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This paper presents the application of high fidelity Computational Fluid Dynamicsmethods

for the aerodynamic evaluation of helicopter rotors in three flight conditions: hover, axial

flight and placed in a confined environment. Two computational methods are considered and

simulated across a range of parameter for the three flight cases. The traditional overset fully

blade resolved simulation is used as a reference for the recently developed actuator line method

(ALM). The latter is widely used in the wind energy sector for wind turbine simulation. The

ALM replaces the explicit blade geometries by momentum source terms that re-create typical

rotor flowfield characteristics in addition to providing full performance predictive capabilities.

The elimination of blade meshes allows the ALM to have a lower computational cost compared

to fully blade resolved simulations on the order of the mesh reduction ratio.

Nomenclature

�3 = Blade section 2D Drag coefficient

�; = Blade section 2D Lift coefficient

�% = Average pressure coefficient, ?−?∞
0.5d∞+ 28=3

�& = Rotor torque coefficient, &

d∞+tip2�disk'

�) = Rotor thrust coefficient, )

d∞+tip2�disk

2 = Local chord, m

FoM = Figure of merit, �)
1.5

√
2�&

" = Mach number

A = Radial coordinate along span

Re = Reynolds number

+c = Climb velocity, m/s

+ℎ>E4A
8=3

= Hover induced velocity, +C8 ?
√
�
)
/2

+tip = Velocity of the blade tip, m/s
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I = Rotor axial axis coordinate

f = Rotor solidity, #12ref
c'

Θ75 = Collective pitch at 75% blade span, degree

I. Introduction
Helicopters, due to their vertical flight capabilities, are used to access hard to reach destinations and land on

complicated terrain with potentially challenging flowfield. Some of these applications are the operation of the rotor near

the ground, walls or even on a ship landing platform in the possible presence of wind. Numerical simulation of such

conditions can be achieved by different methods ranging in accuracy and computational time. Simpler methods such as

Blade Element Momentum Theory (BEMT) [1] or singularity based methods [2–6] are computationally efficient and

yield good agreement on simple cases and geometries such as an isolated rotor in hover, but are restrictive when more

complex cases are considered as they would rely on extensive calibration through empiricism or complex modelling [7, 8].

On the other hand, high fidelity methods such as Unsteady Reynolds Averaged Navier Stokes (U-RANS) and other mesh

based Computational Fluid Dynamics (CFD) methods [9–11] are more accurate because the equations that are solved

are more complete in their formulations and the underlying physics is better captured. One hindrance of these CFD

methods is that they require orders of magnitude more computational time due to the need to accurately represent the

rotor geometry and their boundary layer with a large number of grid cells. To save on computational time, a growing

class of methods that remove the explicit rotor geometry to replace its effect by momentum source terms while retaining

the background grid is increasingly being used and developed. These methods are particularly suited for rotor-wake

interaction studies where the effects of the rotor wake on the surrounding environment (fuselage, ground, obstacle) is of

greater importance than precise rotor loads required for design purposes.

Different levels of modelling complexity are used for these rotor replacement techniques applied to helicopter

rotors. First, the well known Actuator Disk (AD) [12, 13] typically averages azimuthally the rotor loads over the disk

before projecting them onto the flowfield either as a pressure discontinuity or momentum source terms added to the

flow equations. Unsteady versions of the AD also exist[14]. A further evolution is the Actuator Line Method (ALM)

which considers the individual rotor blades as lines of momentum source terms that rotate in the field [15–17]. A Blade

Element Theory (BET)[1] approach is typically used to evaluate the blade loading. The resulting flowfield reproduces

key rotorcraft wake elements, most notably the helical tip vortex wake. Finally, the Actuator Surface Method (ASM)

and Actuator Blade (AB) build on the same concept, but also feature a chordwise distribution of the blade force[18, 19].

This work presents the application of the ALM, originally introduced by Sørensen and Shen [20] for wind turbine

simulations, to helicopter rotors. The method replaces the effects of the blades on the flowfield through source terms

that emulate the actual blade loading in a fully predictive fashion without relying on pre-specified loading distribution or
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excessive modelling. The method is capable of predicting, with a comparable accuracy to Blade Resolved (B-R) U-RANS

simulations, the rotor performance coefficients, blade loading, tip vortex positions, general flowfield characteristics and

surface pressure coefficient on a fuselage. The model is verified and validated on the well known S-76 rotor model

in hover with comparisons made with both experimental data and Blade Resolved simulations with an extension to

axial flight. Then, a rotor in ground effect, forward flight, and placed in a confined environment in the presence of a

box-shaped obstacle is explored and compared to both experimental data and B-R simulations of a simplified scaled

helicopter.

