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Abstract
Ground effect (GE) behavior occurs when a hover-capable multirotor aerial vehicle, such as a quadcopter, flies within
close proximity to the ground and the vehicle experiences an increase in thrust despite constant power being applied
to the propellers. Current GE models assume that the ground plane is flat and smooth. This paper investigates the influ-
ence of aerodynamically-rough surfaces on GE behavior for standard two-blade propellers under quasi-steady hover con-
ditions. First, a nondimensional model is proposed that incorporates the aerodynamic roughness and zero-plane
displacement height of a rough surface with GE parameters previously found in the literature. Second, a GE model
that accounts for surface roughness is described. Third, physical experiments are conducted to quantify the aerodynamic
properties of controlled rough surfaces and the GE strength through observations of in-ground effect (IGE) and out-of-
ground effect (OGE) thrusts produced by commercially available propellers. The results show that aerodynamically
rougher surfaces corresponded to higher IGE thrust. Fourth, statistical analysis of the results supported the accuracy
of the proposed model, where the average root-mean-squared error is 0.90% with an average maximum error of
2.39% over all test scenarios. Finally, nondimensional analysis confirmed that when similarity conditions are met, the pro-
posed model follows theoretical projections. These findings can be exploited for vehicle motion control, navigation, and
design.
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Introduction
Hover-capable aerial vehicles that use propellers to generate
lift are versatile and ubiquitous. For example, the Boeing
H-47 Chinook rotorcraft is often used for transportation
of military personnel and equipment, while smaller personal
quadcopter uncrewed aerial vehicles (UAVs) are being used
for photography, disaster management, agriculture, and
remote sensing.1–4 More recently, rotorcraft UAVs have
been developed for autonomous environmental monitoring
applications including chemical-leak identification, map-
ping, and localization.5–10

One of the main benefits of the rotorcraft design is its
ability to hover, loiter, and slowly fly near the ground.
However, as the propellers come close to the ground,
increased thrust is observed, despite constant power being
applied.11–13 Stated another way, because of the increase
in thrust, less power is required to maintain constant height

while operating within the in-groud effect (IGE) zone. The
natural phenomenon that occurs when the propellers are
within “close” proximity to the ground is commonly known
as ground effect (GE). The GE occurs due to the rotors’wake
interacting with the disturbing entity.14–17 Understanding GE
behavior can be leveraged to improve rotorcraft design and
motion control.18,19 For example, previous ground effect
modeling and experiments have been used to design control
systems that compensate for IGE, substantially enhancing the
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vehicle’s take-off, landing, and near-ground flight perform-
ance.18,20–23

There are three main considerations when studying
ground effect for a rotorcraft: (1) the rotor-blade geometry,
(2) the nature of the fluid, and (3) the characteristics of the
ground. This paper focuses on the latter, studying the
impact of different ground surfaces, specifically their aero-
dynamic properties on GE. Currently, studies13,16 that
describe the impact of surface conditions on the ground
effect on rotorcraft UAVs are limited. The main contribu-
tion herein is to bridge the existing knowledge gap.

Figure 1 shows examples of a quadcopter UAV hovering
over different terrain within the IGE region. In Figure 1(a),
the UAV hovering over a solid bed of rocks will experience
GE at a different strength compared to hovering over grass
(Figure 1(b)) or loose dirt (Figure 1(c)). Furthermore,
hovering over dense grass will result in GE different from
hovering over a bush (Figure 1(d)). Both are relatively elas-
tic compared to rocks or soil. Previous works13,16 have
observed that different surfaces incur GE at different mag-
nitudes, but no systematic study of the effect of surface
roughness was performed. Therefore, the current under-
standing and application are confined to IGE on solid flat
surfaces. Existing models are also unable to capture the
impact of rough surfaces. Herein, the main contribution is
to bridge the knowledge gap by performing experiments
and developing a model that relates the IGE thrust ratio to
surface roughness.

Although it has been mentioned in the literature,13,16,24–27

the impact of different surfaces on the performance of a pro-
peller IGE is not well understood. Some studies have briefly
touched on this topic,24,26,27 while others study the effects of
partial ground and ceiling surfaces on propeller performance,
showing how finite-size obstacles influence the thrust and
power characteristics.28 It has been suggested in He24 that
influences from a surface are due to the surface stiffness

and aerodynamic roughness. In more general terms, the
ground effect is determined by surface material properties
and aerodynamic interactions with surface geometry. The
focus of this work is the latter of the two, and the former is
left as future work.

This work considers the two configurations shown in
Figure 2, where the propellers are positioned above a sur-
face on which GE is observed. Figure 2(a) shows two scen-
arios: a propeller hovering over a flat smooth surface (1)
out-of-ground effect (OGE) and (2) IGE. Figure 2(b) shows
the same situation, but the surface has roughness elements
conceptualized as simple repeating blocks.

