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Abstract

The objective of this work is to improve current features on real time main rotor loads simulation.
The desired computational code should return data consistent with real world physics without degrading
simulation speed. Men-on-the-loop, under which the pilot stays as part of the system, is the working
principle for this study. A request from Empordef - Tecnologias de Informação , E-TI, whose helicopter
main rotor model needed upgrade, spurred this maters thesis. Although implementation is an objective
this present study focuses mainly on the investigation process. It is important to keep the models
flexibility untouched in order to make it work with as many aircraft types as possible. Simulation
method was driven by the state of art. Thus, a new objective was defined, the implementation of a
distinct method from what is generally used for flight simulation. The chosen theory was Constant
Strength Vortexs creating a vortex ring capable of simulate the rotor. One will generally resort to
this theory when the goal is to obtain aerodynamic proprieties from scientific simulation. During the
course of this study, existing computational capacity was assumed to be more than enough to cope
with coarse mesh and generic methods applied to men-on-the-loop simulations. Although the model is
specified according to its implementation feasibility, it is far more important to assess its full potential.
A simple relationship between simulation complexity, execution time and results quality is conveyed by
this implementations effort. Data trends are more important than numeric values due to the inevitable
connection between time taken to obtain results and their quality. A computational algorithm to
estimate a helicopters main rotor aerodynamic loads was created with the purpose of replacing the
existing code at E-TIs simulators. First implemented in MatLab, then converted and tuned to C++,
this model was assed against E-TIs. Such comparison brought forth this studys implemented code,
simulation data and conclusions.
Keywords: Simulation, Main Rotor, Men-On-The-Loop, Real Time, Vortex

1. Introduction

Empordef Tecnologia de Informação contacted In-
stituto Superior Técnico to upgrade the current
main rotor computational model of their flight heli-
copter simulator. The purpose was to be able to use
the model on a coaxial main rotor. No specification
about the mathematical model was made.

Pilot training is very cost demanding and flight
simulation earned relevance. Some old models can’t
generate all important data about the flight and
paths are introduced to upgrade the models to keep
up with newer requirements. For a good simula-
tion wake influences between rotor blades, fuselage,
other aircrafts and buildings are necessary to plot
a good representation of the real flight.

It was noticed that a true implementation with
wake influences was needed for a newer model.
Models like this applied on a simple application
don’t achieve great advantages but introduce new

possibilities on the simulation.

At the beginning it was thought to implement a
well known model. In order to understand current
models used at the industry, a search was performed
on information about helicopters main rotor models
simulators. It was very difficult to find such mod-
els and some times they were confidential. In ref
[6] were found some company names but confiden-
tiality was a trend. Two important names emerge
GENHEL - General Helicopter and CHARM -
Comprehensive Hierarchical Aeromechanics Rotor-
craft Model. The first is a mathematical model of
a total helicopter system. GHARM is a real-time
mathematical model but only generates forces and
moments for the main rotor hub, it uses vortex the-
ory and potential flow, which are great methods
to generate wake influences. CHARM was used at
GENHEL [7] , substituting de main rotor block, fig-
ure 1, upgrading it without constructing a total new
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simulation code.

Figure 1: GENHEL Simulator Diagram[7]

By realizing that it was difficult to find a new
model for the main rotor, it was started a state
of the art on classical approach to the rotor wake,
without real-time as a requirement. It was the way
found to understand models, difficulties, knowledge
needed and time required. Classical approaches are
divided at Momentum Theory and Blade Element
Theory’s. Momentum Theory is the analysis of the
mechanics of the helicopter, began by applying lin-
ear momentum theory derived from the basic rela-
tionships of Newtonian mechanics. In Blade Ele-
ment Theory the blade is regarded as being com-
posed of aerodynamically independent, chordwise
oriented, narrow strips or elements. Thus, two-
dimensional airfoil characteristics can be used to
determine the forces and moments experienced by
the blade locally at any spanwise location. Then, on
the same concept were studied modern theoretical
and computational approaches to the rotor wake.
The wake can be computational described as rigid
or free and as rigid can be prescribe [3]. Space-
time discretization was needed, for the free wake
was presented a time stepping method and relax-
ation method [10].

Articles, books and technical documents were re-
viewed and it was decided to construct a computa-
tional model based on free wake and time-stepping
method used in real-time for men-on-the-loop ap-
plication.