II. Test Cases & Rotor Geometries
Three different rotor geometries are considered as they correspond to three sets of experimental data representing

different helicopter flight conditions. The chosen geometries all feature realistic rotor blade shapes and characteristics in

terms of aspect ratio. However, contrary to real helicopters which usually feature articulated blades with cyclic control,

the three datasets consider a rigid, un-articulated and fixed collective without cyclic pitch variation. Furthermore,

as the experimental model rotors are scaled, Reynolds and Mach numbers are lower than real full scale helicopters.

Even with these simplifications, the core physical phenomena are captured and well represented. The geometrical

simplifications allow for better comparisons on a purely aerodynamic standpoint which is interesting in the scope of

CFD code validation.

For hover, the chosen geometry is the well known S-76 rotor from the the experimental study of Balch and

Lombardi [21, 22]. The geometry has been used as one of the central test case of the AIAA Hover Prediction Workshop.

The rotor geometry is summarized in Table 1. Different tip geometries and Mach numbers have been studied. This work

focuses on the rectangular tip at "C8 ? = 0.6.

Table 1 Rotor Characteristics: Hover

Rotor Definition Blade sections definition
value Section Twist Thickness Airfoil

(A/') (deg) (C/2 %)
Nb. Blades (#1) 4 0.189 4.01 13 SC1013-R8
Rotor Radius (') 56.04 in 0.285 4.5 10.09 Blend
Reference Chord (2ref) 3.1 in 0.400 3.5 9.4 SC1094-R8
Aspect Ratio (AR) 18.077 0.750 0 9.4 SC1094-R8
Solidity (f) 0.07043 0.800 -0.5 9.4 SC1094-R8
Linear Twist -10° 0.840 -0.9 9.5 SC1095

0.950 -2 9.5 SC1095
1.000 -2.5 9.5 SC1095

For axial flight, the geometry presented in Felker and McKillip [23] is considered. The rotor features relatively low
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Mach and Reynolds numbers as a result of its use as a Froude scaled rotor. The rotor was tested on the unique Princeton

Long Track which mounted the rotor onto a sled and moved the whole assembly in still air in order to simulate climb

and descent conditions. The main geometrical features of the rotor are presented in Table 2.

Table 2 Rotor Characteristics: Axial Flight

Rotor Blade
Nb. Blades (#1) 4 Airfoil Profile, constant NACA0015
Rotor Radius (') 1.2192 m Reference Chord (2A4 5 ) 0.0635 m
Collective, fixed (Θ75) 9.3°, 10.9° Linear Twist -8°
Rotational Speed (Ω) 430.78 RPM Tip Velocity (+C8 ?) 55 m/s
Solidity (f) 0.0633 Tip Mach number ("C8 ?) 0.16
Aspect Ratio (AR) 19.2 Tip Reynolds number ('4C8 ?) 212103

Finally, for the evaluation of a rotor operating in confined areas, the geometry presented in Zagaglia et al.[24] is

used. The fuselage geometry is based on a reduced scale MD-500 helicopter whereas the rotor features four blades

with a simple airfoil profile with a more complete description presented in Table 3. The rotor has been studied in the

Politecnico de Milano wind tunnel where a cuboid obstacle of size 1 m x 0.45 m x 0.8 m (W x H x L) was placed.

During the test campaign, different configurations were studied in terms of rotor movement sweeps, presence and

localization of the obstacle. All tests were performed both in the absence of wind and with a constant wind blowing at a

velocity of 5.07 m/s which corresponds to an advance ratio of ` = 0.05.

