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Abstract

This paper develops a numerical method that is capable of analyzing the
aerodynamic characteristic of the helicopter main rotor in consider influence of
fuselage. The method is based on an unsteady nonlinear vortex-lattice method that can
be used to simulate the interactions among the helicopter components efficiently. To
clarify the effect of the main rotor-fuselage interaction, the aerodynamic characteristics
of the main rotor in consider the influence of fuselage is determined along with those of
the combined main rotor-fuselage system. The paper also shows the velocity field and
free wake model in several flight regimes. The fuselage is modelled as a streamlined
object, which is discretized into the system of quadrilateral vortex panels. The no-
penetration boundary condition is satisfied on the fuselage surface, and no vorticity is
shed from the fuselage. The results obtained in this paper are validated against
experimental data and some from previous numerical methods.

1 Introduction

A helicopter main rotor or rotor system is the combination of several rotary wings (rotor blades)
and a control system that generates the aerodynamic lift force to support the weight of the helicopter,
and the thrust that counteracts aerodynamic drag in forward flight. Thus far, there has been a great
deal of studies on helicopters, especially on the aerodynamics of helicopter main rotor. However,
research on the aerodynamic interaction between helicopter components, such as main rotor, fuselage,
tail rotor, and stabilizers, is still quite limited. Main rotor is mounted on a vertical mast over the top of
the helicopter, andthe aerodynamic characteristics of a helicopter main rotor itself can be determined
by various different numerical methods [1,2,3,4,5,6,7]. Nevertheless, these characteristics may be
altered when the aerodynamics of the fuselage is taken into consideration. The questions of how the
main rotor-fuselage aerodynamic interaction takes place and to what degree this interaction affects the
performance of a helicopter have not been answered entirely. In fact, the fuselage can obstruct the
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induced downward flow generated by the main rotor; thus, the effective disk area of the main rotor is
reduced and the lift force decreases. On the other hand, the fuselage can play a role of an under-
surface that can enhance the aerodynamic performance of the main rotor in a similar way to the
ground effect.

Recently, with the development of computational techniques, the use of high-performance
computers, a number of studies on multifarious systems have been studied. Works of Urnarkun FO.M
[3] on the interaction between the main rotor and tail rotor of helicopter used a discrete vortex
method. However, due to the complexity of the multi-component aerodynamics system the results of
the works are often not verified or compared to other calculations.In the work [8], Tan Jianfengand
Wang Haowen used the unsteady potential-based panel method to consider aerodynamics of finite
thickness multi-bladed rotors, and the full-span free-wake method is applied to simulating dynamics
of rotor wake. These methods are tightly coupled through trailing-edge Kutta condition and by
converting doublet-wake panels to full-span vortex filaments. A velocity-field integration technique is
also adopted to overcome singularity problem during the interaction between the rotor wake and
blades. By method as CFD-FASTRAN solver, Sijun Zhang, MadhaveswerGentela and T. Fuchiwaki
[15] realized the computational simulation of flows over the generic rotor body interaction (ROBIN)
configuration. The helicopter model studied in this work consists of a fuselage, a four-bladed rotor,
and tails. The results of this work show that low Mach number preconditioning and dual time-
stepping greatly improve the accuracy and efficiency of CFD-FASTRAN for helicopter flows. But in
this work is not shown the influence of the body (fuselage) on the aerodynamic characteristics of the
main rotor. In the studies of XU HeYong and Bum Seok Lee and colleagues [16, 17] used the CFD
method on the basis of unstructured meshing to simulate the aerodynamic characteristics of the rotary
wing with body of helicopter. Both of these works focused on calculating the pressure distribution on
the helicopter body in case the helicopter moves alone in space or when the helicopter body moves in
the air from the rotating wing. The influence of the body on the aerodynamic properties of the rotary
wing was not studied.

For the purpose of creating a rotary wing air computational tool that overcomes the limitations
mentioned above, simulating and investigating many cases (taking into account compressibility,
viscosity of the environment, considering the influence the helicopter fuselage or other parts), the
authors have studied the model, describing aerodynamic interaction between helicopter main rotor
blades and its fuselage by the discrete method as follows.

