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Article History:  Abstract. The general objective of this paper is to present the initial results obtained as an outcome of ap-
plying a coupled Experimentally Derived – Blade Element Momentum Theory (BEMT) model for evaluating the 
airflow-defining parameters of a hovering helicopter rotor close to obstacles and making performance predic-
tions. Several empirical models are described, and proper comparison with the experimentally obtained data 
is conducted. In detail, the characterization of the rotor inflow ratio (λ), when operating at fixed rotational fre-
quency (n), at different relative distances to the ground (H/R), varying the pitching angle (θ) is discussed. The 
dependencies show an increase in the rotor inflow ratio parameter (λ), when increasing the collective pitch 
angle (θ) in hovering regime at fixed constant relative distance to the ground surface (H/R). On the contrary, 
the inflow ratio (λ) is experiencing a decline once the helicopter rotor operates closer to the ground surface. 
Moreover, the inflow ratio characterization (λ) along the blade span can be applied to the total generated 
thrust (T). As a result, the corresponding thrust coefficients (CT) are calculated and graphically represented. 
The overall characterization of the thrust coefficients (CT) will allow the definition of the ground effect zone.
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1. Introduction 

Researching helicopter rotor performance during lifting off 
and landing has been an intriguing topic since the begin-
ning of the extensive technical application and usage of ro-
tary-wing machines. Performing aerodynamic performance 
prediction in different regimes and especially during lifting 
off is important for properly controlling the rotorcraft. Mo-
tivated by the Sikorsky human-powered helicopter compe-
tition, Gilad, Chopra, and Rand performed a study aimed 
to quantify the effect of the ground surface on the hover-
ing rotor both experimentally and numerically (Gilad et al., 
2011). The correlations between the coefficients of thrust 
(CT) and power (CP), varying the rotational frequency (n) 
have been numerically validated via rigid prescribed wake, 
blade element aerodynamic model, and finite-element 
structural model coupled together (Gilad et al., 2011). In 
detail, Nagaraj et al. (2021) introduced the design scheme 
and the aerodynamics characteristics of Gamera – the hu-
man powered helicopter. Full characterization of the rotor 
performance in ground effect conditions is presented both 
numerically and experimentally, including the derivation of 
the required power (Nagaraj et al., 2021). Free wake analy-
sis via CAMRADII is being applied to study helicopter rotor 
behavior in Martian conditions by Koning et al. (2019). The 

Martian atmosphere is accountable for the reduction in 
the lift force and the efficiency of relatively small rotors 
operating at low Reynolds numbers. Graphical representa-
tion of the figure of merit and dependencies between the 
coefficients of power (CP) and the coefficients of thrust 
(CT) are derived and compared with experimentally ob-
tained data (Koning et al., 2019). 

In addition, Griffiths et al. (2005) introduced a free-
vortex wake model based on the methods of images and 
surface singularity method for making airscrew perfor-
mance predictions in ground effect, both in hover and in 
forward flight. The free-vortex prescription confirms the ex-
perimental trends for the rotor performance in the ground 
effect zone as a function of the ground proximity and the 
forward speed (Griffiths et al., 2005). As an outcome of 
the observed differences between the relaxation and time-
marching free vortex wake results, the authors concluded 
that the flow in the ground effect zone is aperiodic (Grif-
fiths et al., 2005). A computational model, suited to take 
into consideration the vortical structures in the rotor wake, 
which require many revolutions to develop, is applied by 
Brown and Whitehouse. The applied computational model 
confirms the experimental measurements and clearly illus-
trates that the helicopter rotor flow in ground effect under-
goes different flow states as the helicopter rotor forward 
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speed increases (Brown & Whitehouse, 2004). The other 
flow states are represented through a connective instabil-
ity of the vortex sheet, generated on the ground plane, 
providing an essential understanding of the rotor thrust 
and power characteristics (Brown & Whitehouse, 2004). 
Moreover, Khromov and Rand (2008) presented rotor wake 
modelling in and out of the ground effect zone for forward 
and axial flight. The proposed methodology includes ro-
tor upwash modelling in the rotational plane and allows 
the determination of the helicopter rotor flight dynamics 
characteristics in both conditions (Khromov & Rand, 2008). 

An experimental study of UAV propeller performance 
close to obstacles has been conducted by Georgiev et al. 
(2022). Presented dependencies quantify the correlation 
between the generated thrust (T) and power required (P) 
in the ground effect zone. Researchers observed an in-
crease in the generated thrust (T) and a decline in the 
required power (P) once the propeller operates close to 
obstacles (Georgiev et al., 2022). The ground effect zone, 
where additional control actions might be required to en-
sure a safe landing, has been quantified. 

Additionally, Georgiev et al. (2024) evaluated a heli-
copter rotor performance in ground effect taking into 
consideration several variable parameters such as the 
collective pitch angle (θ) and the relative distance to the 
ground (H⁄R) (Georgiev et al., 2024). Researchers showed 
experimentally obtained general dependencies regard-
ing the rotor performance in hovering regime, including 
the generated thrust (T) vs. the rotational frequency (n) at 
fixed collective pitch angle (θ), varying the relative distance 
to the ground (H⁄R), and the torque required (Q) vs. the 
rotational frequency (n) for different relative distances to 
the ground (H⁄R) at a fixed collective pitch angle (θ). The 
corresponding coefficients have been evaluated and their 
dependencies have been depicted, (CT) and (CQ), respec-
tively (Georgiev et al., 2022). Moreover, the ground effect 
zone has been characterized. 