Table 3 Rotor Characteristics: Confined Areas

Rotor Blade
Nb. Blades (#1) 4 Airfoil Profile, constant NACA0012
Rotor Radius (') 0.375 m Reference Chord (2A4 5 ) 0.032 m
Collective, fixed (Θ75) 10° Linear Twist 0°
Aspect Ratio (AR) 11.72 Tip Mach number ("C8 ?) 0.3
Solidity (f) 0.10865 Tip Reynolds number ('4C8 ?) 220000
Rotational Speed (Ω) 2580 RPM

III. Numerical Modelling
Star-CCM+ 12.06 [25] is the software used in this work. It is a general purpose finite volume, unstructured, cell

centred, multi-physics flow solver. All computations have been performed through schemes with 2nd order accuracy in

both time and space using either the SIMPLE [26] algorithm or a density-based coupled Weiss-Smith preconditioned

Roe flux-difference-splitting scheme [27] depending on the blade tip Mach number. The time marching approach uses

a dual time stepping scheme with all simulations having an equal time-step equivalent to 1> of azimuthal rotation. The

U-RANS equations are closed with the : − l SST turbulence model [28]. For fair comparison, every ALM and B-R
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background meshes are of similar size and grid resolution and range from 10 to 20 million cells. In addition to the

background meshes, the B-R adds individually meshed blades to the simulation through the overset method. Each

individual blade is meshed with a cell count on the order of 5 to 10 million cells depending on the aspect ratio. The

ALM is implemented as an external library loaded into Star-CCM+ through the User Coding framework. The library

is written in C with the parallelization performed through the same MPI implementation as the base flow solver for

communications.

The ALM removes the blade geometries from the computational domain and replaces their effect by momentum

source terms as shown in Eqs.(1-3)

m

mC

∫
+

d 3+ +
∮
�

dv · 3a = 0 (1)

m

mC

∫
+

dv 3+ +
∮
�

dv ⊗ v · 3a +
∮
�

?I · 3a =
∮
�

T · 3a −
∫
+

falm 3+ (2)

m

mC

∫
+

d� 3+ +
∮
�

d�v · 3a +
∮
�

q · 3a =
∮
�

T · v 3a −
∫
+

falm · v 3+ (3)

In addition to the solved flow variables (the density d, the velocity vector v , the pressure ?, the viscous stress tensor T,

the heat flux q, and the total energy and enthalpy � and �), there is an extra term, falm, on the right hand side of the

momentum and energy equations acting as a momentum volumetric source term and its associated work. The negative

signs specify the term to be acting in equal magnitude, but opposite direction of the rotor forces thus imparting the rotor

forces onto the flowfield.

To compute the falm term, a BET approach is taken. The rotor blades are discretized into blade segments along the

quarter chord span axis. The local velocity is evaluated at these points through the integral velocity sampling [16, 29, 30]

in combination with the rotational velocity yielding a effective freestream velocity Urel and angle of attack Urel. With

these two values, the local lift and drag forces are evaluated from pre-computed 2D airfoil polars as per Eqs.(4) and (5).

Δ! =
1
2
d‖Urel‖2�; (Urel,Re, ")2Δ' (4)

Δ� =
1
2
d‖Urel‖2�3 (Urel,Re, ")2Δ' (5)

With the locally computed lift and drag forces at every ALM control points, the solution for the complete rotor

is re-constructed by summing all the force vectors multiplied by a Gaussian kernel as shown in Eqs.(6) and (7). The

Gaussian kernel spreads the point force over several grid cells through the smearing parameter n . This parameter is

scaled with the local chord of the blade with values around n ∼ 0.252 producing the best results [30–33]. The source

term is also radially truncated to respect the geometrical limits of the rotor blades and re-normalized in order for the
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force to be completely projected into the flow domain.

6 (G, H, I) = 1
n3c

3
2
exp

(
− (G − G0)

2 + (H − H0)2 + (I − I0)2
n2

)
(6)

falm =
∑
8

·6i ·
(
Δ!8eL,i + Δ�8eD,i

)
(7)

IV. Results

A. Hover

First, a collective sweep is performed to identify the the hover performance coefficients of the rotor with the results

presented in Fig.1. Both the ALM and B-R solutions show excellent thrust predictive capabilities with the ALM slightly

underestimating the thrust at higher collectives. The torque coefficient as a function of the thrust is slightly overestimated

by the ALM which results in a lower figure of merit at a given thrust. To explain this difference, the blade thrust and

torque loading at a similar trim state of �) /f = 0.09 is presented in Fig.2. We can observe the excellent agreement

between the two methods for the first 80% blade span. Past this point, the ALM under and over predicts the thrust

loading on both sides from the 92% blade span location. This is caused by the encounter of the previous blade’s tip

vortex causing excessive up and down-wash. This blade vortex interaction (BVI) in turn modifies the torque distribution

resulting in excessive drag generation near the blade tip.