The main contributions of this work are: (1) an experi-
mental characterization of the ground effect over surfaces
with different roughness values, (2) an empirical IGE model
that incorporates surface roughness based on non-
dimensional analysis, and (3) the validation of the model
through physical experiments.

Nomenclature
The following nomenclature is used in this paper:

Figure 1. Quadcopter UAVs hovering in-ground effect over
different terrain: (a) bed of rocks, (b) field of grass, (c) patch of
dirt, and (d) plant with branches and leaves.

Figure 2. UAV propeller above a surface where ground effect is
observed: (a) hovering IGE at height z and OGE at height zvOGE
over a smooth flat surface and (b) hovering IGE and OGE over a
surface with roughness elements (RE) conceptualized as repeating
blocks.

2 International Journal of Micro Air Vehicles



Af : frontal silhouette area of a single roughness element,
m2

Ap: plan area of all roughness elements, m2

At: total area covered by roughness elements, m2

Clα : 2D lift-curve slope, rad−1

CT : coefficient of thrust
D: distance between roughness elements, m
d: minimum tip-to-tip distance between propellers, m
h: roughness element height, m
KG: in-ground effect thrust ratio
k: von Karman constant
kΠ: number of independent variables in a physical
relationship
Nb: number of blades in a propeller12

P: power applied to a rotor, W
Patm: atmospheric pressure, Pa
Pt: stagnation pressure, Pa
Ps: static pressure, Pa
p: number of governing independent dimensions in a
physical relationship
R: propeller radius, m
Re: Reynolds number
T : thrust force, N
TIGE: in-ground effect thrust, N
TK : temperature, K
TOGE: out-of-ground effect thrust, N
u: wind speed, m/s
u∗: shear velocity, m/s
V : rotorcraft velocity, m/s
vi: induced velocity, m/s
z: height above the ground plane, m
zd: zero plane displacement height, m
z0: aerodynamic roughness length, m
γ: propeller pitch, m
δv: viscous sublayer height, m
θ0: blade collective pitch angle, rad
λf : frontal area aspect ratio
λp: plan area aspect ratio
μa: advance ratio
μ: fluid dynamic viscosity, kg/m-s
ρ: fluid density, kg/m3

σ: rotor solidity
Ω: rotor angular velocity, rad/s

Ground effect and aerodynamic roughness

Quasi-steady ground effect for two-blade propeller
over flat smooth surfaces
The most fundamental study on ground effect focuses on a
two-blade rotor in hover over a solid flat surface. In this
quasi-steady state, ground effect is more evident than in
other flight modes, such as forward flight.11,29–31 In 1955,
Cheeseman and Bennett11 proposed a model to estimate

the ground effect ratio, which has been used extensively
to compensate for ground effect.20–23,32 The model is
derived analytically from the method of images and is con-
firmed to be reasonably accurate using empirical helicopter
thrust data. Using thrust data, the ground effect ratio was
calculated based on the height of the vehicle above the
ground, z, and the radius of the propeller R. The ratio
between the IGE and OGE thrust is given by

KG = TIGE
TOGE

= 1

1− R2

16z2

, for, z/R > 0.5. (1)

Note that in equation (1), z/R ≤ 0.5 would be impractical
since the helicopter fuselage would create an obstruction.

Another widely popular GE model was proposed by
Leishman,12 Eberhart,16 Bernard et al.,32 Hayden,33

Pulla,34 and Light,35

KG = 1

0.9926+ 0.0379(2R/z)2
. (2)

This model has been noted to over predict the amount of
IGE thrust.12 Similar to equation (1), Hayden’s relationship
contains heights that result in singularities.

In an attempt to characterize a more universal expres-
sion, an exponential model was developed by He et al.,18

He,36 and He and Leang,37 given by

KG = Cae
−Cbz/R + 1, (3)

where Ca and Cb are coefficients determined by blade
geometry. In a quick glance, the He et al., model lacks sin-
gularities due to the height where the GE thrust is finite,
such as when the height z = 0. This model is chosen in
this work because it has been shown to capture the GE
behavior with good accuracy and it has been effectively
used for GE compensation in flight control.18

In equation (3), coefficients Ca and Cb are functions of a
propeller’s geometry,18,37 where Ca is derived from blade
element theory and is expressed as

Ca =
������������������������
192Clα σθ0 + 9(Clα σ)

2
√

− 3Clα σ

32θ0 + 3Clα σ −
������������������������
192Clα σθ0 + 9(Clα σ)

2
√ , (4)

and Cb is empirically found to be

Cb = 0.92σ + 1.23, (5)

where Clα is the 2D lift-curve slope, σ is the propeller solid-
ity, and θ0 is the collective pitch angle. Moving forward, the
He et al., model will be developed to incorporate the impact
of aerodynamic surface roughness.