Wind tunnel measurements below and ahead of the 
helicopter’s main rotor in forward flight have been pre-
sented by Nathan and Green. The wind tunnel equipment 
includes a moving ground surface for the representation 
of the forward flight over the ground (Nathan & Green, 
2011). A study of the flow structures has been performed 
using a particle image velocimetry and a reduction in the 
wake is observed when including the moving ground sur-
face (Nathan & Green, 2011). Investigation of helicopter 
rotor handling qualities in ground effect has been con-
ducted by Hanker and Smith. Changes in helicopter forces 
and moments have been observed because of the changes 
in the main rotor thrust (Hanker & Smith, 1985). Moreover, 
an experimental study regarding the helicopter rotor flow 
field in ground effect is presented by Kutz et al. (2013) The 
wake trajectory has been obtained by introducing fog in 
the rotor disk for the sake of flow visualization by apply-
ing laser light and a high-speed camera (Kutz et al., 2013).

A description of helicopter aerodynamics in ground 
effect, presented in terms of performance effects is con-

ducted by Fradenburgh. An increase in thrust force (T) 
values when the rotor operates in the ground effect zone 
is presented and no additional power required (P) in the 
transitional mode from hover in ground effect to forward 
flight is characterized, as well (Fradenburgh, 1960). Eber-
hart and Wilhelm (2018) presented a coupled Empirical – 
BEMT code for a UAV propeller operating in ground effect. 
The code successfully predicts the thrust (T) and the coef-
ficient of thrust (CT), which is 33% higher in the ground 
effect zone (Eberhart & Wilhelm, 2018). A free wake model 
for predicting the hovering rotor performance in ground 
effect is recommended by Graber et al. (1991). As a result 
of its application, a good agreement for the coefficients 
of thrust (CT), validated with existing experimental results, 
is achieved and discrepancies regarding the torque (Q) 
values are presented (Graber et al., 1991). Further analysis 
describes correlation functions, which relate both the pa-
rameters in and out of the ground effect zone (Johnson, 
2019). These correlations include parameters, such as the 
inflow distribution ratio (λ), the rotor coefficient of thrust 
in the ground effect zone (CT), the airscrew solidity (σ), 
and the relative distance to the ground surface (H⁄R) and 
can be directly applied for finding both the coefficients of 
thrust (CT) and power (CP) in the ground effect zone (John-
son, 2019). Some of the models describe the connection 
via applying the blade element theory, including Cheese-
man and Bennett, while others use experimentally derived 
data for finding the correlation between the parameters 
in and out of the ground effect zone, such as the Uni-
versity of Maryland and Zbrozek models (Johnson, 2019). 
Implementation of the Cheeseman and Bennett model for 
validating experimental results in ground effect has been 
proposed by Conyers et al. (2018). A comparison between 
numerical and experimental results for several multirotor 
and single–rotor configurations has been presented (Co-
nyers et al., 2018). Findings show that the conventional 
model cannot be directly applied to the helicopter rotor 
in ground effect for several specific cases and a proper 
correction must be applied. 

Knight and Hefner presented a numerical study, aim-
ing to quantify the effect on the thrust (T) and torque 
(Q) of an airscrew, operating in ground effect conditions, 
based on the reflection method. An increase in the thrust 
force (T) values is observed when the rotor operates at a 
distance lower than one diameter to the ground surface. 
Results show that the torque values (Q) remain relatively 
constant, except for the very low distances to the ground 
(Knight & Hefner, 1941). Calculation of induced power 
values, when a helicopter rotor operates near the ground 
surface is quantified through applying a modified actua-
tor disk model (Lighthill, 1979). As a result, a decrease in 
the induced power values is observed in the ground ef-
fect zone in comparison with results for a rotor operating 
away from it. 

Implementation of BEMT model for aerodynamic anal-
ysis of newly designed micro air vehicles is suggested by 
Bohorquez et al. (2023). Figures of merit, dependencies 
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between the power (CP) and thrust (CT) coefficients have 
been drawn. Comparisons, taking into consideration ex-
perimentally obtained data and the numerically derived 
through applying a BEMT model, are shown. The model 
predicts an increase of 15% in the losses due to profile 
drag in comparison with a full-scale helicopter (Bohorquez 
et al., 2023).

Blade element momentum model modifications, based 
on numerical and experimental results, have been pro-
posed by Madsen et al. Deviations are observed both on 
the inner and the outer surface of the rotor model in com-
parison with other numerical simulations (Madsen et al., 
2007). On the inner surface, the BEM model overestimates 
the induction by neglecting the pressure term from rota-
tion, while on the outer surface, an underestimation is ob-
served due to the expansion of the stream tubes (Madsen 
et al., 2007).