2 Formulation Theory For Analyzing Of Aerodynamic
Interactions

The mathematical model of helicopter main rotor has been developed,whichis based on an
unsteady nonlinear vortex-lattice method (UVLM) [10, 14, 18, 19].This method assumes that an
inviscid, irrotational, and incompressible flow around the body.Therefore, it does not take into
account viscous effects, flow separation at the leading edge, and compressibility at high Mach
numbers. In UVLM, lifting surfaces and wakes are discretized by using so-called vortex rings,
quadrilateral elements composed by discrete vortex segments in a closed loop. The wake vortex-rings
are freely convected according to the local flow velocity, developing into a force-free wake.

It is clearly that the construction of the vortex model must be based on the boundary condition of
the infiltration such as the impermeability condition on lifting surfaces, Traplugin-Zoukovsky
condition for the finite velocity at the edges of the load surface (Kutta condition), Kelvin condition of
vortex intensity in closed loop [1,9]. For a single vortex model of main rotor, blades were replaced by
vortex surface with vortex ring elements. The main advantage of using vortex ring elements is that
they require little programming effort (although computational efficiency can be further improved).
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All the rules of vortex theory alluding to the set-up problem and solving the linear equation to
determine the circulation of each vortex ring component. The linear equation system contains vortex
circulation variables for a main rotor in the general form as follows [1,3,9]:
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In this case, the right-hand side of the Eq. (1) is the sum of the free stream velocity, rotation
velocity, and the velocity induced by the free wake at each control point on blades of main rotor. It is
defined as RSHy=-[U(t)~+Uuw,V (t)+vw, W(t)+wy]k.Nk, k=1+m; where - is number of vortices replacing on
blades, m = n.N.slc, n - is number of vortices divided on blade in the chordwise direction; N- number
of vortices divided on blade in the spanwise direction, slc- number of blades on main rotor. The

coefficients ajjare determined by the Bio-Savar law for each quadrilateral vortex on blades of main
rotor [1, 4], where i=1+n, j=1+N; I', - is the circulation of the associated vortices on the main rotor.

2.1 Unsteady Kutta Condition

The Kutta condition states that the flow leaves tangentially the trailing edge of blades. That is,
velocity at the trailing edge is finite. The unsteady Kutta condition is imposed in UVLM by shedding
the vorticity generated along a sharp trailing edge into the wake [1,4]. This condition forces the
pressure jump across the trailing edge to be zero, allowing the fluid to leave the surface smoothly. The
nodes on the wake are allowed to move freely with local fluid particle speed, rendering the wake
force-free. The solution is based on the time-stepping technique, and at the beginning of the motion
only the main rotor-bound vortex rings exist. Note that the closing segment of the trailing-edge vortex
elements will represent the starting vortex. During the second time step, the main rotor is moved
along its flight path and each trailing-edge vortex panel sheds a wake panel with a vortex strength,
which equals to its circulation in the previous time step [9].

FW‘ = ]‘—‘TAEFA[ 2

Here T, is strength of wake vortex at time step t, and I'y. is strength of bound vortex at

trailing-edge of main rotor blades at previous time step t-1. This time-stepping methodology can then
be continued for any type of flight path and at each time step, the wake vortex corner points can be
moved by the local velocity, so that wake rollup can be simulated (Eqg. (8).

2.2 Treatment of Core Radius

The core radius of the vortex ring plays an important role in evaluating induced velocities,
especially when calculating self-induced velocities. Therefore, it is necessary to model the
development of the core radius over time. Viscous diffusion leads to an expansion of the vortex core
and a decrease in the maximum magnitude of vortex swirl velocity with time. Consequently, the
volume of the toroidal vortex is no longer conserved. However, total circulation and angular
momentum are conserved. If the vortex wake structure is considered to be highly turbulent, a simple
laminar viscosity model (for example, Lamb Oseen’s) would prove insufficient. Therefore, following
the approach of Squire, Bhagwat and Leishman [11,12], the core radius growth is approximated by

=1 +4-a vt 3)
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Where ¢ the viscosity parameter is representative of the turbulent viscosity in the medium and it is
empirically obtained, o, = 1.25643 is Lamb’s constant, is the coefficient of viscosity, and t is the

time elapsed since the formation of the tip vortex. Note that & depends on the vortex Reynolds
number, which is obtained from measurements on our experimental setup. Here establishing an initial
core radius, ro at 0 degree of vortex age.