Aerodynamic surface roughness
The aerodynamic surface roughness is the height at which
wind speed over a surface theoretically becomes zero due

Kou et al. 3



to the shear stress or drag force over said surface. Often, it is
accompanied by a zero-plane displacement height, which is
manifested due to the density of roughness elements (RE)
causing a skimming effect in the airflow.38,39

Aerodynamic roughness is widely used in the meteoro-
logical community to describe the aerodynamics of complex
geometries and terrain features in a succinct way.40–47 In
statically-neutral conditions, the relationship between wind
speed and the ground’s aerodynamic properties is given by

u(z)

u∗
= 1

κ
ln

z− zd
z0

( )
, (6)

where u(z) is the mean wind speed at height z above the
ground plane, u∗ is the shear velocity or friction velocity,
which is a representation of the shear stress over a given sur-
face in units of speed, κ is the von Karman constant usually
taken to be κ ∈ [0.35, 0.4], z0 is the aerodynamic roughness
length parameter, and zd is the zero-plane displacement
height.38

Although the aerodynamic roughness can be quickly cal-
culated using wind speed measurements, there have been
many attempts to characterize the length in terms of more
easily observable geometric parameters, however, cur-
rently, all expressions for roughness and displacement
height are purely empirical and rely heavily on RE of
roughly the same size and shape.40,41,44,45,48,49

While equation (6) is mainly used for wind speed profiles
over large terrain, the same velocity profile has been
observed on smaller scales. Nikuradse,50 and later Gul and
Ganapathisubramani,51 observed similar logarithmic velocity
profiles in fluid pipe flow experiments. Roughness was arti-
ficially created by gluing sand grains to the inside of the
pipes. Perry et al.52 expanded the understanding of velocity
profiles over rough surfaces by introducing the concepts of
d-type and k-type roughness. Examples are shown in
Figure 3, where d-type roughness (Figure 3(a)) involves
RE packed tightly together and results in the skimming effect
mentioned earlier. The k-type roughness (Figure 3(b)) takes
place when the RE have ample spacing between themselves
so that the eddies formed are shed with the main flow.

In both types of roughness, extrapolation of the loga-
rithmic flow profile shows a theoretical zero velocity
above the ground plane correlating to an aerodynamic
roughness and zero-plane displacement height. However,
in d-type roughness, the zero-plane displacement height
would play a larger role in determining the flow profile,
whereas in k-type roughness the displacement height is
minimal in effect.

Nondimensional model
The Buckingham Π Theorem is often used to formulate a
nondimensional relationship for any physical phenom-
enon by considering key variables relating to geometric
characteristics, material properties, and external effects,
such as velocity or forces.53 For GE thrust analysis in
the presence of surface roughness, key variables can be
found by considering properties of the surface, rotor,
and air. The key (repeating and non-repeating) variables
for the nondimensional analysis are summarized in
Table 1.

The IGE thrust, TIGE, is chosen as the variable of interest.
The first variable important to the IGE thrust is the distance,
z, between the rotor and ground planes. Because of their
wide application for describing surface roughness on mul-
tiple scales and in various compositions, key variables relat-
ing to the surface are the aerodynamic roughness, z0, and
zero-plane displacement height, zd . The most important
rotor variable is the radius, R. Other key rotor variables
have previously been identified in He et al.,18 He,36 and
He and Leang37 and include the collective pitch θ0, chord
length c, and 2D lift-curve slope Clα . In other notable works,
a propeller pitch γ, in units of distance, is used in lieu of the
closely related collective pitch.28,54–56 The last group of
variables relate to the air itself, including the induced vel-
ocity on the air by the rotor vi, the density of the air ρ,
and dynamic viscosity μ.

Figure 3. Example of (a) d-type and (b) k-type roughness.

Table 1. Key variables used in nondimensional analysis for a
two-blade propeller in IGE hover over a rough surface.

Repeating variable Symbol Unit

Radius R cm
Induced Velocity vi m/s
Fluid density ρ kg/m3

Non-repeating variable Symbol Unit Π group
IGE thrust TIGE N Π1 = TIGE/ρR2v2i
Height above surface z m Π2 = z/R
Aerodynamic roughness z0 mm Π3 = z0/R
Zero-plane displacement zd mm Π4 = zd/R
Collective rotor pitch θ rad Π5 = θ0
Chord length c cm Π6 = c/R
2D lift-curve slope Clα rad−1 Π7 = Clα
Fluid viscosity μ Kg/ms Π8 = μ/ρviR
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The OGE thrust value can be rewritten as a function of
the rotor radius, induced velocity, and fluid density using
momentum theory,12

TOGE = 2ρπR2v2i . (7)

These three variables can conveniently be used as repeating
variables to nondimensionalize the other variables. The
resulting Π groups are summarized in Table 1. From
them, a relationship for the IGE thrust ratio can be
expressed as

TIGE
TOGE

= TIGE
ρR2v2i

= ϕ
z

R
,
z0
R
,
zd
R
, θ0,

c

R
, Clα ,

ρviR

μ

( )
, (8)

where each term from left to right represents Π groups 1-8
sequentially and ϕ is the function relating Π group 1 to the
others. It is of note that Π group 8 has been inverted here to
depict the rotor Reynolds number in a more traditional form.