Pulla and Conlisk (2007) presented lifting surface the-
ory and method of image algorithms coupled together 
for the sake of modelling the ground effect. Calcula-
tion of wake geometry for several forward flight speeds 
has been performed and compared with flow visualiza-
tion techniques (Pulla & Conlisk, 2007) for analyzing the 
helicopter rotor handling qualities. The handling qualities 
are considered to depend on the presence or absence of 
large unsteady fluctuations in the rotor wake due to in-
terference of the ground vortex with the helicopter rotor 
and the fuselage (Pulla & Conlisk, 2007). Helicopter rotor 
performance analysis in the ground effect zone, applying 
numerical, asymptotic, and flow structural techniques is 
presented by Purvis. The study includes analyzing differ-
ent configurations including 3-D analysis to investigate the 
flow structures (Purvis, 2002). Application of a flow solver 
which combines both the viscous particle method with a 
viscous ground model is applied for investigating the rotor 
wake interaction in ground effect. Generally, the applied 
viscous particle method is based on the Navier – Stokes 
equations and the grid-free Lagrangian formulation. In 
contrast, the viscous ground model is implemented to 
satisfy the no-slip boundary condition in the viscous par-
ticle method (Zhao & He, 2015). The flow solver is directly 
implemented in simulations for the sake of studying the 
rotor tip vortex dynamics, ground vortex formation, rotor 
hover performance, forward flight, and rotor outwash cal-
culations. Additionally, the authors investigated the effect 
of interference between the main and the tail rotors and 
the ground vortex on the tail rotor performance (Zhao & 
He, 2015).

Todorov et al. (2012) introduced a Blade Element Mo-
mentum model for aeroelastic studies of a helicopter rotor 
in hover. The aerodynamic model accounts for the evalu-
ation of aerodynamic forces, while it is coupled with the 
Finite Element Model for aeroelastic predictions. Moreo-
ver, the model represents the lift (L) and drag (D) forces 
distribution along the blade radius (R), considering the 
balance between time and accuracy (Todorov et al., 2012). 
Rotaru and Todorov (2017) analyzed the effect on the heli-

copter rotor efficiency, when it operates in ground effect. 
The authors prescribed an increased efficiency due to the 
interference with the ground, and a rise in the L/D ratio 
(Rotaru & Todorov, 2017).

The general objective of this study is to quantify nu-
merically the velocity distribution in the helicopter rotor 
plane of rotation for several operational cases when hov-
ering in ground effect conditions. The research objective 
will be completed by empirically correcting the inflow ratio 
distribution (λ) for the rotor rotational plane in the ap-
plied Blade Element – Momentum model. Taking off and 
landing from fields with limited areas such as rooftop 
helipads or air carriers require detailed research regarding 
the aerodynamic characteristics in the ground effect zone. 
The numerical quantification of ground effect will provide 
essential operational information regarding the helicopter 
rotor performance during take-off and landing, applicable 
to the design of flight controllers.

Specifically, the research tasks include a preliminary 
evaluation of the rotor inflow ratio (λ), varying the pitch 
angle (θ) and the relative distance to the ground ( H

R ) via 
applying a coupled empirical-blade element-momentum 
algorithm. The first step requires evaluation of the inflow 
ratio (λ) outside the ground effect zone for the whole set 
of pitching angles θ1 = 9°, θ2 = 12°, θ3 = 15°, θ4 = 18°, 
θ5 = 21°. Afterwards, the thrust coefficients (CT) can be 
directly evaluated, once the convergence tolerance has 
been achieved. Following the evaluation of the thrust co-
efficients (CT) for the hovering rotor outside the ground 
effect zone, an empirical correction in the inflow ratio (λ) 
is applied to take into consideration the effect on the in-
flow ratio (λ), when the rotor operates close to the ground 
surface. As a result, a preliminary quantification of the in-
flow ratio (λ) and the normalized thrust coefficient ( TC

σ
) 

varying the pitching angle (θ) and relative distance to the 
ground ( H

R ) are expected to be evaluated and compared 
with existing experimental data.

2. Blade Element Momentum Theory 
(BEMT) Model

The combination between the Blade Element and Momen-
tum Theory allows the calculation of the inflow ratio dis-
tribution (λ). The inflow ratio distribution can be derived 
by considering the Blade Element and Momentum Theory 
expressions for the differential coefficients of thrust (CT) in 
hover (Johnson, 2013). 

The differential coefficient of thrust (CT), derived by 
applying the Blade Element Theory, can be expressed by 
Equation (1) and Equation (2):

( ) ( )cos sinT L DdC dC dC= ϕ − ϕ ; (1) 

( ) 2  ,
2T
adC r drr

σ λ= θ −  (2) 

where dCL – denotes the blade element lift force coeffi-
cient, dCD – blade element drag force coefficient, φ –  in-
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duced angle of attack, σ – designates the rotor solidity, a – 
blade section two-dimensional lift-curve slope, r – blade 
radial coordinate, θ – blade pitch angle of each section, 
λ = λC + λi – inflow ratio, c

V
Rλ =

Ω
 – climb inflow ratio, 

iλ = R
u
Ω

 – induced inflow ratio, V: climb speed, u – in-
duced velocity (Leishman, 2006; Johnson, 2013).

Considering that the induced angles of attack (φ) re-
main relatively low, and the velocity vector U ≈ UT, the incre-
ment of the thrust coefficient (dCT) is (3) (Leishman, 2006):

( ) ( ) ( )

2

2 2 2

1
2

 
T L

T

U cC dy
dLdC

R RA R

 
ρ 

 = = =
ρ π Ωρ Ω

2
21 1 ,

2 2L L
c y y cC d C r dr
R R R R

     
=     π π     

 (3)

where ρ – air density, A – rotor disk area, Ω – rotational 
frequency, R – rotor radius, c – blade element chord, UT – 
in plane velocity component, y – blade element radial co-
ordinate.