2. Background
To create a main rotor model different scientific con-
cepts were introduced.

2.1. Kelvin’s Theorem
The theorem states, the time rate of change of cir-
culation around a closed curve of the same fluid
elements is zero [10], equation 1 and figure 2.

DΓ

Dt
=

Γairfoil + Γwake
∆t

= 0 (1)

Figure 2: Circulation caused by an airfoil, present-
ing Kelvin’s theorem

2.2. Kutta-Joukowski Theorem and Kutta Condi-
tion

For Kutta-Joukowski theorem the resultant aero-
dynamic force in an incompressible, inviscid, irro-
tational flow in an unbounded fluid is of magnitude
ρU∞Γ per unit width, and acts in a direction nor-
mal to the free stream [10].

F = ρU∞ × Γ (2)

On the equation 2, F is the aerodynamic force
per unit width and acts in the direction determined
by the vector product, Γ is defined according to the
right-hand rule representing de vorticity. ρ is the
density of air and U∞ speed of the free stream.

Kutta Condition states that, the flow leaves the
trailing edge of an airfoil smoothly and the velocity
there is finite. A vortex distribution circulation at
the trailing edge must be zero [10].

ΓT.E. = 0 (3)

Kutta Conditions can be specified in different
ways, related to the type of wake:

• Specific computational programming for the
shape based on intuition or flow visualizations;

• Wake relaxation method, local induced veloc-
ity’s move the wake points;

• Time stepping method, from lifting surface
wake are developed from the movement.

2.3. Vortex Model
A definition of the type of vortex is needed. A real
vortex is used, it’s the association of a force vortex
with a free vortex [5]. It is presented in equation 4
and can be seen at figure 3.

Central Core: r/R ≤ 1 (4)

Uθ = wzr with wz = Ω/2

Ω =
Γ

πr2
= const.

Exterior to Core: r/R ≥ 1

Uθ =
Γ

2πr
Ω = 0
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Figure 3: Two-dimensional flow-field around a
cylindrical core rotating as a rigid body [10]

2.4. Straight Vortex Segment

The Biot-Savert Law [5], [10] and [11], is used to
calculate the velocity induced by a straight vortex
line segment is derived based on the law.

The velocity induced by a segment dl on this line
at a point P is presented at the equation 5.

4q =
Γ

4π

dl× (r0 − r1)

|r0 − r1|3
(5)

Next from the equation is easier to create a com-
putational implementation, presented at figure 4
and equations 6 and 7

Figure 4: Straight Vortex Segment nomenclature
[10]

u = K(r1 × r2)x

v = K(r1 × r2)y (6)

w = K(r1 × r2)z

K =
Γ

4π[r1 × r2]2
(
r0.r1
r1
− r0.r2

r2
) (7)

The velocity components are (u, v, w), Γ circula-
tion on the segment between 1 − 2 the rest of the
variables relate distances from the point P to the
vortex segment.

2.5. Vortex Ring
Vortex Ring is the definition of the base element
for this dissertation, it is the application of four
Straight Vortex Segment which define a ring.

(a) Nomenclature

(b) Computational Index

Figure 5: Vortex Ring [10]

The induced velocity sum of the four vortex seg-
ments can generate a new function presented as
a computational function for a vortex ring, equa-
tion 8. Computation indexes are presented, helping
computation cycles, figure 5.

(u, v, w) = funcaoC(x, y, z, i, j,Γij) (8)

The point in review (P ) is represented as (x, y, z),
equation 8, the others unknown variables are in-
dexes of the vortex rings.

2.6. Unsteady Lifting-Surface by Vortex Ring Ele-
ments

The blades and vortex wake will be modelled by
vortex ring elements. The main advantage of this
elements is in the simple programming effort and
the boundary conditions are specified on the ac-
tual blade surface, which can have various platform
shapes for different types of rotors.

Time Stepping discrete-vortex model is a initial
condition problem beginning at rest, during the sec-
ond time step, the blade is moved along it’s flight
path and each trialling edge vortex panel sheds a
wake panel, with a vortex strength equal to it’s cir-
culation in the previous time step. No more ad-
ditional equation is required to enforce the Kelvin
condition since the vortex ring formulation inher-
ently fullfills this condition.
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To construct a method like this are needed:

• Element choice;

• Flight path;

• Rotor discretization;

• Influence coefficients;

• Compute an RHS vector;

• System of equation solution;

• Wake roll up solution.

