise rotor-borne flight. Thai et
al. (Ref. 24) developed a loosely-coupled trim approach for
multi-rotor aircraft and published trimmed body angles and
propeller rotational speeds for the DJI Phantom 3 across the
flight envelope. Recalling that the goal of the present work
is to investigate the feasibility of general guidelines for sen-
sor placement, it is important to assess the impact of aircraft
trim. If full trim of the aircraft is required, then any proposed
guidelines will not be likely to have broad applicability.

The details of the forward flight simulations are described in
the forward flight section below, while this section simply fo-
cuses on the difference between trimmed and untrimmed so-
lutions. One case is run with the fully trimmed RPM values
from Thai et al. while the second uses a constant RPM for all
rotors, which is taken to be the arithmetic mean (4472 RPM)
of the four propeller speeds from the fully trimmed case to
approximately maintain thrust. The freestream velocity is 15
m/sec (49 ft/sec) and the body pitch angle was −22.6◦. Al-
though the first case is not perfectly trimmed due to differ-
ences in modeling (e.g., fully resolved propellers vs. blade el-
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ement source term model), its pitching moment coefficient is
nearly two orders of magnitude smaller than the second case.
Aerodynamic interactions cause the aft propellers to produce

Trimmed RPM

Uniform RPM

Figure 13. Contours of velocity perturbation magnitude
on a cutting plane through the centerline of a DJI Phan-
tom 3 quadcopter in edgewise forward flight at 15 m/s
demonstrating the effects of aircraft trim on the aerody-
namic wakes

less thrust that the forward ones, but the differences in the ve-
locity magnitude field between the two cases is fairly small
(Figure 13). Unlike the hover case which had zero far-field
velocity, the forward flight plots depict contours of veloc-
ity magnitude perturbation, where the freestream velocity has
been subtracted out.

Edgewise Forward Flight

As mentioned above, hovering flight provides basic insight
into the problem at hand, but edgewise forward flight is
a common flight condition that must be considered. The
methodology employed in this work was presented previously
(Ref. 11), but a short summary is included here for conve-
nience. Note that the previous study (Ref. 11) validated time-
accurate simulations, but the results in the present work use
the steady rotor model presented earlier for the hover investi-
gations. As in the referenced study, the aircraft was simulated
in “free-air” neglecting any wind tunnel wall or installation
effects in this work as well.

A computational mesh was generated using the following pro-
cedure for each body pitch angle. First, the fuselage (with-
out rotors) was simulated at the specified freestream condi-
tion, generating a mesh reasonably adapted (using the method
of adjoint-weighted residuals) for accurate force predictions.
However, this mesh has no knowledge of propeller-driven off-
body flow features and needs finer cells in those wake regions.
The trajectory of the propeller wakes is not known in advance,
so the grid is iteratively adapted in regions of large velocity
gradients. The final mesh, which typically contained around
45 million cells, used an extra buffer layer to smooth out the
mesh interfaces. A cutting plane through the mesh at the port
rotor hubs is presented in Figure 14, showing the mesh refine-
ment in the steady-state rotor wake. Figure 15 shows a cutting
plane through the rotors’ plane of rotation with the rotor hexes
shown in orange.

Figure 14. Adapted mesh (blue) on cutting plane
through port rotor hub centers with rotor hexes shown
in orange for −−−333000◦ body pitch angle.

Validation Cases

A sweep of simulations is run at various body pitch angles
in the range [−40◦,−5◦] with uniform propeller RPM from
4200 to 6400, corresponding to Table 19 from the experimen-
tal dataset (Ref. 13). The goal of this validation exercise is
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Figure 15. Adapted mesh (blue) on horizontal cutting
plane through all rotor hub centers with rotor hexes
shown in orange for −−−333000◦ body pitch angle

v∞ Pitch (deg) Propeller RPM
2 m/s (6.6 ft/s) -1.52 4832
5 m/s (16.4 ft/s) -2.89 4515
8 m/s (26.2 ft/s) -4.80 4222
10 m/s (32.8 ft/s) -13.05 4145
15 m/s (49.2 ft/s) -22.06 4680