The differential form of the thrust coefficient (CT), de-
rived from the Momentum Theory, can be expressed via 
Equation (4):

4T idC rdr= λλ . (4)

Taking into consideration and equating both the Blade 
Element and Momentum Theory expressions for the (CT) 
allows us to derive the following expression for the inflow 
distribution (λ) (Johnson, 2013):

2      0
8 8c
a a r

 σ σ
λ + − λ λ − θ = 

 
. (5) 

For the hovering regime (λc = 0) Equation (5) has the 
following solution (Equation (6)) (Johnson, 2013):

321 1
16

a r
a

 σ
λ = + θ − 

σ  
. (6) 

As a result, the coefficient of thrust (CT) can be cal-
culated by integrating the (dCT) values along the blade 
radius (r) (Equation (7)):

0

   
R

T TC dC dr= ∫ . (7) 

Following the evaluation of the thrust coefficient (CT), 
the differential power coefficient (CP) can be estimated, 
according to Equations (8) and (9) (Johnson, 2013):

( )2 3 
2 2

d
P

CadC r r r dr
 σσ

= λ θ − λ + 
  

, (8) 

where Cd – the blade element drag force coefficient.

3 
2

d
P T

C
dC dC r dr

σ
= λ + . (9) 

The total power coefficient (CP) can be evaluated by 
integrating the (dCP) values along the blade span (Equa-
tion (10)): 

0

   
R

P PC dC dr= ∫ . (10) 

3. Empirical models

Several empirical models have been developed by re-
searchers for making predictions regarding the aerody-
namic performance of rotors operating in ground effect 
conditions. Figure 1 represents empirical models, derived 
by different researchers, working in the field of helicopter 
rotor aerodynamics in ground effect. All the models repre-
sent the connection between the general aerodynamic pa-
rameters in and out of the ground effect zone, such as the 
thrust in and out-ground effect and the power required 
in both conditions. The data presented in Figure 1 (John-
son, 2019), illustrate the dependency between the relative 
thrust in and out of the ground effect zone ( T

T∞
) and the 

relative distance to the ground surface ( z
R ). The curves 

thereby show that the ground effect zone covers the ap-
proximate lengths between the ground surface and the 
rotor plane of rotation equal to 2R.

The closer to the ground the rotor operates, the higher 
decrease in the inflow distribution is observed, and a cor-
responding increase in the amount of the generated thrust 
can be measured or computed. A shift in the magnitude of 
the thrust can be observed from the dependencies derived 
by different researchers. The shift in the data originates 
from the base of each one of the empirical models and the 
parameters that they take into consideration. The Univer-
sity of Maryland model includes the application of polyno-
mial interpolation of experimentally measured data. Except 
for the University of Maryland, all the other models apply 
other type dependencies of different rank power, consid-
ering several parameters such as the rotor solidity (σ), the 
thrust coefficient (CT), the lift force curve gradient (a), and 

the relative distance to the ground surface ( gz
R ).

Empirical models are represented by means of the 
function (fg). The function (fg) expresses the correlation 
between the induced inflow ratio (λi) in the ground effect 
zone and out of it, and consequently the correlation be-
tween the thrust in both conditions, according to Equation 
(11) (Johnson, 2013): 

  i IGE g iOGEfλ = λ . (11) 

Figure 1. Relative Thrust (T⁄T∞) vs. Relative Distance to the 
Ground (z⁄R) according to different researchers (Johnson, 2013)
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The Zbrozek model is represented with the function 

Zbrozekgf , expressed by Equation (12) (Johnson, 2013):

( )

3/2

0.05440.9122 .
/

Zbrozekg
T

g

f
Cz R

−
 
 
 = +
 
 σ 

 (12) 

The Hayden model includes the function 
Haydengf , ac-

cording to Equation (13) (Johnson, 2013):
1

2
0.037940.9926

( / 2 )Haydeng
g

f
z R

−
 
 = +
 
 

. (13) 

The University of Maryland polynomial model is ex-
pressed via Equation (14) (Johnson, 2013):

2

3 4

  0.146 2.090 2.068

0.932 1.157 . 

UMD

g g
g

g g

z z
f

R R

z z
R R

   
   = + − +
   
   

   
   −
   
   

 (14) 

The Cheeseman and Bennett model can be derived via 
Equation (15), as follow (Johnson, 2013):

CBgf =
3

2
2

1[1 1.5 ] .
4

4

i

T g

a
C z

R

−σ λ
+

 
 
 
 

 (15) 

In Tables 1, 2, 3 and 4 comparisons between the ex-
perimentally obtained data and results derived by apply-
ing the empirical models represented above are shown 
for the sake of finding empirical corrections, which will be 
applied to the Blade Element – Momentum Model. In the 
tables below relative thrust force coefficients in and out 
of the ground effect zone CTIGE / CTOGE obtained through 
the application of Zbrozek, Hayden, UMD and Cheese-
man and Bennett models are illustrated along with the 
experimental results, varying the collective pitch angle 
(θ). Generally, the obtained results show that Hayden’s 
model provides better coverage with the experimental 
CTIGE / CTOGE ratio for collective pitch angles θ < 18°, 
while in the high pitch angles (θ) region the model does 
not provide good coverage. Conversely, Cheeseman and 

Table 1. Experimental and Zbrozek’s model relative thrust force coefficients CTIGE / CTOGE, varying the rotor’s collective 
pitch angle (θ) and the relative distance (H/R)