Ground effect model for surface roughness
Aerodynamic roughness, z0, and zero-plane displacement
height, zd , are surface roughness parameters that quantify
the aerodynamic interactions between a rough ground and
the fluid flow over it. These two parameters represent the
height of the momentum sink in the fluid flow above a sur-
face.57,58 Similar to wind flowing over a terrain, it is
hypothesized that these heights also act as a momentum
sink to the rotor wake that interfaces with the ground, and
thus, these height parameters alter the effective distance
between the propeller and ground. As shown in
Figure 2(b), a new effective height above ground, z′, can
be calculated after knowing the roughness and displacement
height values. Extending this to the GE thrust ratio model
(equation (3)), the proposed model that incorporates surface
roughness is

KG = T (z)

T∞
= Cae

−Cbz′/R + 1, (9)

where the coefficients Ca and Cb are the same ones used in

equation (3) and z′ is defined as

z′ = z− z0 − zd. (10)

The proposed model assumes a generally homogeneous dis-
tribution of roughness and is applicable to quasi-steady
hover for a two-blade propeller IGE.

Comparing the model, equations (9) and (10), to the non-
dimensional model in equation (8), the Π groups relating to
height and the aerodynamics of a surface, z/R, z0/R, and
zd/R, are present. Furthermore, Π groups 5-7, describing
the geometry of the propeller, can be found in the equations
defining coefficients Ca (equation (4)) and Cb (equation
(5)). It is noted that Π6 is represented as rotor solidity σ.
This parameter is the ratio of the blade area over the disk
area. Without loss of generality, a propeller can be thought
of as having a rectangular shape, thus solidity is

σ = NbcR

πR2
= Nbc

πR
. (11)

In this form, Π6 is present. Finally, Π8, the rotor Reynolds
number, is missing from the proposed model; however, it
has been shown that for small UAVs, the angular velocity
of the propeller has no significant effect on the ground effect
thrust ratio at speeds typical for flight.15 Assuming those
conditions are met, the rotor Reynolds number from the
nondimensional model can be discounted in the proposed
model without great consequence.

Experimental apparatuses
Two main experimental apparatuses were developed and
used to observe and quantify GE of a two-blade propeller
in quasi-steady hover over artificially-generated rough sur-
faces. First, the aerodynamic parameters of rough surfaces
were measured in a wind tunnel. Second, the GE thrust pro-
duced by propellers of varying size over rough surfaces
were measured.

Rough-surface elements
Rough surfaces were generated by mating RE composed of
LEGOTM bricks, arrayed in a grid pattern, to a LEGO base
plate. Individual blocks, representing the RE, had dimensions
of roughly 32-mm length by 32-mm width by 38.4-mm
height, excluding the height of the studs. The spacing, D,
of adjacent blocks was varied to provide surfaces with reli-
ably differing roughness values. Adjacent blocks were
spaced 32, 64, 96, and 128-mm apart. A fifth surface covered
only with LEGO base plates and no blocks was also tested.
Finally, a flat concrete surface was used as a control surface.

Wind tunnel test facility and conditions
Surface roughness experiments were performed in an open
circuit tunnel, as shown in Figure 4. A fan in the rear draws

Figure 4. Exterior view of the open-circuit wind tunnel setup.
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air into the inlet, then moves the air through the honeycomb
straighteners and settling chamber for flow conditioning
before flowing over the test setup. A pitot tube was used
to capture the logarithmic wind-speed profile over each
test surface by taking wind-speed measurements at varying
heights above the RE.

To properly create the logarithmic wind-speed profile
required to calculate the aerodynamic roughness of each
surface, a fully developed turbulent flow that simulates an
atmospheric boundary layer (ABL) is required.53,59 The
method Counihan60 established was shown to create flow
conditions similar to the ABL inside a wind tunnel with
no major spanwise variation and his method was employed
here. Figure 5 is a view of the interior setup; showing vortex
generators and a barrier wall used to create artificial ABL
conditions over the fetch of RE. Static conditions in the
wind tunnel were neutral (i.e., no buoyancy) and the lowest
height probed was no less than 1.5 to 2 times the average
height of the RE as stipulated by Macdonald et al.41 and
Wiernga.47 A combination of a barrier and vortex generators
(VG) were used to “trip” the airflow (see Figure 5). The vor-
tex generators (VGs) take the shape of a quarter-elliptical
wedge with an angle between 5 and 6 degrees. The height
of the VGs can vary, but determines the approximate height
of the modeled ABL.60,61 Vortex generators were spaced 0.5
to 0.6 times the height of the generators from each other. The
barrier wall was 1/8 the height of the VGs and placed no
more than about 5/6 the height of the VGs in front of the
VGs. The fetch required was at least 4 to 5 boundary-layer
heights.