In this model, the 3D body of the helicopter fuselage is a closed volume, the hull surface is
replaced by quadrilateral vortex ring elements. At each control point on the surface of helicopter
fuselage simultaneously satisfies the impermeability condition as applied on the surfaces of the
rotating blades in the same time step. The fuselage is considered a 3D-shaped object, which has an
induction effect on the performance of helicopter main rotor and there is no free wake formation when
the air flows through the helicopter fuselage. In this work, 540 vortex ring elements are considered,
the helicopter fuselage is positioned below the main rotor as shown in Figure 1. The distance from 3D
body of the helicopter fuselage to the rotational plane of main rotor is h.
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Figure 1. Main rotor- fuselage model
Then the linear system of equations determining the circulations of the vortices in the multi-
components system helicopter main rotor- fuselage will be greatly expanded as follows:
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Here in Eq. (4), the matrices of coefficients A2, A3, A4, and B2 are defined by the vortex
elements on helicopter fuselage (quadrilateral vortex panels). Particularly A2 is the coefficient matrix
generated by vortex bounds on helicopter calculated at the control points on main rotor. A3 is the
matrix of coefficients of vortex elements on the main rotor calculated at the control points on
helicopter fuselage. A4 is the coefficient matrix of the vortex bounds on helicopter fuselage at its
control points. I'™ is the circulation matrix of the vortices on the helicopter fuselage, and B2 is the
matrix of the coefficients determined by the normal components of the no-noise constant velocity
with the velocity of the induced vortex at the control points on the fuselage. With M is the total
number of vortices generating the 3D model of the helicopter fuselage, M=sgnxsgd, in which sgn, sgd
are the number vortex on horizontal and vertical directions of the 3D model.

Comparing Egs. (1) and (4), it is found that when considering the influence of the helicopter
fuselage on the performance of the main rotor, the linear system of determining the vortex
circulations has expanded considerably. This means that the calculated time-wasting in the multi-
component system also increases several times.

2.3 Aerodynamic Forces and Moments

Determination strength values of vortices on main rotor-fuselage is the basis for analyzing the
aerodynamic characteristics of the model, such as the differential pressure, lift, drag, moment
coefficients, and velocity fields. The local circulation is needed in calculating the pressure
distribution. For the leading-edge panel, strength of this is equal to T';; but for all the elements
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behind it, the strength of vortex panel is equal to the difference ', ; —T"_, ;. The fluid dynamic loads

then can be computed by using the Bernoulli equation, and the pressure difference is given by Eq. (5)
[1,9].

Fi j _Fi—lj
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Here 1, ,T; -are the panel tangential vectors in the i and j directions; Ac;,
lengths in the i-th and j-th directions. The time derivative of the velocity-potential is obtained by
P o t_ o tat

using the definition —®, :51"ij :% The pressure distribution is numerically integrated

along the surface to yield the acting force (C¢) and moment (C) coefficients.

Ab; -are the panel

(Ap-AS), -n, (6)
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3 Validation And Discussions

3.1 Validation model of single main rotor with model of b.C. Kpurkuit
[13]
In the rotor model of b.C. Kpunkwuii [13], dimensions of rotor blade are bXR=0.15X1.2, pitch

angle is 8°, rotational speed @ =36.5rad/s. When rotor velocity is Q, =11.5 m/s, we get vortex

structure in work of B.C. Kpunxuii [13] and this work at azimuth 180° and 270° as shown in Figure 2,
and get values of coefficients of normal force plotted in Figure 3. From Figures 2 and 3, we can found
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Figure 2. Comparing of vortex structure
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Figure 3. Coefficients of normal force for the length of rotor blade

3.2 Validation model of single main rotor with model of Juan D.
Colmenares [14]

In the study of Juan D. Colmenares [14], helicopter rotor in hover flight, the rotor with two
untapered and untwisted rectangular blades of aspect ratio AR = 6 is modelled. The blades were
confgured at a collective pitch of 5° 8% and 12° Speed rotating of rotor is 1250 RPM, which
corresponds to a tip Mach number of 0.439.Using the mathematical model of the author with the
above geometric parameters, we obtain the results plotted in Figures 4 and 5.
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Figure 4. Thrust coefficient of the rotor at different collective pitch angles
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Figure 5. Wake structure for the case collective pitch angle is 12°
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Result of thrust coefficient on this rotor model, converging to an average value similar to that
achieved with the model of Juan D. Colmenares [14], we can see clearly this in Figure 4. A
comparison of the two wake structures is shown in Figure 5, it is also clear that this work and the
results in [14] are similar. The figure 5 shows that the helix after the helicopter also tends to roll,
forming the stretched tube vortex and move turbulence in the space, similar to trace vortex of wing.