B. Axial Flight

Moving from a rotor in hover to a climbing condition, the additional freestream velocity effectively increases the

inflow velocity above the rotor disk thus reducing the effective angle of attack at a given collective causing a reduction

in thrust output. Furthermore, according to momentum theory, the power required for a rotor in climb corresponds

to the sum of hover induced power and the climb induced power. One can therefore expect a linear trend for the

figure of merit as a function of the climbing velocity [35]. Figure 3 presents the thrust coefficient and figure of merit,

normalized by their respective hover values, as a function of the climb velocity +2 normalized by the hover induced

velocity +ℎ>E4A
8=3

= +C8 ?
√
�) /2. The reduction in thrust is captured by both numerical methods and agree well between

them along with a fair agreement with the experimental data. The linear trend in figure of merit variation is otherwise

excellent. However, the two methods fail to accurately capture the proper behaviour in descent. The experimental data

presented in Felker and McKillip [23] reports highly unsteady loads and the presence of vortex ring state (VRS) around

the rotor. Both simulations at +2/+ℎ>E4A8=3
= −0.75 still show near-steady converged thrust signals with no apparent

presence of VRS around the rotor. However, the far-wake shows some asymmetry which might be indicative of VRS

onset.

Figure 4 presents the locations of the tip vortices for the two methods in different axial flight conditions. First, in
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Fig. 1 Integrated rotor performance coefficients for the ALM and B-R in hover adapted from [34]

hover, the two methods are in excellent agreement between each other and with the empirical prescribed wake model of

Kocurek and Tangler [36]. Although there is a slight lag in the axial velocity between the second and fifth blade passage.

In climb at +2/+ℎ>E4A8=3
= 0.75, the added downward velocity advects the tip vortices faster than in hover despite the loss

of thrust (and therefore loss of hover induced velocity). The radial contraction is also considerably reduced. The two

numerical methods are nearly indistinguishable from each other. Finally, in descent at +2/+ℎ>E4A8=3
= −0.25, the wake is

less stable resulting in a tip vortex extraction stopped after four blade passages only. As intuition might suggest, the

trend is opposite to the climbing case with the wake contracting more than in hover along with a slower axial advection.
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Fig. 2 Sectional blade loading at �) /f = 0.09 in hover adapted from [34]
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Fig. 3 Integrated rotor performance coefficients for the ALM and B-R in axial flight

C. In Confined Areas

To evaluate a rotor in confined areas (where the rotor sees at least one of its movement restricted by a geometry),

two configurations from the dataset of Zagaglia et al. [24] are considered. The first considers the classic case of hover in

ground effect with the rotor placed above a ground plane with a varying vertical height. The second adds a cuboid

obstacle 2' away from the rotor that is still placed at various height above the ground. Figure 5 presents the thrust

ratios normalized by the out-of-ground effect (OGE, //' = 4.0) thrust value for both the considered cases. For the

ground only case, a reference empirical relation of Cheeseman and Bennett [37] is added for comparison purposes.
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Fig. 4 Tip vortex positions at for the ALM and B-R in axial flight at fixed collective Θ75 = 10.9>

Both the ALM and B-R are in excellent agreement between them and predict the observed thrust augmentation at a fixed

collective when the rotor is moved closer to the ground. The effect on the flowfield is illustrated in Fig.6 where we can

see the wake of the ALM changing from the typical contraction observed in hover towards an expansion due to ground

effect. Notice the higher up-wash present at the centre of the rotor past the blade root.

0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5 5.0
Z/R

0.90

0.95

1.00

1.05

1.10

1.15

1.20

1.25

C T
/C

og
e

T

Cheeseman Empirical
ALM
B-R 
Exp. Ground Only

(a) Ground only

0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5 5.0
Z/R

0.90

0.95

1.00

1.05

1.10

1.15

1.20

1.25

C T
/C

og
e

T

ALM 
B-R 
Exp. Ground + Obstacle

(b) Ground + obstacle

Fig. 5 Rotor in confined areas - Thrust coefficient ratio comparison adapted from [38]
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(a) ALM hover //' = 4 (b) ALM hover //' = 1

Fig. 6 Instantaneous axial velocity and Q-criterion contour for the ALM in ground effect adapted from [38]

