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Abstract
In trimmed flight of a helicopter, all the forces and moments, aerodynamic, inertial, and gravitational, are in
balance. Keeping the helicopter in trimmed state, needs a precise adjustment of flight controls. The methodology of
simulation of a fully trimmed flight of rotorcraft has been developed and applied to simulate hover of a helicopter.
The presented approach is based on a solution of Unsteady Reynolds-Averaged Navier-Stokes (URANS) equations.
In contrast to typical solutions of such problem, in the newly developed methodology, the flight controls corresponding
to the trimmed-flight conditions are also determined based on the solution of URANS equations.
The methodology is based on coupling of several computational models of Computational Fluid Dynamics and
Flight Dynamic. The URANS equations are solved in a three-dimensional region surrounding the flying helicopter,
using the ANSYS FLUENT code. The approach is truly three-dimensional, with truly modelled geometry and kinematics
of main and tail rotor blades. This applies to modelling of blade flapping and lead-lag motion, too.
The trimming procedure uses six independent parameters (i.e. collective and cyclic pitch of main rotor blades,
collective pitch of tail rotor blades, pitch, and bank angles of a helicopter) that should be adjusted so as to balance all
forces and moments acting on the helicopter.
The detailed description of the developed methodology as well as the results of simulation of trimmed hover of the
helicopter was presented.
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1. Introduction
In trimmed flight of a helicopter all the forces, aerodynamic, inertial, and gravitational, as well
as the overall moment vectors are in balance. Keeping the helicopter in trimmed state, needs
a precise adjustment of flight controls (i.e. collective and cyclic pitch controls of main rotor blades,
collective pitch control of tail rotor blades, etc.) [2]. Computational simulation of such flight state is
a very challenging task, especially when flight simulation is conducted using the Navier-StokesEquations solver to determine precisely all interactions between the air and helicopter surface.
Usually, in such approach, the helicopter flight controls corresponding to the trimmed flight are
determined using simplified aerodynamic models of rotors (e.g. Blade Element Theory) and other
components of a helicopter (e.g. tabulated, static aerodynamic characteristics of a fuselage,
stabilizers, vertical fin, etc.) [3, 4]. Then, these determined in simplified manner flight controls are
used in an advanced flight simulator based on the Navier-Stokes Equations. However, this approach
can in fact lead to flight states significantly distant from a trimmed flight. The reason may be
incompatibilities between simplified and advanced aerodynamic models of a helicopter flight.
The presented research focused on development of methodology of simulation of trimmed flight
of a helicopter based on a solution of Unsteady Reynolds-Averaged Navier-Stokes (URANS)
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equations. In contrast to the approach described above, in the newly developed methodology, the
flight controls corresponding to the trimmed-flight conditions are also determined by the solution of
URANS equations.
2. Methodology
A flight of a helicopter has been simulated based on computational methodology schematically
presented in Fig. 1. The flight simulation consists in the solution of URANS equations in the domain
surrounding the helicopter. The URANS equations are solved using the ANSYS FLUENT [1] code.
All specific rotorcraft activities are realised by developed in-house UDF-module Virtual-Rotor-3D.
This module is responsible for modelling of rotation of the main and tail rotors, blade feathering,
and flap-and-lag motion that is determined independently for each blade of main rotor through a
solution of ordinary differential equations simultaneously with the solution of URANS equations.
The structure of computational mesh is shown in Fig. 2 and Fig. 3. The motion of main-rotor blades
is modelled by the Overset Method (computational-mesh overlapping) while the tail-rotor-blade
motion is modelled based on Sliding Mesh Method.
In the presented approach, the helicopter-flight control is conducted using the following
parameters:
– collective pitch of main-rotor blades:
θ0 ,
– components of cyclic pitch of main-rotor blades: θS , θC ,
– collective pitch of tail-rotor blades:
θTR ,
– pitch and bank angles of a helicopter
ϕ, φ .
The above parameters may be changed smoothly during the simulation of helicopter flight, which
is used when trimming the helicopter. In the presented approach, the helicopter trimming procedure
� = �𝜃𝜃0 , 𝜃𝜃𝑆𝑆 , 𝜃𝜃𝐶𝐶 , 𝜃𝜃𝑇𝑇𝑇𝑇 , ϕ, φ�, so as to obtain required
consists in establishing the flight-control vector: Θ
� = �CL−W , CD , CS , Cl , Cm , Cn � acting on the helicopter,
dimensionless forces and moments: T
where:
– CL-W – lift-weight-imbalance coefficient, (dimensionless difference between the resultant lift
force acting on the helicopter and the helicopter weight),
– CD – drag coefficient,
– CS – side force coefficient,
– Cl – rolling-moment coefficient,
– Cm – pitching moment coefficient,
– Cn – yawing moment coefficient.
The moment reference point coincides with the centre of gravity of the helicopter. The balance
of side forces acting on the helicopter has been omitted in the presented research. For given flight
priority, the required values of CL−W , CD , Cl , Cm , Cn are typically set as follows:CL−W = CD = CS =
Cl = Cm = Cn = 0 which means fully trimmed state of a helicopter flight.
The problem is defined in mathematical terms as minimisation of function:
� ) = �CL−W 2 + CD 2 + CS 2 + Cl 2 + Cm 2 + Cn 2 .
Φ(Θ

