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Abstract

In the present paper a computational investigation is made about the efficiency of
recently developed mathematical models for specific aerodynamic phenomena of
the complicated helicopter rotor flowfield. A developed computational procedure
is used, based on a Lagrangian type, Vortex Element Method. The free vortical
wake geometry and rotor airloads are computed. The efficiency of special models
concerning vortex core structure, vorticity diffusion and vortex straining regarding
rotor airloads prediction is tested. Investigations have also been performed in
order to assess a realistic value for empirical factors included in vorticity diffusion
models. The benefit of using multiple vortex line to simulate trailing wake vorticity
behind blade span instead of isolated lines or vortex sheets, despite their
computational cost, is demonstrated with the developed wake relaxation method.
The computational results are compared with experimental data from wind tunnel
tests, performed during joined European research programs.
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1. INTRODUCTION

Computational research on helicopter rotors focuses on blade airloads prediction, trying to
identify the effects of important operational, structural and flowfield parameters such as wake
formation, blade planform, flight conditions etc on blade vibrations and noise emissions. Improved
helicopter performance is a continuous research challenge as aeronautical industry is always
seeking for a more efficient, vibration free and "quiet" rotorcraft with increased public acceptance.

The main issue in helicopter aerodynamics examined by many computational and experimental
efforts is the interaction of rotor blades with wake vortices, a phenomenon which characterizes
helicopters and is the source of blade vibration and noise emission. As in other similar
aerodynamic flowfields, such as the trailing wake of aircrafts or wind turbines, the velocity field in
the vicinity of a helicopter rotor must be calculated from the vorticity field. A prerequisite for such
a calculation is that the physical structure and the free motion of wake vortices are adequately
simulated.

Vortex Element Methods (VEM) have been established during recent years computational
research as an efficient and reliable tool for calculating the velocity field of concentrated three-
dimensional, curved vortices [1,2]. Wake vortices are considered as vortex filaments which are
free to move in Lagrangian coordinates. The filaments are descritized into piecewise segments
and a vortex element is assigned to each one of them. Since the flow is considered inviscid
except for the vortices themselves, the Biot-Savart low is applied in closed-form integration over
each vortex element for the velocity field calculation. Marked points are traced on vortex filaments
as they move freely due to the mutual-induced velocity field, either by externally imposing
geometrical periodicity (relaxation methods) or not (time marching methods). Thus, VEM can
computationally reproduce an accurate geometry of the concentrated wake vortices spinning
close to rotor disk. As a result the non-uniform induced downwash of lifting helicopter rotors can
be computed, which is responsible for rotor blade vibratory airloads.

From the first simplified approaches [3,4], to recent advanced procedures [5-9], the vorticity
elements used are vortex lines and vortex sheets [5,10]. The sophistication level of rotor wake
analysis can vary from preliminary to advanced manufacture calculations. The basic formulation
of VEM is closely related to classical vortex methods for boundary layer and vortical flow analysis
extensively applied by Chorin [11], Leonard [12] and other researchers [13,33].

The extensive effort made by a number of researchers has resulted to several models proposed
for simulating viscous vortex core structure, vorticity diffusion, trailing vortex rollup process, rotor
blade dynamic stall and other phenomena [14]. These different physico-mathematical models
have a significant influence on computed blade airload distributions, while their reliability for the
majority of helicopter rotor flow conditions is always under evaluation.

The contribution of the work presented here is to investigate the influence of specific aerodynamic
models on computed blade airloads, evaluating their reliability by comparisons of computed
results with experimental data. In addition, the values of empirical factors included in these
models are computationally verified. The applied method consists of a free wake analysis, using a
wake-relaxation type VEM [15,16,29] and a coupled airload computation module which has the
flexibility to adopt either lifting line or lifting surface methods. Blade motion calculations include
provisions for articulated or hingeless blades and the main rigid and elastic flapping modules can
be regarded separately or coupled.
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When helicopter rotor wakes are simulated, then the line segment discretization of wake vortices
is prevailed. Methods with straight [8,10] or curved [6,17] line segments have been proposed and
their accuracy was found to be of second order comparing to vortex ring analytical solution
[18,19]. Rarely, the distributed vorticity behind the inner part of blade span is modeled by surface
elements such as vortex sheets [10]. For the present investigation, a model of multiple trailing
lines is adopted and compared with models of simpler discretization.

Viscous effects on wake vorticity have also been the subject of computational and experimental
efforts because of their significant impact on induced velocity calculations especially for large
wake ages [20-22]. These effects are the vortex core formation in the center of vortex lines and
the diffusion of the concentrated vorticity as time progresses. Both of these phenomena are found
to be of crucial importance for a reliable wake representation. In the present paper several
models are compared, assuming both laminar and turbulent vortex core flow, in order to
demonstrate their effectiveness and a parametric investigation is performed concerning empirical
factors employed by these models.

The experimental data used for comparisons include test cases executed during cooperative
European research programs on rotorcraft aerodynamics and aeroacoustics performed in the
open test section of the German-Dutch Wind Tunnel (DNW) The Netherlands [23].

2. AERODYNAMIC FORMULATION

2.1 Rotor Wake Model

The vorticity generated in rotor wake is distinguished regarding its source in two main parts, the
trailing and the shed vorticity. Conservation of circulation dictates that the circulation gradients on
a rotor blade determine the vorticity shed at specific spanwise locations behind the blade. Thus
spanwise circulation variations generate trailing vorticity, g,, whose direction is parallel to the
local flow velocity (Figure 1). On the other hand, azimuthal variations produce shed vorticity
radially oriented, gs, due to the transient periodical nature of the rotor blade flowfield. In general,
bound circulation has a distribution as shown in Figure 1, where the pick is located outboard of
the semi-span and a steep gradient appears closely to blade tip. This gradient generates a high
strength trailing vortex sheet just behind the blade which quickly rolls up and forms a strong tip
vortex.