3.3 Calculating results with model main rotor- fuselage

Based on the proposed model for main rotor- fuselage system, we continue to apply on the specific
calculation conditions. Dimensions of main rotor blade in this model are bxR=0.52x10.2m, in which b
is chord width and R is span width of blade, the radius rotate axle of blade: Ry=0.25R. Rotational
speed of revolving ©=20.1rad/s; initial pitch angle ¢=12°% main rotor rotates counterclockwise

7 ) =
L

Figure 6. The distribution of vortex strengths on blade at 50th time step
Figure 6 shows computed results with main rotor, which has one blade at the 50th time step. The
distribution of vortex strengths on blade obtained is increasing by spanwise and decreasing by
chordwise of blade. This result is consistent with the theory of helicopter aerodynamics.

e

LE

peakn‘,_ Pl “a, = Retor - Fuselage
=== Omly roter

LE

Cr

BS

na
120 125 13 13 LL 145 150

Time step
Figure 7. The transient lift coefficient of rotor and the root wake of in hover

Comparison of simulation results from the helicopter main rotor model with and without fuselage
in different regime flight is shown in Figures 7, 8 and 9. In these figures, main rotor model and main
rotor-fuselage model are computed in the hover processing. After 150 time steps, the airflow through
the rotating main rotor was pushed downward and obtained an image of vortex wake in the vertical
plane through the center of rotation as shown in Figure 7. The root vortex effect can be observed
clearly on that plane, too. The variation of the lift coefficient of the main rotor in the two models is
beginning to converge. The average difference between the values of lift coefficient in main rotor
model and in main rotor-fuselage model model is not significant, the lift coefficient in the rotor-
fuselage model is greater than the lift coefficient in the only rotor model, about 5%. In Figure 8, the
helicopter moves up vertical with velocity 10 m/s, the lift coefficient has a larger mean value than that
in the hover processing, and the dynamic variation is stronger over time, which is consistent with
many other studies. The transient lift coefficient of rotor when helicopter vertical descent with
velocity v,=-10m/s is shown in figure 9. The forward flight with a speed of U0=50m/s, angle of attack
+10°, the free wake vortex of main rotor-fuselage model is simulated and shown in Figures 10.
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Figure 12. The model of helicopter working in ground
effect
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Figure 13. The comparesion of lift coefficient when
helicopter in ground effect

Figure 10. The vortex wake when helicopter in
forward flight

Figures 11 show the results of the relative position survey between the main rotor and the
helicopter fuselage. As shown in Figure 1, the helicopter fuselage is located underneath the rotor a

distance of (h =h/R-non-dimensional quantities). With different types of helicopters depending on
the structural characteristics that distance may be short or long. Here the distance is measured in the
range of 0.28, 0.35, 0.4, and 0.5. The results show that the forming wake vortex characteristics and
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the variation of the rotor lift coefficient are not significantly different when changing the distance
value. It can be seen that the selection of the appropriate distance between the main rotor and the
helicopter fuselage depends more on the factorial structural strength of the rotary shaft than on the
aerodynamic performances. Figure 12 shows models that describe helicopter working in ground
effect. And the results when helicopter work in ground effect with various distances h, are shown in
figure 13.

4 Conclusions

In the paper, the author has set up a mathematical model to study the aerodynamic characteristics
of the main rotor in consider influence of helicopter fuselage by unsteady nonlinear vortex-lattice
method. Computational simulation and comparison of individual main rotor model with the main
rotor-fuselage model in multiple flight regimes. The results are consistent with the theory of
helicopter aerodynamics.

In the model main rotor-fuselage, influence of helicopter fuselage on the aerodynamic
characteristics of the main rotor in terms of lifting force is not large, only about 5+7 percent. Thus, in
some preliminary calculations of flight regimes may bypass the presence of the fuselage to reduce the
calculated volume. The dynamic load impacting on blades of main rotor in the model main rotor-
fuselage is very significant, especially in the skew flow regime, it is necessary to develop the model to
continue the research.
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