CTIGE / CTOGE Experimental and Empirical results by applying the Zbrozek model

H/R
θ1 = 9° θ2 = 12° θ4 = 18° θ5 = 21°

EXPT EMP EXPT EMP EXPT EMP EXPT EMP

2 1.00 1.65 1.00 1.50 1.00 1.40 1.00 1.35
1 1.25 2.25 1.18 1.90 1.20 1.75 1.17 1.65

0.5 1.75 3.20 1.40 2.80 1.25 2.40 1.21 2.40
0.25 2.10 5.10 1.70 4.40 1.20 4.00 1.18 3.90

Table 2. Experimental and Hayden’s model relative thrust force coefficients CTIGE / CTOGE, varying the rotor’s collective 
pitch angle (θ) and the relative distance (H/R)

CTIGE / CTOGE Experimental and Empirical results by applying the Hayden model

H/R
θ1 = 9° θ2 = 12° θ4 = 18° θ5 = 21°

EXPT EMP EXPT EMP EXPT EMP EXPT EMP

2 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00
1 1.25 1.15 1.18 1.14 1.20 1.13 1.17 1.13

0.5 1.75 1.44 1.40 1.41 1.25 1.36 1.21 1.35
0.25 2.10 2.26 1.70 2.25 1.20 2.25 1.18 2.30

Table 3. Experimental and UMD’s model relative thrust force coefficients CTIGE / CTOGE, varying the rotor’s collective pitch 
angle (θ) and the relative distance (H/R)

CTIGE / CTOGE Experimental and Empirical results by applying the UMD model
H/R θ1 = 9° θ2 = 12° θ4 = 18° θ5 = 21°

EXPT EMP EXPT EMP EXPT EMP EXPT EMP
2 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00
1 1.25 1.00 1.18 1.00 1.20 1.00 1.17 1.00

0.5 1.75 1.00 1.40 1.10 1.25 1.05 1.21 1.03
0.25 2.10 1.25 1.70 1.45 1.20 1.40 1.18 1.38



76 G. Georgiev. Blade element – momentum aerodynamic model of a helicopter rotor operating at low-Reynolds numbers in ground effect

Bennett’s model fits better to the experimental results 
in the high pitch angles region (θ > 18°) and does not 
provide good coverage in the low pitch angles zone (θ 
< 18°). 

Figure 2a, 2b and Figure 3a, 3b represent the depend-
encies between the relative thrust coefficients in and out-

ground effect zone ( IGE

OGE

T

T

C
C ) and the relative distances 

to the ground ( H
R ) as an outcome of applying some of 

Table 4. Experimental and Cheeseman and Bennett’s model relative thrust force coefficients CTIGE / CTOGE, varying the rotor’s 
collective pitch angle (θ) and the relative distance (H/R)

(CTIGE / CTOGE) Experimental and Empirical results by applying the Cheeseman and Bennett model

H/R
θ1 = 9° θ2 = 12° θ4 = 18° θ5 = 21°

EXPT EMP EXPT EMP EXPT EMP EXPT EMP

2 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00
1 1.25 1.10 1.18 1.10 1.20 1.08 1.17 1.07

0.5 1.75 1.20 1.40 1.12 1.25 1.10 1.21 1.10
0.25 2.10 1.25 1.70 1.18 1.20 1.24 1.18 1.22
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Figure 2. Relative thrust coefficient ( IGE

IGE

T

T

C
C ) vs. relative 

distance to the ground ( H
R ) experimentally derived and 

empirically evaluated: a – pitch angle θ1 = 9°; b – pitch angle 
θ2 = 12°
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C ) vs. relative 

distance to the ground ( H
R ) experimentally derived and 

empirically evaluated: a – pitch angle θ4 = 18°; b – pitch 
angle θ5 = 21°

the empirical models and part of the experimental results 
measured at rotational frequency n = 950 rpm varying the 
pitching angles as follows θ1 = 9°, θ2 = 12°, θ4 = 18° and 
θ5 = 21°, according the results presented in Tables above.

According to the presented correlations it can be con-
cluded that the Hayden empirical model can be applied 
for correcting the inflow for small pitching angles to up 
to θ4 = 18°, while the Cheeseman and Bennett model pro-
vides better coverage of the experimental curves for pitch-
ing angles θ4 > 18° in extreme ground effect conditions.
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In this computational case, the Hayden model is be-
ing applied for correcting the inflow distribution (λ) for 
the pitching angles θ4 < 18°, while the Cheeseman and 
Bennett model is applied for correcting the inflow dis-
tribution for pitching angles θ4 > 18° in extreme ground 
effect. 

4. Calculation methodology

The calculation methodology includes several steps re-
quired for the computation of rotor inflow ratio (λ) and the 
thrust force coefficients (CT), when the rotor operates at 
different relative distances to the ground surface ( H