(1)

The applied trimming procedure is based on classic, iterative approach. The new, corrected values
� 𝑛𝑛 are evaluated according to the formula:
of flight-control vector Θ
� −1

�n = Θ
� p + �∂T�
Θ
�
∂Θ

�r − T
�p �,
∙ �T

(2)

� 𝑝𝑝 is the current value of control vector Θ
�, T
�𝑝𝑝 is the current value of force-moment vector
where: Θ
�
�,T
�𝑟𝑟 is the required value of vector T
� , and �∂T � is the gradient matrix. Usually, to obtain relatively
T
�
∂Θ
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good convergence of helicopter trimming, the procedure (2) has to be applied several times,
iteratively.
Flight Conditions
Velocity
Pressure
Temperature

Rotor Data

Geometry
Mass
Angular Speed

Flight Control

MR Collective Pitch:
MR Cyclic Pitch:
TR Collective Pitch:
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θ0

θS , θC
θTR
ϕ,φ
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Computational
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Boundary
Conditions
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Fig. 1. The general scheme of developed methodology of simulation of trimmed flight of helicopter
�
∂T

Quality of evaluation of the gradient matrix � � � strongly influences the success of the helicopter∂Θ
trimming process. In the presented approach, the gradient matrix is evaluated using the Least Mean
Square method, based on results of helicopter-flight simulations conducted several times for
�
� . In general, the gradient matrix � ∂T � should be
different values of flight-control-parameter vector Θ
�
∂Θ

evaluated/ modified in each iterative step of the trimming process and for each computational case
of a helicopter flight.

Fig. 2. Structure of computational domain
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Fig. 3. Local computational domains around main rotor blades used in trimmed-flight simulations

3. Results of simulations of a trimmed flight of a helicopter
The simulations of trimmed flight have been conducted for the computational model of the
helicopter presented in Fig. 4. The flight has been simulated at the altitude 400 m in standard ISA
atmospheric conditions.

Fig. 4. Computational model of the helicopter used in simulations of trimmed flight