2.7. Men-On-The-Loop Model
Men-on-the-loop is the requirement and a challenge
for this work. Men inputs exist as part of a system
and needs feedback in real time, it can’t wait for
some variable to be computed. Figure 6 represents
different types of simulation and shows a real time
computation [2].

Figure 6: Real-Time simulation and other tech-
niques [2]

For conclusion, the method needs to be:

• Men-On-The-Loop;

• Real-Time;

• Simple (objective real-time);

• Flexible;

• Sufficient quality;

• Wake perturbation;

3. Method Description
3.1. RotorBox Model
RotorBox is a Matlab program for constructing
the model, test and plot graphics in a simple way.
For performance, the code was transposed to C++
where the goal is to achieve real-time simulation.
RotorBox is presented as diagram in figure 7 and
each block is explained in the following subsections.

Figure 7: RotorBox Model - Structure diagram

3.2. Rotor Discretization

The rotor is discretized with two opposites blades,
flat profile and without lag or flapping articulation.
Blades were divided into panels, using 1/4−3/4 rule
[17] , [10] and it is introduced a panel collocation
point generating a vortices lattice as can been seen
in figure 8.

Figure 8: Vortex Ring Collocation
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3.3. Flight Path

Flight path are presented as coordinate systems to
introduce movement in the rotor system. Rotor can
only rotate and translate its position, can not tilt
and no transformation is implemented to transpose
forces into the center of mass. Rodrigues’s formula
introduces the capability [13] using the equation 9.
Matrix [R] creates a rotation and P1 is the new
local to translate the points. Angle of attack was
implemented in an independent way using equation
system 10.

P2 = C + [R].P1 (9)

x′y′
z′

 =

 cos θ 0 sin θ
0 1 0

− sin θ 0 cos θ

xy
z

 (10)

3.4. Influence Coefficients

Influence coefficients is a matrix with coefficients
which relate the position between panels. Created
at the beginning with Γ = 1, the matrix size is
related to the number of panels. This is presented
in the equation system number 11.


a11 a12 ... a1m
a21 a22 ... a2m
a31 a32 ... a3m
... ... ... ...
... ... ... ...
am1 am2 ... amm




Γ1

Γ2

Γ3

...

...
Γm

 =


RHS1

RHS2

RHS3

...

...
RHSm


(11)

3.5. Establish RHS Vector

Specifying the zero normal velocity boundary con-
dition on the surface (QnK = 0) at an arbitrary
collocation point K, results in equation 12.

QnK = aK1Γ1 + aK2Γ2...+ aKmΓm + (12)

+[U(t) + uw, V (t) + vw,W (t) + ww]K .nK = 0

[U(t), V (t),W (t)] are the time-dependent kine-
matic velocity conponents due to movement and
(uw, vw, ww) are the velocity components induced
by the wake vortices. Right-hand side (RHS) vec-
tor is define by equation 13.

RHSK = −[U(t) + uw, V (t) + vw,W (t) +ww]K .nK
(13)

3.6. Establish RHS vector

Once the computation of the influence coefficients
and the right-hand side vector are completed, the
zero normal flow boundary condition on the blades
collocation points results in the equation system 11.

The solution of the system can be translated into
equation 14.

ΓK =

m∑
L=1

a−1KLRHSL (14)

Despite simple notation equation 14 is computa-
tional time demanding, which remembers the real-
time obligation. Solving in MatLab, an enuncia-
tion like x = A1.B′ generates the solution. In the
C++ case was needed a new function to enable solv-
ing the system in an efficient way. LAPACK- Lin-
ear Algebra PACKage was used with sub-function
DGESV , an LU solver.

3.7. Computation Simulation Information
Lift calculation is based on Kutta-Joukowski theo-
rem using equation 15.

∆Lij = ρU∞Total(Γij − Γi−1,j)∆yij i > 1

∆Lij = ρU∞TotalΓij∆yij i = 1

(15)

A computational iteration time problem was pre-
sented during drag calculation. The Drag calcula-
tions were performed based on formulations for a
wing in an ideal flow.