Details of test propellers
Six commercial-off-the-shelf (COTS) two-blade carbon
fiber propellers of varying sizes were tested. The specifica-
tions for each propeller are found in Table 2, where each
propeller has an associated reference number indicated by
“ID No.”. Size indicates the manufacturer’s designated pro-
peller size where the number preceding the “x” is the

propeller diameter, the number after is the propeller pitch,
both in units of inches, and “L” indicates a clockwise-rotat-
ing propeller. In Table 2, R denotes propeller radius, c is
average cord length, θ0 is collective pitch, and Clα is the
2D-lift curve slope. The 2D lift-curve slope Clα was calcu-
lated from GE thrust data collected over a smooth flat sur-
face (curve-fit parameter) and using equation (4).

Ground effect measurement Process
The GE phenomenon can be observed by comparing IGE
and near-OGE (NOGE) thrust values. To measure propeller
thrust values, a custom ground effect test stand, shown in
Figure 6, was designed and built which automatically raises
and lowers an attached propeller to specified heights before
activating the propeller, taking measurements, and remotely
reporting subsequent average thrust values to a nearby com-
puter for post-processing and analysis. Propeller thrust
values were measured using a lever-type mechanism where
the propeller is on one end and a load cell resides on the
other as shown in Figure 6.

Similar to Figure 2(b), a propeller actuated over a test
surface made up of a block array, is taken from heights
within the GE region to NOGE heights. A relatively smooth
and flat concrete surface below the propeller, was used as a
control surface (see Figure 2(a)). To capture the GE profile,
thrust values from a propeller under test were measured at
incremental heights over each test surface. The ground
effect test stand was set to bring a propeller to specified
heights depending on the radius of the propeller under
test to ensure both IGE and NOGE thrust values were mea-
sured. Previous studies have shown that for propellers of
radius R, the IGE region occurs at heights, z, roughly less
than 2 times that of the propeller’s radius, hence
z/R ≲ 2.12,24,25 In this work, the maximum heights chosen
were roughly 3 times that of the propeller radius, while the
minimum heights chosen were approximately 2 times that
of an single RE to minimize the impact of individual RE.

Following conclusions drawn from He and Leang,15 and
Bernard et al.,62 the angular velocity rather than applied
power was kept constant. This was accomplished by speci-
fying pulse-width modulation signals to the motor

Figure 5. Experimental setup from inside the wind tunnel facing
the inlet.

Table 2. Specifications for six propellers used during ground
effect measurement experiments.

ID
No. Size

R
(cm)

c
(cm)

θ0
(deg.)

Clα (N/(degree angle
of attack))

16 16×5.4L 20.32 3.09 9.3 2.87
15 15×5L 19.05 2.89 10.2 3.43
14 14×4.8L 17.78 2.66 9.5 3.16
13 13×4.4L 16.51 2.46 9.3 3.29
11 11×3.7L 13.97 2.27 9.3 4.07
9 9×3L 11.43 1.73 9.3 8.12
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electronic speed controller. It is of note, that while trad-
itional ground effect experiments either focus on main-
taining constant thrust or power, it has been shown
experimentally, that for small rotorcraft such as small
UAVs, applying constant angular velocity, rather than
power, can result in accurate IGE thrust ratio
measurements.15,24,62

Results, analysis, and discussion

Wind tunnel results
The results acquired in the wind tunnel include the wind-
speed measurements, aerodynamic roughness, and dis-
placement height. The wind speed measurements at various
heights over each test surface were fitted to equation (6) to
estimate the aerodynamic roughness and displacement height
values. An example using the measurements from the surface

with RE spaced 128 mm apart is plotted in Figure 7. The full
summary of values calculated for each test surface is given in
Table 3, as well as the estimated values using empirical mod-
els found in Grimmond and Oke,40 Lettau44 and Kutzbach.49

While estimating z0 and zd , the impact of studs on the blocks
and LEGO plates were considered negligible due to their
small size relative to the blocks themselves. On the LEGO
plate surface without block elements, the studs were used
to determine the estimates. The flat cement control surface,
while not measured in wind tunnel experiments, is assumed
to be aerodynamically smooth.

Estimates using methods from Grimmond and Oke,40

Lettau44 and Kutzbach.49 are based on either the plan
area index, the ratio of RE plan area to the total area cov-
ered, or the frontal area index, the ratio of RE facial area
normal to the direction of airflow to the total area covered.
As shown by Grimmond and Oke,40 there exists a sizeable
margin of reasonable roughness parameters for any given
plan area or frontal area index. Comparing the measured
roughness parameters to the calculated estimates, it can
be seen that they are within the order of magnitude from
one another. Given that the scale is in millimeters and
combining it with,40 the values measured from experi-
ments are fair.

It is worth noting that the use of LEGO blocks creates a
rather homogeneous surface pattern resulting in a uniform
roughness. Real world surface roughness will have loca-
lized variations depending on their surface composition.
This study seeks to limit such factors so that the effect of
surface roughness can be studied in a more direct manner.