Table 1. Case matrix for DJI Phantom 3 edgewise forward
flight simulations
to build confidence in the steady-state model’s ability to pre-
dict quadcopter forward flight aerodynamics accurately. Fig-
ures 16 & 17 clearly demonstrate the accuracy of this present
model for edgewise forward flight performance predictions
across the range of body pitch angles and propeller speeds.
There are some discrepancies at the extremes, which are prob-
ably due to the fidelity of the computational model, but over-
all the agreement is very good for both lift and drag, generally
following the experimental trends correctly

Forward Velocity Sweep

This final section leverages the results presented so far and
develops a guideline for airborne sensor placement based on
simulations of the DJI Phantom 3 in edgewise forward flight.
A sweep of forward speeds is performed to assess how the ve-
locity magnitude (perturbation) metric changes with the cruise
conditions which are detailed in Table 1.

Figures 18, 19, 20, & 21 illustrate how the velocity field
around the aircraft changes with forward speed. As expected,
the largest velocity perturbations are found in the rotor wake,
which is blown aft quickly at the higher velocities. Several
interesting features should be highlighted in these visualiza-
tions. First, notice how the propeller streamtube (capture area)
increases in size at the lower velocities because of mass con-
servation. This means that, relative to the vehicle’s charac-
teristic length, at slower speeds there is a larger volume of

affected air. Comparing Figures 18 & 21 reveals how signif-
icant the upstream effects are at low speed. Second, this
large capture area and significant flow turning means that a
sensor placed above the aircraft will gather samples from dif-
ferent heights depending on its longitudinal position and air-
craft speed. For example, at 2 m/s the air going through the
aft propellers started more than one propeller diameter above
the aircraft, which may be important in certain use cases.

For certain cases, especially at 8 m/s, there appears to be a
large region of flow with nearly zero velocity magnitude per-
turbation. Given its location just above the propellers, it is
possible that there are cancelling effects which result in a near-
zero perturbation contour, despite it being a potentially poor
sensor location.

These validation data and specific forward flight investiga-
tions presented in this section make it possible to suggest
some preliminary guidelines for sensor placement. As intu-
ition would suggest, below or aft of the aircraft is a poor lo-
cation because of the fuselage and propeller wakes. At low
speeds, a significant amount of air above the aircraft is drawn
through the propellers, which introduces uncertainty into the
precise sampling location. However, concentration measure-
ments should be fairly accurate if fluid parcels aren’t strongly
compressed or expanded. There is some upturning of flow
ahead of the aircraft as it is entrained into the propeller wakes,
but that effect is weaker than the change of direction above the
fuselage. In contrast, at higher speeds, locations above or for-
ward of the aircraft outside a 1 vehicle “radius” sphere would
seem to be relatively unaffected by the propellers, although
perhaps at these speeds one could consider a fixed wing air-
craft instead. Of course, there are potential sampling rate and
safety issues with flying at high speed, as well as the fact that
if multiple passes need to be made, a higher speed pass could
be detrimental to future measurements. Finally, there may be
some benefit to thoughtful path planning. For example, flying
with a headwind could help improve measurements without
requiring a faster ground speed.

CONCLUSIONS

This work leveraged a recently developed multi-rotor simula-
tion capability that coupled a fast Cartesian grid Euler solver
with a blade element, source term propeller model. The first
section of this work investigated the ability of the steady-
state method to predict ground effect aerodynamics. Af-
ter demonstrating mesh convergence and accurate predictions
of hover performance out of ground effect, excellent results
for the ground effect thrust increase of single propeller were
presented, closely matching the classical Cheeseman-Bennett
curve. Twin propellers at a close spacing behaved very simi-
larly to the single propeller case. In contrast, the four propeller
case showed thrust augmentation at higher heights (z/R ≥ 2)
due to the fountain flow between the propellers. Suggestions
in the literature for scaling the radius used in the Cheeseman-
Bennett relation using an equivalent total area seem to be in-
valid for twin propellers but reasonable for the quadruple pro-
peller case, at least for the spacing investigated in this work.
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In the second portion of this work, velocity magnitude per-
turbations were studied in an attempt to create guidelines for
airborne sensor placement. Comparison of edgewise forward
flight cases with experimental data provided some validation
of the modeling approach. Velocity magnitude contours were
shown to be a reasonable scalar field to assess flow distur-
bances due to the aircraft. The wake structure was generally
insensitive to the exact propeller airfoils, fuselage shape, and
control inputs (trim). Simulations of a DJI Phantom 3 quad-
copter in forward flight at low speeds revealed regions of af-
fected air upstream of the vehicle, which reduced in size as
forward speed increased. At these higher speeds, the flow is
mostly undisturbed outside of 1 characteristic vehicle length
both ahead of and above the aircraft. However, at the lower
speeds significant flow disturbance is found above the aircraft,
whereas the perturbations are more moderate forward of the
vehicle.
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APPENDIX