CD = Cdperfil
+ CDi

(16)

CDi
=
C2
L

∧π
(1− δ) (17)

The equation 17 represents a relation between CL
and CDi

introducing the possibility to generate a
valid value of CD. It is a simplification, helping the
real-time objective. Cdperfil

is a profile propriety ,
∧ is the aspect ratio for the helicopter blade and δ
is used to calibrate the non elliptic vortex distribu-
tion. Correction values are very often used at flight
simulation [1] and it was the way chosen for achiev-
ing a good CD value, using a good CL behaviour.

3.8. Wake Rollup
Wake Rollup introduces the possibility to move the
wake panel due to local velocities. It is related with
the time-step used on the model. Equation 18 shows
the methodology, a relation between time and local
velocity’s. The velocities were generated from equa-
tion 8 used for wake and blade panels, creating the
equation 19.

(∆x,∆y,∆z)l = (u, v, w)∆t (18)

(u, v, w)l =

m∑
k=1

fun(xl, yl, zl, i, j,Γk) +

+

Nw∑
k=1

fun(xl, yl, zl, iw, jw,ΓWk) (19)
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4. Validation

From the Matlab codes a validation of the method
was created.

4.1. Methodology Test

The mathematical model was used on a well know
wing, presented at ref. [10], to prove a good behav-
ing model. Equation 20 totally defines the wing,
a plot between CL and aspect ratios validates the
data, presented at figure 9.

∆t =
1

16

c

U∞
(20)

Figure 9: Method validation for a wing [10].

4.2. RotorBox Code

This subsection presents the geometry, inputs and
information to start generate data. The rotor
chosen is again known, ref.[9], and the code pro-
grammed in MatLab.

Diameter 1,524 [m]
Chord 0.0762 [m]
Profilel NACA 0015
Rotational Speed 800 [rpm]
Number of Blades 2
Blade Offset 0.124 [m]
Blade length 0.638 [m]
Blade attack angle 8 [deg.]

Table 1: Rotor Specification [9]

For performance achievement and control of the
solution results, were introduced some control vari-
ables.

Dt - Is the time step, important in space dis-
cretization and to achieve real-time objective.

NW - Number of row wake panels that can move
and produce wake rollup.

WEE - Number of row wake panels that enter
in the calculations of RHS vector. Degrades the
solution but helps to improve iteration time.
IB × JB- They define the number of panels in

each blade.
These variables help to control time per itera-

tion and quality of the final solution. The informa-
tion presented at references [8] for Dt , [4] and [15]
helped to chose these values thinking in the real-
time objective.

5. Results and Reviews
After some calibration, RotorBox was used to ob-
tain results. Sufficient low time per iteration and
quality on the solution are main goals.

5.1. Hover Flight
From the theory [10], RotorBox needs to achieve
a CT,exp = 0.00380. Table 2 presents the data
obtained in different RotorBox configurations and
it shows time step iteration qualitative time. It
presents a mean value for CT while figure 10
presents the shape of the values for eight rotor rev-
olutions.

Malha Dt [s] NW WEE TMdio [N] CT Tempo/Iter. [s] Erro CT Erro Tempo Erro Total /100
5X7 0.005 3 3 30.872 0.00394 0.20 3.60 3822.31 38.3
5X7 0.005 6 6 30.889 0.00394 0.62 3.66 12266,73 122.7
5X7 0.005 10 10 30.628 0.00391 1.89 2.79 37636,42 376.4
5X7 0.005 20 20 30.370 0.00387 5.33 1.92 106430,23 1064.3
5X7 0.005 25 25 30.350 0.00387 6.50 1.85 129885,61 1298.9
5X7 0.005 8 10 30.570 0.00390 1.03 2.59 20437,75 204.4
5X7 0.005 15 20 30,485 0,00389 2.97 2.31 59330,45 593.3
5X7 0.0025 5 5 30.884 0.00394 0.42 3.64 16758,38 167.6
5X7 0.005 5 5 30.896 0.00394 0.44 3.68 8663,89 86,7
5X7 0.008 5 5 30.715 0.00392 0.44 3.08 5318,28 53.2
5X7 0.12 5 5 30.401 0.00388 0.41 2.02 238,82 2.4
8X9 0.005 6 6 22.126 0.00282 1.51 -24.75 30018,16 299.9
9X15 0.005 6 6 9.462 0.00121 3.58 -68.25 71596,92 715.3
9X15 0.005 10 10 18.717 0.00239 7.58 -37.19 149040,11 1490.0
9x15 0.005 20 20 18.719 0.00239 22.25 -37.15 444885,57 4448.5
9x15 0.003 6 6 18.935 0.00241 3.76 -36.46 123210.00 1252.1