Ground effect results
The ground-effect profile can be easily visualized as rotor
thrust ratios at different heights. Figure 8 shows the results
of the measured GE thrust ratio at the sampled heights over
the surfaces with RE spaced 32 and 96 mm apart compared
to the surfaces without roughness elements and without the
studded plates for propeller 16. It illustrates a common
theme: generally, as the roughness (z0 + zd) increases, the
thrust ratio increases.

Figure 6. Experimental setup for ground effect measurement
along the z-axis.

Figure 7. An example of wind tunnel measurements fitted to
equation (6) for the surface with RE spaced 128-mm apart.

Table 3. Comparison between measured values for aerodynamic
roughness z0 and zero-plane displacement height zd and
estimations found using formulas derived empirically by kutzbach
(Ku),49 lettau (Le),44 and counihan (Co)40 for each test surface. NE
denotes no elements.

D
(mm)

z0
(mm)

z0,Ku
(mm)

z0,Le
(mm)

zd
(mm)

zd,Ku
(mm)

zd,Co
(mm)

32 4.18 8.02 5.76 12.45 25.69 11.91
64 3.68 3.21 2.56 4.19 20.30 4.30
96 2.12 1.67 1.44 1.79 17.18 1.64
128 1.14 1.01 0.92 0.49 15.10 0.41
NE 0.37 0.38 0.10 0.00 1.11 0.57
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The measured ground effect thrust ratios, across all sur-
faces, decrease exponentially as the height of the propeller
from the surface increases. In fact, the underlying character-
istic relationship between the thrust ratio and propeller
height is exponential of the same form as the model in equa-
tion (3). Motivated by this observation, the following form
is used to quantify the effect of surface roughness on the GE
thrust ratio:

KG = Cαe
−Cβz/R + 1. (12)

In model equation (3), the coefficients Ca and Cb are
defined by the geometry of the propeller. For the model
equation (12), the coefficients Cα and Cβ physically
represent the maximum GE increment and distribution of
GE over height, respectively. These coefficients parameter-
ize the exponential form of the model and can be empiric-
ally determined from measured data. For example,
Figures 9 and 10 show the calculated Cα and Cβ values,
respectively, from measured ground effect thrust ratios for
each propeller over each test surface.

Comparing the standard deviations of the GE coeffi-
cients between the different propellers, it is first concluded
that propellers 9 and 11 have significant outliers not ideal
for further analysis. This may be due to the lack of sensitiv-
ity of the instruments used in observing ground effect at the
smaller scale. The analysis to validate the proposed model
will focus on the results obtained from the larger propellers,
namely propellers 13 to 16.

Statistical analysis and discussion
From Figures 9(a)-(d), it can be seen that surfaces with
increased roughness generally correlate with higher max-
imum increases in ground effect, and as mentioned, the
smaller the propeller, the less the trend is visible, as illu-
strated in Figures 9(e) and (f). This is especially apparent
when data from each propeller is plotted on the same graph,
as in Figure 11. Statistical analysis was performed between

the datasets for each propeller to determine whether or not
this observation is supported. Student’s t-tests were used to
compare the means of each dataset. Student’s t-tests are an
established method to determine whether the means of the
test datasets were significantly different from the control
or not.63 A p-value is the probability of obtaining results
equal to or more extreme than the observed data.64 The cal-
culated p-values between each test dataset and the control
are presented in Table 4. Using a typical alpha-value of
0.05, it can be seen that there were significantly different
means for datasets from rougher surfaces, and the results
in Figures 9(a)-(d) confirm that the difference between the
control and a rough surface is negative. Additionally,
Table 4 shows that p-values generally decrease as the aero-
dynamic roughness of a surface increases. This translates to
the probability that the average maximum increase in
ground effect between the control and test surfaces were
significantly different increases as roughness increases.
The results of the t-test largely confirm that surfaces with
higher roughness results in higher maximum increases to
the ground effect observed.

The next question to answer is whether the proposed
model can accurately predict the increase. Using the pro-
posed model, equation (9), and the model for IGE thrust
over a solid flat surface, equation (3), an expected increase
in Cα due to a rough surface can be calculated for each data-
set. Subtracting the predicted increase from each observa-
tion results in an adjusted dataset for each test surface
which can be shown to be equivalent to the control surface.

T-tests were used to confirm whether or not the differ-
ence between the control and adjusted values are significant
(Table 5). Rough surfaces with means previously shown to
be significantly different than the control no longer support
the same conclusion. Additionally, the p-values from the
adjusted data no longer follow a decreasing trend with
higher roughness. A single outlier correlates to propeller
15 over the surface with elements spaced 128-mm apart.