The approximate DJI Phantom 3 geometry is based off of
the laser-scanned geometry from NASA’s multicopter test
(Ref. 13), but created using only simple geometric primitives.
Table 2 lists all of geometric primitives that make up the ap-
proximate fuselage geometry. The 3:2 ellipses have their mi-
nor axis in the z-direction and are oriented at ±45◦ to the x
and y axes. Note that in order to complete the geometry, all
of the surfaces need to be mirrored across the x = 0 and y = 0
planes, except for the rectangular prisms and second linear
loft, the latter of which needs to be copied and rotated 3 times
in 90◦ increments around the z-axis.

Element Parameters (mm)
Rect. Prism 1 Corner pts: (-50, -40, -25), (90, 40, 25)
Rect. Prism 2 Corner pts: (15, -30, -45), (60, 30, -25)
Cylinder 1 Axis: (0, 0, 1) at (123, 123, 32)

Diameter: 14, Height: 30
Cylinder 2 Axis: (0, 0, 1) at (-60, 78, -120)

Diameter: 5, Height: 120
Rot. Surf. 1 Axis: (0, 1, 0) at (-60, 78, -120)

Profile: endcap of Cylinder 2, angle: 90◦

Lin. Extr. 1 Profile: endcap of Rot. Surf. 1
Axis: (1,0,0), Length: 60

Linear Loft 1 Sect. 1: Top cap of Cylinder 2
Sect. 2: Circle (r=10) at (60, 60, 20)

in z-plane
Linear Loft 2 Sect. 1: Ellipse at (0,0,35), a=30,b=20

Sect. 2: Ellipse at (118, 118, 25)
a=12, b=8

Table 2. Geometric primitives for the approximate DJI
Phantom 3 quadcopter (in mm)

The comparison images in Figure 22 demonstrate the general
similarities between the two fuselage geometries. The approx-
imate fuselage is shown in red, both overlaid and offset from
the laser-scanned surface for clarity.
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Figure 16. Comparison of lift for DJI Phantom 3 in
forward flight with uniform propeller RPM. Exper-
imental data from wind tunnel test at NASA Ames.
(Ref. 13)

Figure 17. Comparison of drag for DJI Phantom
3 in forward flight with uniform propeller RPM.
Experimental data from wind tunnel test at NASA
Ames. (Ref. 13)

Figure 18. Velocity magnitude perturbations and steady
streamlines around a DJI Phantom 3 flying at 2m/s for-
ward velocity, showing significant upstream effects and
flow turning.

Figure 19. Velocity magnitude perturbations and steady
streamlines around a DJI Phantom 3 at 5m/s forward ve-
locity, showing moderate upstream effects and flow turn-
ing.

12



Figure 20. Velocity magnitude perturbations and steady
streamlines around a DJI Phantom 3 at 8m/s forward
velocity, showing minor upstream effects and flow turn-
ing.

Figure 21. Velocity magnitude perturbations and steady
streamlines around a DJI Phantom 3 at 10m/s forward
velocity, showing almost negligible upstream effects and
flow turning.

Figure 22. Comparison of laser-scanned DJI Phantom
3 geometry (light gray) with approximate fuselage com-
posed of intersected geometric primitives (red). The ge-
ometries are presented overlaid (top) and offset (bottom)
for clarity.
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