R ), at 
different pitching angles (θ). Firstly, the aerodynamic char-
acteristics must be uploaded and properly implemented 
in the applied computational code. The following aerody-
namic characteristics have been defined: lift force coeffi-
cient (Cl) vs. the angle of attack (α), drag force coefficient 
(Cd) vs. the angle of attack (α), airfoil polar Cl (Cd), and 
the pitching moment coefficient (Cm) vs. angle of attack 
(α). The initial rotor geometry characteristics, the air pa-
rameters, and the finite number of elements, applied in the 
computational methodology, are represented in the sec-
ond and third sections of the algorithm, shown in Figure 4. 
The hovering state is defined through the weight force (W) 
and the tangential speed in the tip section (Vtip) of each 
blade. Finding the angle of attack distribution along the 
propeller blade span is essential for calculating the inflow 
distribution, a major defining parameter in the blade ele-
ment-momentum analysis. Once the inflow distribution is 
found, considering all the variable parameters, such as the 
collective pitch angle (θ), the coefficients of thrust (CT) can 

be evaluated for the out-ground effect conditions within 
the previously defined tolerance range. The calculation of 
the inflow distribution and consequently the thrust in out-
ground effect conditions can be used as a base for making 
predictions for the in-ground effect zone via applying a 
proper empirical correction. Hayden and Cheeseman and 
Bennet empirical models have been applied for correcting 
the inflow ratio (λ), according to section 2. As a result, 
once the coefficients are calculated for the whole set of 
testing conditions, the thrust coefficient (CT) dependency 
over the relative distance to ground ( H

R ) varying the col-
lective pitch angle (θ) can be plotted. 

5. Results

The application of the algorithm, presented in Figure 4, 
allows the velocity filed characterization around the heli-
copter rotor in terms of inflow ratio distribution (λ) evalu-
ated in the rotational plane. In Table 5, a full inflow ratio (λ) 
estimation for each individual blade element varying the 
blade collective pitch angle (θ) is presented for the hover-
ing helicopter in ground effect at a relative distance from 
the rotational plane to the ground surface 1H

R =  and 
for fixed rotational frequency n = 950 rpm. The thereby 
presented values clearly indicate the general trend of the 
inflow ratio (λ) distribution along the blade length for each 
individual pitch angle (θ): second order curves, reaching 
their maximums at approximate relative radial distance 

0.65r
R = . Moreover, an increase in in the blade collective 

pitch angle (θ) for every constant relative radial distance 
( r

R ), leads to a corresponding increase in the estimated 
inflow ratio values (λ).

Figure 5 represents the inflow distribution for the hov-
ering rotor in ground effect. All the curves presented in 
Figure 5 follow smooth trend without any high frequency 
fluctuations along the blade length. According to the gen-
eral theory, when the rotor operates at a fixed distance to 
the ground, an increase in the collective pitch angle (θ) 
leads to a corresponding increase in the inflow ratio (λ) 
at each individual blade element. For the smallest relative 
radial distance r/R = 0.1, the inflow ratio (λ) experiences 
an increase starting from 0.013 to 0.029 when increasing 
the blade element angle (θ) from θ1 = 9° to θ5 = 21°. At 
a relative distance r⁄R = 0.5, a rise in the inclination angle 
(θ), from θ1 = 9° to θ5 = 21°, produces a corresponding 
increase in the inflow ratio (λ) from approximately 0.041 
to 0.070, respectively. The largest inflow ratio (λ) incre-
ment can be observed at relative radial distance 0.9r

R = , 
when increasing the pitch angle (θ), where (λ) increases 
from approximately 0.031 at θ1 = 9° to 0.068 at θ5 = 21°. 
When the helicopter rotor operates with a rotational fre-
quency n = 950 rpm and hovers at a fixed relative distance 
H/R = 1 with collective pitch angle θ1 = 9°, the inflow 
ratio curve (λ) starts rising from 0.013 at r/R = 0.1 up to 
its maximum equal to 0.042 at approximate relative radial 
distance r/R = 0.60, then continues with a downward trend 

Figure 4. Computational algorithm. Flow diagram
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reaching the value of 0.031 at relative radial distance r/R = 
0.9. In addition, the inflow ratio curves (λ), for the collec-
tive pitch angle θ5 = 21° experience an increase, starting 
from 0.029 for relative radial distance r/R = 0.1 and soar-
ing up to 0.073 at relative radial distance r/R = 0.7, the 
highest value quantified in this study.

In Table 6 the inflow distribution values (λ) for the 
whole set of relative distances (H/R), fixed rotational fre-
quency n = 950 rpm and collective pitch angle θ4 = 18° are 
presented. According to the data shown in Table 6, a de-
crease in the relative distances to the ground (H/R) leads 
to a corresponding decline in the inflow ratio (λ) values for 
every fixed radial coordinate (r/R). For the given collective 
pitch angle θ4 = 18° and rotational frequency n = 950 rpm, 
for all the studied cases, the inflow curves follow a second 
order curve path, starting from the rotor hub (r/R = 0.1) 
up to the tip sections (r/R = 0.9). This trend remains valid 
for all the relative distances (H/R).

In addition to the values presented in Table 6, graphical 
representation can be further derived. Figure 6 presents 
the correlation between the inflow distribution (λ) over the 
relative blade radius (r⁄R), varying the relative distance to 
ground ( H

R ) at fixed collective pitch angle θ4 = 18° and 
rotational frequency n = 950 rpm. The inflow distribution 
curves experience a decrease for every single coordinate 
in spanwise direction once the distance to the ground 
surface at which the helicopter rotor operates decreases. 
The inflow ratio value (λ) in the root section (r/R = 0.1) 
follows an upward trend, starting from 0.018 up to 0.025, 
when the operational distance increases from H/R = 0.5 to 
H/R = 2. The largest increase in the inflow rate is observed 
in the blade element located in relative radial distance 
r/R = 0.7, where an increase in the operational distance 
from H/R = 0.5 to H/R = 2 leads to a rise in inflow ratio 
(λ) from 0.049 up to 0.071, respectively. The inflow distri-
bution curve, derived for the relative operational distance 
H/R = 0.5 follows a parabolic trend starting from approxi-
mately 0.018, then reaching its maximum equal to 0.049 
at relative radial distance H/R = 0.7, and further decreases 