Adding the obstacle yields a considerable reduction in the thrust rise compared to the ground only case. Again, the

two numerical methods are in good agreement with each other whereas the experimental data agreement is observed

at the two ends of the vertical sweep. At //' = 2.7, both methods overestimate the thrust. This is explained by the

lengthiness of wake development of this particular case and the excessive computational resources to achieve a sufficient

simulation time. With the obstacle, the wake has a tendency to stream downwards below the rotor, re-orient itself

hitting the ground and then again stream upwards upon meeting the obstacle vertical wall. This essentially creates a

re-circulation zone between the rotor and the obstacle. At lower heights, the rotor re-ingest its own recirculated wake

resulting in higher inflow and therefore reducing the blade effective angle of attack and therefore the thrust. Further

away from the ground, the rotor is less affected by the re-circulation effect. Rotor at mid-heights are somewhat affected,

but the re-circulation pattern takes a long time to establish itself which results in excessively lengthy simulation times.

The re-circulation patterns can be observed in Fig.7.

(a) B-R //' = 1.00 (b) B-R //' = 2.70 (c) B-R //' = 4.20

Fig. 7 Instantaneous axial velocity and Q-criterion contour for the B-R in ground+obstacle effect from [38]
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Finally, as a showcase of additional capabilities, the rotor with its fuselage are placed in forward flight. Figure 8

relates the average pressure coefficient over the fuselage for both the ALM and blade resolved simulations. The two

methods present near identical average pressure distribution alongside a similar tip vortex wake pattern.

(a) ALM forward flight - ` = 0.05, //' = 4 (b) B-R forward flight - ` = 0.05, //' = 4

Fig. 8 Average surface pressure coefficient and Q-criterion contour adapted from [38]

D. Computational Time Comparison

The end goal of developing a rotor replacement technique, namely the actuator line method in this case, is to save on

computational time when compared to traditional blade resolved simulations through mesh reduction. Table 4 presents

the total mesh count and ratio for the three selected test cases in addition to the computational time and associated

speed-up. As expected, the ALM has a computational speed-up proportional to its mesh reduction ratio. In fact, the

speed-up is greater than the mesh ratio as a result of the superior parallel efficiency of the ALM when compared to

the B-R case that relies on the overset technique significantly hindering parallel performances. As a an assessment of

the limited overset scaling capabilities, the computational time per revolution results presented in Table 4 for the B-R

Axial Flight case have been run on 480 CPU cores. The same mesh running on 1000 cores would have a CPU time per

revolution of 3758 hrs, a clear loss in parallel efficiency due to poor scaling. The ALM on the other hand would produce

a better scaling past 1000 cores on its given mesh. Therefore, ALM is not only faster due to lesser mesh sizes, but also

allows a greater scalability and the opportunity to run full helicopter CFD simulations in order of hours/days, given

sufficient compute resources. By opposition, overset blade resolved simulations are typically constrained to run over

several days or weeks as they are curtailed to run on lower core counts in order to satisfy some minimum computational

efficiency target to minimize compute time allocation waste. Furthermore, the ALM is mush less sensible to mesh

coarsening than B-R solutions which can further increase the total computational speed-up the method provides.
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Table 4 Compute time averaged for one revolution and Speed-up

Mesh Size [Millions]
Hover Axial Flight Confined Areas

B-R 28.7 47.1 32.9
ALM 10.1 20.4 18.0
Ratio 2.84 2.31 1.83

CPU time per revolution [hr]
Hover Axial Flight Confined Areas

B-R 2321.5 2504 1661.2
ALM 741.9 880.0 824.3
Speed-up 3.1 2.84 2.02

V. Conclusions
This paper presented the application of two high fidelity CFD based simulation tools towards helicopter rotors

placed in various flight conditions. The developed rotor replacement technique, the actuator line method, showed

excellent consistency and trend predictive capabilities when compared to the more traditional overset blade resolved

simulations. The two methods also show good agreement with reference experimental data. However, one drawback

of the ALM compared to an equivalent B-R simulation is the handling of perpendicular BVI that cause blade thrust

loading over and under-prediction ultimately resulting in a slightly higher torque. Otherwise, for the remaining of the

presented metrics, the ALM showed results on par with B-R solutions with a substantial economy in computational

time. This economy comes from a lower mesh cell count as well as higher parallelization capabilities.
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