In initial stage of the research, several auxiliary helicopter-flight simulations have
been conducted to obtain the data necessary to determine the gradient matrix required for
the trimming procedure. Next, the actual simulation of flight in hover (without a ground effect)
has been conducted. Initially, the flight controls have been established based on simplified
evaluations. Based on these settings, the helicopter-flight simulation has been conducted, using the
ANSYS FLUENT solver together with then Virtual-Rotor-3D UDF module. After reaching
satisfactory convergence and periodicity of flow, the value of current force-and-moment vector
� = �CL−W , CD , CS , Cl , Cm , Cn � has been evaluated based on forces and moments averaged
T
during one revolution of main rotor. Next, using the formula (2), a new corrected value of flight� 𝑛𝑛 has been determined. The helicopter flight simulation has been repeated for the
control vector Θ
corrected settings of flight controls. After this process, the new state of the helicopter flight has been
obtained. In general, this new flight state should be much more balanced than the initially
investigated flight of helicopter in hover.
Table 1 shows the percentage measure of balance of dimensionless forces and moments acting
on the helicopter in relation to their values before trimming. In the table, a value 100% means fully
balanced given component of force or moment, while 0% means absence of any change of force or
moment before and after trimming. In the discussed case, one can observe that trimming procedure
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has been especially effective in a case of balancing of forces acting on the helicopter. In the case of
rolling and pitching moment, the improvement of balance is also satisfactory. However, in the case
of yawing moment coefficient (Cn), there is a negative percentage, which means that after trimming,
the imbalance of this moment component is even worse than before trimming.
Such result does not mean that the described trimming procedure has failed in the discussed case.
From point of view of the minimisation of function Φ defined in (1), the procedure has significantly
improved the balance of forces and moments acting on the helicopter. While for initially assumed
� ) = 6.98445∙10-4, the value of Φ for the flight
flight controls the value of this function was Φ(Θ
� ) = 1.05316∙10-4.
controls determined by the trimming procedure was significantly reduced to Φ(Θ
This means nearly sevenfold improvement in the balance of forces and moments after conducting
of the trimming procedure.
Tab. 1. Percentage measure of full-balance of dimensionless forces and moments
in relation to their values before trimming

Coefficient
Full-Balance Measure

CL-W
93.3%

CD
99.0%

Cs
99.9%

Cl
52.5%

Cm
70.5%

Cn
-79.4%

Figure 5 and 6 presents results of trimming obtained for the discussed case of hover of
a helicopter. Top graphs in the figures present time-dependent resultant forces or moment acting on
the helicopter, captured during one period of revolution of the main rotor, before conducting of the
trimming. Bottom graphs in the figures show the same parameters measured after finalizing the
trimming procedure.

Force Coefficient

required for trimming

CL-W
CD
CS

before trimming

Time of 1 revolution of MR

Force Coefficient

required for trimming

CL-W
CD
CS

after trimming

Time of 1 revolution of MR

Fig. 5. Coefficients of global forces ( CL-W, CD, CS ) acting on the helicopter in hover vs. time,
before (top) and after (bottom) trimming procedure
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Moment Coefficient

required for trimming

Cl
Cm
Cn

before trimming

Time of 1 revolution of Main Rotor

Moment Coefficient

required for trimming

Cl
Cm
Cn

after trimming

Time of 1 revolution of Main Rotor

Fig. 6 Coefficients of global moments (Cl, Cm, Cn ) acting on the helicopter vs. time,
before (top) and after (bottom) trimming procedure

Analysing Fig. 5 and Fig. 6 one may notice that even after first step of the helicopter trimming,
the resultant forces and moments are oscillating around zero (which is the goal of the trimming)
much more exactly than it has place in the case before trimming. In particular, the balancing of
aerodynamic lift and helicopter weight is improved through trimming by the factor 5.
Figure 7 presents qualitative results of simulation of trimmed hover flight of the helicopter:
static pressure contours visualised on a helicopter surface.

Fig. 7. Results of simulation of fully balanced hover of the helicopter. Static-pressure contours visualised
on a helicopter surface
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4. Conclusions
The advanced methodology of computational simulation of a helicopter in trimmed flight has
been developed and implemented. The methodology is based on the solution of URANS equations
in a domain surrounding the flying helicopter. The URANS solver is coupled with the solver
determining a main-rotor-blade flapping. The helicopter trimming procedure is based on results
of several simulations of helicopter flight conducted using also the URANS-solution approach.
Preliminary tests of the presented methodology confirm its high potential and suitability in rotorcraft
research and development.
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