The proposed model’s predicted Cα values can be com-
pared graphically to the average measured Cα values (as
shown in Figure 12). A linear regression of the data gives

y = 0.02+ 0.97x

with a R2 value of 0.74.
According to the proposed model, the distribution of

ground effect strength over height, encapsulated in coeffi-
cient Cβ, should not change with roughness because the
exponential term accounts for surface roughness using an
adjusted height found in equation (10). The Cβ values for
each test surface is compared to the control Cb by calculat-
ing the associated p-values (Table 6). Using an alpha value
of 0.05, results indicate that some of the measured mean Cβ

values were significantly different from that of the control.
The p-values do not highlight any immediate trends con-
necting Cβ to roughness or D/R. There are statistically dif-
ferent Cβ means to the surfaces with blocks spaced 64- and

Figure 8. Measured IGE thrust ratios across the array of
sampled heights over surfaces of varying roughness for propeller
16. Surfaces selected for display were limited for clarity.
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128-mm apart, however, the other surfaces don’t share that
observation. The trend of statistically different means don’t
follow a consistent pattern of decreasing Cβs as D/R
decreases. This could indicate there is more to the discrep-
ancy than solely D/R, however, more research into the
underlying causes of Cβ is needed. The rest of this paper
will focus on Cα, which provides more insights.

Predicted GE thrust ratios can be compared with the
recorded data. The root-mean-squared error (RMSE) and
maximum error can be calculated and used as a metric to
evaluate the accuracy of the proposed model as a whole.
The RMS and maximum errors for each propeller over
each test surface are shown in Tables 7 and 8, respectively,
and reported as a percentage of the mean measured data.
The RMSE averaged over all figures is 0.90% and the aver-
age maximum error is 2.39%. The standard deviation aver-
aged over all test datasets is 0.83%. The average RMSE is

well below 2 standard deviations and the average max error
is within 3 standard deviations. This indicates that the pro-
posed model’s predictions are within the natural noise of the
observed GE. In general, the errors are quite low. The
results strongly suggest that the proposed model can accur-
ately predict the strength of ground effect over rough sur-
faces, despite observed statistically significant differences
in the Cβ and Cb coefficients.

Nondimensional analysis and discussion
The theory of models can be applied to further validate the
proposed GE model. Let the physical model be propeller 16
in quasi-steady IGE hover over the surface with blocks
spaced 32-mm apart and let the physical systems to be pre-
dicted be the propellers 13, 14, and 15, also in quasi-steady
IGE hover over the same block array. The nondimensional

Figure 9. The calculated GE Cα coefficient from measured GE thrust ratios, through equation (12), for different propellers: (a) ID No.
16, (b) ID No. 15, (c) ID No. 14, (d) ID No. 13, (e) ID No. 11, and (f) ID No. 9.
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relationship governing both model and physical systems is
captured in equation (8). Attempts to match the Π groups to
meet similarity conditions quickly demonstrate that they

cannot be met individually. A distorted model will be
used instead, hence

TIGE
ρR2v2i

≈ ϕ′ z− (z0 + zd)

R
, Ca, Cb

( )
. (13)

Figure 10. The calculated GE Cβ coefficient from measured GE thrust ratios, through equation (12), for different propellers: (a) ID
No. 16, (b) ID No. 15, (c) ID No. 14, (d) ID No. 13, (e) ID No. 11, and (f) ID No. 9.

Figure 11. Combined measured GE Cα coefficients from
propellers 16, 15, 14, and 13 plotted against D/R.

Table 4. The p-values from the results of student t-tests
comparing the average Cα values of the control to each test
dataset.

Distance between RE D.

ID No. NE 128 mm 96 mm 64 mm 32 mm

16 0.82 0.27 0.08 0.01 0.00
15 0.43 0.07 0.05 0.02 0.00
14 0.58 0.44 0.20 0.29 0.04
13 0.20 0.92 0.74 0.07 0.11
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In the distorted model, a single composite dimensionless
height term is used in lieu of the Π groups 2 through
4. Equations (4) and (5) show that coefficients Ca and Cb

are functions of Π groups 5 through 7, thus Ca and Cb are
used to represent blade geometry in the distorted model.
Finally, assuming typical rotor speeds for a small UAV
are used, the rotor Reynolds number can be excluded
because inflow velocity and rotor angular velocity have a
direct relationship to each other.12

To meet similarity conditions, the same range of dimen-
sionless heights, per the distorted model, were used while
conducting analysis for each of the models and system pro-
pellers. T-tests between measured model coefficients Ca

and Cb and those of the physical systems, were conducted
to show the differences were not significantly different.
The resulting p-values from the t-tests are shown in Table 9.

The GE thrust ratios over a meaningful range of dimen-
sionless heights were calculated using the proposed model,
equation (9), for the model and physical systems under
observation (Figure 13). Initial consideration of the datasets
suggest model and physical system closely mirror each
other as expected from the application of the theory of

models. More thorough analysis using T-tests, with an
alpha value of 0.05, to compare the datasets at each dimen-
sionless height between model and the physical systems
indicates no significant differences. The only exception
being the results encapsulated in the box shown in
Figure 13 (a), which correlates to propeller 15. This may
be ascribed to its Ca and Cb coefficients. Per Table 9, pro-
peller 15 has the highest probability in having a significant
difference between model and physical system values.