Table 2: Performance at Hover Flight for Time and
CT value
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Figure 10: Trust Value for 5X7 mesh, different
parametrization

Time-step trend is evaluated at figure 11 to fully
represent CT .

Wake form is presented at figure 12 , the code
was optimized for a good representation of the wake
shape. Figure 12 also shows the differences at wake
forms due to discretization and lost of bottleneck
effect, a common error of gross discretizations [12].
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(For Instant)

Figure 12: Rotor de Helicopter Rotor Wake, Hover
Flight

Finally the hover analysis was plotted, figure 13,
a radial blade loading, compared with ref. [10].

Figure 13: Blade loading along span (blue line) vs.
ref. [9]

5.2. Forward Flight µ = 0.22

RotorBox was configured with Dt = 0.003 , IB = 5
, JB = 7 , WEE = 10 and NW = 8 to collect data
about the blade loading and wake shape.

5.3. Forward Flight µ = 0.5

Similar information was collected for the new flight
situation. Configuration with Dt = 0.002, IB =
5, JB = 7, WEE = 3 and NW = 3. Lift and
wake calculation have now more perturbation from
forward velocity.

Figure 14: Lift behaviour, forward flight µ = 0.22

Figure 15: Wake form, forward flight µ = 0.22 lat-
eral view

(a) NACA [9] (b) RotorBox (Mesh 5 × 7
Dt = 0.002 WEE = 10
NW = 8 )

Figure 16: Blade Loading, forward flight µ = 0.22

Figure 17: Lift behaviour, forward flight µ = 0.5

6. Empordef-TI

In this chapter a new code was generated, it was an
export from the MatLab code to C++, tuned for
time performance.

7



Figure 18: Wake form, forward flight µ = 0.5 lateral
view

(a) NACA [9] (b) RotorBox ( 9 × 15 Dt =
0.00123 WEE = 10 NW = 8
)

Figure 19: Blade Loading, forward flight µ = 0.5

6.1. Implementation

The main goal for this master thesis was the im-
plementation of a new main rotor model in the
Empordef-TI simulation systems.

Computational time is dependent of hardware
and the RotorBox introduction will interfere in
all the other tasks done by Empordef-Ti simula-
tor. The results presented were acquire indepen-
dent from Empordef-TI simulator, they were com-
puted in a specific flight situation and the same
conditions were reproduced at a different computer
disconnected from the Empordef-TI simulator, only
data from the main block were compared and only
aerodynamics forces were computed by RotorBox-
ETI.

Empordef-TI have their simulation model FAA
and EASA qualified and in this thesis data form
Empordef-TI model is assumed as correct data.

The helicopter Sikorsky S-300C was presented as
the helicopter to simulate and validate the data.

6.2. RotorBox-ETI

RotorBox-ETI is the code name of the RotorBox
code written in C++ and with a new way to com-
pute the equation system, LAPACK [16]. It was
constructed thinking in time performance to accom-
plish real-time simulation.

The code was configure for Sikorsky S-300C ,
main rotor discretization was done using two blades,
and the specifications are presented at table 3.

Control variables Dt, WEE ,NW ,IB, JB, are

Propriety Dimension
Blade span [B] 3.99 m

Chord [C] 0.172 m
Gap Blade/Hub Center [RGAP] 0.1 m

RPM 500 rpm
Blade attack angle 0.15 Rad

Table 3: Blade Discretization - RotorBox- ETI

kept equal to the RotorBox case, but now outputs
will be similar to Empodef-TI main rotor model.

Computational time per iteration will now repre-
sent true physical time for assert real-time perfor-
mance.

6.3. Time Performance
A generic rotor similar to Sikorsky S-300C main ro-
tor was implemented and tested for its time perfor-
mance. The computer was equipped with Intel(R)
Core(TM) i7-2620M @ 3.2 Ghz and code config-
ured for B=4.9, C=0.25 and angle of attack 0.52
rad. Table 4 shows the efficiency.