Table 5. Inflow ratio (λ) at each blade element ( r
R ), varying the collective pitch angle (θ) for rotational frequency  

n = 950 rpm and 1H
R =

Rotational Frequency n = 950 rpm, H/R = 1

Relative Radial Distance Inflow Ratio (λ)

(r/R) θ1 = 9° θ2 = 12° θ3 = 15° θ4 = 18° θ5 = 21°

0.1 0.013 0.018 0.022 0.025 0.029
0.2 0.025 0.030 0.037 0.041 0.045
0.3 0.032 0.039 0.046 0.052 0.056
0.4 0.039 0.044 0.054 0.060 0.064
0.5 0.041 0.049 0.059 0.066 0.070
0.6 0.042 0.050 0.062 0.069 0.072
0.7 0.040 0.050 0.062 0.070 0.073
0.8 0.036 0.046 0.061 0.069 0.072
0.9 0.031 0.038 0.054 0.065 0.068

Figure 5. Inflow distribution (λ) vs. the relative blade 
radius ( r

R ), varying the collective pitch angle (θ) at 
H

R  = 1 and n = 950 rpm
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Table 6. Inflow ratio (λ) at each blade element ( r
R ), 

varying the relative distance from the rotor rotational plane 
to the ground surface ( H

R ) for blade inclination angle θ4 = 
18° and rotational frequency n = 950 rpm

Rotational Frequency n = 950 rpm, θ4 = 18°

Relative 
Radial 

Distance
Inflow Ratio (λ)

(r/R) H/R = 2 H/R = 1 H/R = 0.5 H/R = 0.25

0.1 0.025 0.021 0.018 0.011
0.2 0.042 0.036 0.029 0.020
0.3 0.053 0.047 0.037 0.025
0.4 0.061 0.053 0.042 0.029
0.5 0.068 0.059 0.046 0.031
0.6 0.070 0.061 0.048 0.033
0.7 0.071 0.062 0.049 0.033
0.8 0.070 0.060 0.048 0.033
0.9 0.062 0.053 0.043 0.029



Aviation, 2025, 29(2), 71–81 79

to 0.043 at relative radial coordinates r/R = 0.9. When the 
helicopter rotor operates at a collective pitch angle θ4 = 
18° with rotational frequency n = 950 rpm, the inflow ratio 
(λ) increases from approximately 0.04 to 0.06, when in-
creasing the relative distance from H

R  = 0.5 to  H
R = 2 

at relative radial distance r/R = 0.9.
The inflow distribution curve at relative distance 

H/R = 2 at fixed rotational frequency n = 950 rpm and 
collective pitch angle θ = 18° represents the highest inflow 
ratio values, quantified during this study, starting from ap-
proximately 0.025 at r/R = 0.1, reaching its maximum of 
0.071 at r/R = 0.7, then declining to 0.062 at relative dis-
tance r/R = 0.9.

The reduction in the inflow ratio, when decreasing the 
relative distance to the ground at constant collective pitch 
angle (θ) will lead to a corresponding rise in the amount 
of generated thrust (T), a decrease in the required power, 
and will cause the same effect on their coefficients (CT) 
and (CP), respectively. 

The inflow ratio (λ) quantification along the blade span 
can be directly applied to the thrust (CT) and power coef-
ficients (CP) estimation in the ground effect zone. Table 7 
illustrates the values of the weighted thrust force coeffi-

cients ( TC
σ

) along the blade length, obtained for all the 
tested cases. Moreover, Table 7 represents a comparison 
between the experimentally evaluated and the numerically 
derived values for every constant collective pitch angle (θ).

In Figure 7 the normalized thrust force coefficient 

( TC
σ

) dependency over the collective pitch angle (θ), 
varying the relative distance to the ground surface ( H

R ) 
is presented. The evaluated dependency is a corner one 
for the performed analysis and the first step towards the 
rotor performance characterization.

The closer to the ground the helicopter rotor operates, 
the higher inflow ratio (λ) decrease is observed, which di-
rectly leads to an increase in the generated thrust (T). For 
every constant relative distance from the helicopter ro-
tor to the ground surface ( H

R ) an increase in the col-
lective pitch angle (θ) leads to a corresponding rise in the 
magnitude of both the experimentally derived and the 
numerically calculated weighted thrust force coefficients 
( TC

σ
). In the ground effect zone, when the helicopter 

rotor operates at relative distance to the ground H
R  = 

0.5, the calculated weighted thrust force coefficient ( TC
σ

) 

follows an upward trend starting from 0.065 for the col-
lective pitch angle θ1 = 9°, rising to the value of 0.113 at 
θ3 = 15°, then reaching the maximum equal to 0.141 at 
collective pitch angle θ5 = 21°. The predicted values for 
the hovering helicopter rotor out ground effect conditions 
( H

R  = 2) start rising from 0.045 at θ1 = 9° up to 0.110 at 
θ5 = 21°.When the helicopter rotor operates at collective 
pitch angle θ2 = 12°, an increase in the operational dis-
tance to the ground surface from 0.5 R to 2 R leads to a 
decline in the calculated weighted thrust force coefficient 

values ( TC
σ

) from 0.08 to 0.06. The experimentally de-

rived weighted thrust force coefficient values ( TC
σ

) at 
θ2 = 12°, when increasing the operational distance to the 
ground surface from 0.5 R to 2 R amount to 0.083 and 
0.059, respectively. According to the derived results, it 
can be concluded that the numerical predictions for the 