Table 5. The p-values of the student t-test comparing the
control Cα values to that of the adjusted datasets based on the
expected increase from equation (9).

Distance between RE D.

ID No. NE 128 mm 96 mm 64 mm 32 mm

16 0.91 0.13 0.42 0.40 0.10
15 0.34 0.02 0.44 0.23 0.53
14 0.52 0.26 0.88 0.24 0.41
13 0.22 0.65 0.72 0.41 0.43

Figure 12. Regression analysis comparing the proposed model’s
predicted maximum increase in ground effect Cα to the measured
averages of each surface for each propeller.

Table 6. The p-values of the student’s t-test comparing the
average Cβ values of the control to each test dataset.

Distance between RE D.

ID No. NE 128 mm 96 mm 64 mm 32 mm

16 0.78 0.00 0.71 0.02 0.12
15 0.62 0.00 0.73 0.00 0.07
14 0.97 0.33 0.88 0.04 0.09
13 0.21 0.68 0.99 0.93 0.09

Table 7. The root-mean-squared error (RMSE) of thrust ratios
calculated from the proposed model compared with the actual
data measured over each dataset, as a percentage of the mean
measured data.

Distance between RE D.

ID No. NE 128 mm 96 mm 64 mm 32 mm

16 0.30 1.48 0.47 1.04 1.28
15 0.58 0.72 1.66 0.95 1.23
14 0.75 1.62 0.27 1.11 1.01
13 0.69 0.36 0.58 0.87 1.09

Table 8. The maximum thrust ratio errors from the proposed
model compared to the actual data measured over each dataset, as
a percentage of the mean measured data.

Distance between RE D

ID No. NE 128 mm 96 mm 64 mm 32 mm

16 0.51 4.66 1.09 2.31 3.22
15 1.36 1.99 6.03 2.33 2.81
14 1.78 6.13 0.46 2.41 2.56
13 1.06 1.04 1.13 2.22 2.75

Table 9. The p-values of t-tests comparing the Ca and Cb
coefficients between model (propeller 16) and physical systems
(propellers 13, 14, and 15).

ID No. Ca Cb

13 0.42 0.88
14 0.60 0.94
15 0.30 0.25
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Dimensions from Table 2 show that propeller 15 has a rela-
tively higher pitch angle and 2D-lift curve slope than the
others, which contributes to the Ca coefficient. The Cb coef-
ficient, however, is an empirical function of the dimension-
less chord length. A further investigation into the governing
parameters of Cb could explain the difference.

Since commercially available propellers with fixed
dimensions were used, the similarity conditions were
more difficult to meet; however, the nondimensional ana-
lysis conducted provides justifiable results that support
the proposed model.

Connection to partial ground effect
As previously mentioned, the surfaces used in this study
have a homogeneous layout. Consider the following, since
previous studies have shown that partial ground effect
(PGE) is, intuitively, the percentage of the total IGE that
interacts with the rotor’s wake.24,27 The principles of PGE
for the surfaces in this study may be applied such that at
height z the total GE thrust ratio is

KG,total(z) = (1− λp)KG(z)+ λpKG(z+ h), (14)

Figure 13. Application of the theory of models comparing propeller 16, as the model, against propellers 15, 14, and 13, as the physical
systems, hovering IGE over the surface with adjacent blocks spaced 32-mm apart. (a) Comparison between propellers 16 and 15.
Datasets within the orange box indicates the null hypothesis was rejected. (b) Comparison between propellers 16 and 14. (c)
Comparison between propellers 16 and 13.
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where KG is the GE thrust ratio over a smooth flat surface
and λp is the plan area aspect ratio or percentage of the
plan area covered by REs of height h. If applied to each sur-
face for each propeller then compared to the average mea-
sured data, the average RMSE is 0.007% with the highest
being 0.06%. The results show that using PGE is accurate.
However, many real world surfaces are not so rigidly homo-
geneous. This work shows a viable alternative to determine
IGE where the factors for PGE are not so easily defined.

Conclusions
This paper first investigated the effects of surface roughness
on IGE. Next, a nondimensional IGE model that incorpo-
rates the aerodynamic roughness length and zero-plane dis-
placement height was described. Experiments were
performed to validate the proposed model’s accuracy,
where the aerodynamic parameters for artificially-rough
surfaces were gathered and the strength of the ground effect
over each test surface was measured using multiple COTS
propellers of varying sizes. Ground effect test results
showed that aerodynamically rougher surfaces corre-
sponded to higher IGE thrust. Statistical analysis of the
results confirm the accuracy of the proposed model. The
average RMSE found for all experiments was 0.90% and
the averaged maximum error was 2.39%, both within the
natural noise of the observed GE. Finally, nondimensional
analysis confirmed that where similarity conditions are
met, the proposed model follows theoretical projections.
The work done here has greater implications for more
accurate GE compensation over rough surfaces and
improvements in UAV motion control, navigation, and
design.
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