Mesh NW WEE Avg. Lift [N] Dt [s] Time/Iter. [s] Time difference [s]
5X7 3 3 4100 0.003 0.006 0.003
5X7 3 3 4100 0.005 0.005 3E−7

5X7 3 3 4100 0.008 0.004 -0.004
5X9 3 3 4100 0.008 0.009005 0.001005
5X7 5 5 4100 0.008 0.008 3.99E−7

5X7 2 5 4100 0.008 0.005 -0.003
5X7 3 10 4100 0.008 0.008001 5E−07
5X7 off 10 4100 0.008 0.005 -0.003
5X7 3 10 4050 0.0012 0.009 -0.003
5X7 3 10 4050 0.0015 0.01 -0.005
5X7 3 10 4000 0.02 0.009 -0.011

Table 4: RotorBox-ETI Time efficiency

For the final rotor, Microsoft Visual Studio 2010
was used to compile at maxim performance with a
5X7 mesh, NW = WEE = 5 and Dt = 0.01 for
hover flight. Table 5 present the data.

Time Max [s] Min [s]
Objective 0.01 0.01

Used 0.0090005 0.007004
Difference -0.000995 -0.0029996
Percentage -10.00% -29.96%

Table 5: RotorBox-ETI Time efficiency, Final Ver-
sion

6.4. Validation
For this abstract only data from blade axis will be
presented and is summarized at table 6. Model ETI
represents data from the actual model of Empodef-
TI and RotorBox-ETI represents data from the
newer code.

From table 6 some data appears to have huge er-
rors, but they are identified and controlled. The er-
rors come from drag calculation, inertial forces, lag
and flap movements. Functions related with drag

8



Figure 20: Forces blade axes system - Total thrust,
ETI.

Figure 21: Forces blade axes system - Total thrust,
RotorBox-ETI

Figure 22: Moments at blade articulation, ETI
model

calculus needed additional calibration. It is also
important to see values totally dependent of aero-
dynamic forces, like the ”goal value” that achieves
a 3.61% relative error.

7. Conclusions
First point to conclude is about model control vari-
ables independence, they aren’t truly independent
and create interference between time and space dis-
cretization. Wake panel’s size are controlled by Dt
and JB, the first parameter generates the depen-
dence and is bad for describing more space with
high time step. The way wake panels are con-
structed difficult near-wake and far-wake possibil-
ities and would give some benefices on overall data

Figure 23: Moments at blade articulation,
RotorBox-ETI

Variable Relative Error Notes

FXa1 72.54% Corrected
FXa2 72.12% Difference (1-2) 0.33%

FYa1 100% Non calculated
FYa2 100% ay RotorBox

Fza1 3.81% Difference (1-2)
Fza2 3.57% 0.24%

Ta 3.61% Goal Value

MFa1 4.97% Difference (1-2)
MFa2 4.97% 0%

MLa1 87.00% Corrected
MLa2 87.07% Difference (1-2) 0.07%

Qa 66.14% Corrected

Table 6: ETI vs RotorBox

for the simulation.
The computational performance is key for simula-

tion, a dedicated machine, new programming tech-
niques and parallel computing will give the possibil-
ity to introduce more panels, in theory improving
the model.

Multidisciplinary was noticed and constructing a
model like a product is difficult. In this work, the
experience earned together with the fact that real-
time was achieved, concludes that this thesis was
successful.

7.1. Achievements
The main achievement was real-time computation,
the code produced can currently achieve a very
low time per iteration, despite all wake weren’t de-
scribed, but it is a beginning. It is a introduction
using a total new method with new capabilities.

7.2. Future Work
First the model needs to be tested in other flight
situations and transient simulation.

An articulated rotor appears to be a good iter-
ation and better for data comparison. A different
blade discretization, by translating the shape, could
be other iteration for improvement.

Optimization and study about solving the system
equation could be another important job for data
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quality and time performance of the model.
More wake and blade panels will be an improve-

ment but is totally related with computational
power, CPU capability is important but new meth-
ods with GPU and parallel processing mode could
help the solution.

At the end a truly successful model would be el-
igible to EASA certification.
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