Figure 6. Inflow distribution (λ) vs. the relative blade radius 

( r
R ), varying the relative distance ( H

R ) for θ4 = 18° and 
n = 950 rpm

Table 7. Experimental and numerical weighted thrust force coefficients TC 
 σ 

, varying the collective pitch angle (θ) and the 

relative distance ( H
R )

Weighted Thrust Force Coefficient ( TC
σ

)

EXPT BEMT EXPT BEMT EXPT BEMT EXPT BEMT EXPT BEMT

θ1 = 9° θ2 = 12° θ3 = 15° θ4 = 18° θ5 = 21°

H/R = 2 0.032 0.045 0.059 0.060 0.083 0.084 0.102 0.103 0.109 0.110
H/R = 1 0.041 0.051 0.072 0.069 0.101 0.097 0.120 0.115 0.125 0.122

H/R = 0.5 0.059 0.065 0.083 0.080 0.115 0.113 0.132 0.131 0.138 0.141
H/R = 0.25 0.070 0.083 0.097 0.105 0.120 0.142 0.125 0.164 0.134 0.178
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weighted thrust force coefficients ( TC
σ

) vs. the collec-
tive pitch angle (θ) show considerably good agreement to 
the experimental data in the range of up to 5% for col-
lective pitch angles θ > 9°. A deviation is observed in the 
extreme ground effect conditions, specifically in the curve, 
which represents the normalized thrust force coefficient 
( TC

σ
), when the helicopter rotor operates at 0.25 R dis-

tance to the surface. The main reason for this deviation 
is the inability of the applied empirical models to predict 
accurately the flow parameters, when the helicopter rotor 
operates extremely close to the ground surface. 

Experimentally derived results for the weighted coef-

ficients of thrust ( TC
σ

), estimated when the helicopter 
rotor operates at relative distance to the ground surface 

0.25H
R =  for high collective pitch angles θ4 = 18° to θ5 = 

21° experience a decrease in comparison with the coef-
ficients evaluated for 0.5H

R =  due to stall in extreme 
ground effect conditions.

6. Conclusions

This research paper presents the preliminary results, ob-
tained throughout the conducted study, which aims to 
apply coupled empirical – blade element – momentum 
mathematical model for making helicopter rotor perfor-
mance predictions in ground effect. Proposed coupling 
between the blade element and the momentum theory 
combined with empirical corrections provides an estima-
tion of the helicopter rotor inflow ratio (λ) in the rotational 
plane, when varying several parameters such as the collec-
tive pitch angle (θ) and the relative distance from the heli-
copter rotor rotational plane to the ground surface ( H

R ). 
The followed methodology presents the estimation of the 
inflow ratio (λ) and the weighted thrust force coefficients 
( TC

σ
), firstly, for the out-ground effect conditions, fol-

lowing an empirical correction regarding the inflow ratio 
(λ) values in the ground effect zone. The proposed cou-

pling clearly quantified the inflow ratio (λ) distribution 

and the weighted thrust force coefficients ( TC
σ

) values 
in the ground effect zone, except for the results in ex-
treme ground effect. The characterization of these values 
in the ground effect zone is crucially essential for design-
ing automatic flight control systems and properly control-
ling the rotorcraft in such conditions. Quantification of the 
produced thrust (T) in ground effect conditions and then 
mathematically estimating its values depending on several 
parameters provides an evaluation of the helicopter rotor 
performance during lifting off and landing. Dependencies 
between the inflow ratio (λ) along the blade relative radius 
( r

R ) at a constant relative distance to the ground ( H
R ), 

varying the collective pitch angle (θ) and vice versa, are 
derived. Inflow distribution curves follow smooth second 
order curve path, starting from the helicopter rotor hub 
elements up to the tip sections and do not experience any 
abrupt changes. The maximum inflow ratio distribution (λ) 
for a fixed relative distance from the rotational plane to 
the ground surface ( H

R ) is observed at approximate ra-
dial coordinate r

R = 0.7. In general, an increase in the 
collective pitch angle (θ) at a constant relative distance to 
the ground (H⁄R) leads to a rise in the inflow ratio (λ). The 
increase in the inflow distribution values (λ), when increas-
ing the collective pitch angle (θ) leads to a consequent rise 
in the calculated weighted thrust force coefficients ( TC

σ
). 

Finally, a dependency between the weighted thrust force 

coefficient ( TC
σ

) vs. the collective pitch angle (θ) is 
drawn. For every constant relative distance from the heli-
copter rotational plane to the ground surface ( H

R ), an in-
crease in the collective pitch angle (θ) leads to an increase 
in the calculated weighted thrust force coefficient ( TC

σ
). 

For every constant collective pitch angle (θ), a reduction 
in the relative distance to the ground ( H

R ) provides a 
direct increase in the weighted thrust force coefficients. All 
the mathematically derived results show good agreement 
with the previously obtained experimental, except for the 
curve at 0.25 R, due to the inability of the applied empirical 
models to predict correctly in the extreme ground effect 
zone. Future work will include a full characterization of the 
aerodynamics characteristics in ground effect conditions.
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