General bound
circulation distribution

inboard vortex Foncentrate

sheet up
vortex

core radius r;
FIGURE 1: Rotor wake physicomathematical modeling.
The continuous distribution of wake vorticity shown in Figure 1 is discretized into a series of

vortex elements. Depending on the degree of analysis of wake flowfield and on targeted
computational consumption, some VEMs use simple disretization as shown in Figure 2. In this
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case, bound circulation is assumed as a linearized distribution, as shown in the figure. According
to such an assumption, trailing vorticity emanates from the inner part of blade span and is
modeled with vortex sheets extending from A to C. Shed vorticity is modeled either with vortex
sheets extending from B to E or with vortex lines parallel to blade span as shown in Figure 2.
Vortex line discretization is used for tip vortex, except for the area just behind the blade where a
rolling up vortex sheet is used. Roll up is simulated with diminishing vortex sheets together with
line segments of correspondingly increasing circulation. This type of discretization simulates the
basic features of rotor wake with acceptable accuracy and reduces computational consumption
especially when VEMs are used in conjunction with CFD simulations of rotor wake in hybrid
schemes.

Tip vortex
General bound lines

circulation distribution

Concentrated
Tip vortex line

Trailing sheets S

Shed sheets

Shed lines

FIGURE 2: Rotor wake simulation, where the trailing wake is represented by vortex sheets, the shed wake
either by vortex sheets or vortex lines and the concentrated tip vortex by vortex lines.

Despite the computational efficiency of the above approach, the simplification made in bound
circulation distribution can lead to unrealistic results for certain blade azimuth angles. For
example, in the cases of reverse flow regions or low advance ratios, where the air hits the rotor
blades at the trailing edge or when the rotor blades cut the concentrated tip vortices respectively,
a phenomenon known as Blade Vortex Interaction (BVI) is apparent. In these cases the bound
circulation distribution departs from the form of Figure 2 and a more detailed discretization is
needed in order to catch the specific circulation variations.

In this work, the wake vorticity is discretized in a multitude of trailing and shed vortex lines as

shown in Figure 3, in order to simulate the bound circulation distribution in a way that takes into
account the fluctuations produced in the majority of blade azimuth angles.
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FIGURE 3: Modeling of rotor blade bound circulation distribution and wake
vorticity formations with multiple vortex lines.

Trailing vorticity is simulated by n-straight line vortex segments, labeled £, which run from {; at the
root to £, at the tip. There are ni=n-1 radial stations where bound circulation is computed, where n,
runs from n; between {; and £, to n,.; between {,, and {,. The strength of each segment is equal
to the gradient of the bound circulation g, between two successive radial stations. This means
that for all intermediate segments at azimuthal angle y:

& Low) =8y )= 8n(nw) (1)

The first term is equal to zero at the root because there is no bound circulation inboard the root.
Analogically the second term is zero at the tip. The shed vorticity is simulated by n-1 straight line
vortex segments which are extended radially between two adjacent trailing vortices as shown in
Figure 3. The strength of each segment is equal to the azimuthal variation of bound circulation for
each radial station:

gs(gwl//):gbv(’h—lr‘//"'dl//)_gbv('h_lr‘//) (2)

where Ay is the azimuthal step. A number of 50 trailing and shed vortex line segments per
azimuthal step were found adequate to discretize the wake vorticity. More detailed discretization
will increase computational cost without any tangible improvement of accuracy.

2.2 Induced Velocity Calculation

The distortion of the initial helical geometry of the rotor wake vortices, makes the calculation of
the rotor downwash almost impossible with direct numerical integration of the Biot-Savart law,
over the actual wake geometry. This procedure is used only for simplified approaches such as the
rigid or semi-rigid wake assumptions [3,4]. The utilization of discrete computational elements
(vortex lines and sheets) by VEM, converts direct integration in a closed form integration of the
Biot-Savart law over the known spatial locations of these elements. The contribution of a vortex
line segment i to the induced velocity \7Vij at an arbitrary point in space j, is given by the relation

- 1 8i(?i;m_k'ék)><dl€
— J' i (3)

U__4 3
T > —_k.p
| r;:]'m k ek |
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where T, is the minimum distance from vortex line i to the point j, €, the unit vector in the
direction of the vortex segment, g; the circulation strength of the vortex segment and k the
coordinate measured along the vortex segment. With a reasonable step of discretization, the
simplification made to the actual wake geometry can be overcome. After computational
investigation the azimuthal step for realistic rotor wake simulations has been proposed by
different researchers to be from 2 to 5 degrees [5,32]. The calculation of velocity induced by
vortex sheet can be found in [15].

Free vortical wake computation is an iterative procedure, which initiates from rigid wake
geometry. Each iteration defines a new position of each vortex element, and takes into account
the contribution of all the wake elements to the local flow velocity. At the end of each iteration a
new distorted wake geometry is calculated, which is the starting point for the next cycle. This
scheme continues until distortion convergence is achieved.

Rotor blade dynamics influence the angle of attack distribution seen by the blade, and therefore
alter the bound circulation distribution. Due to out-of-plane motion, rotor blade balances the
asymmetry of rotor disk loading. For studying rotor aerodynamics, blade flapwise bending can be
represented by a simple mode shape, without significant loss of accuracy [10]. In general the out
of plane deflection z(r,t) can be written as a series of normal modes describing the spanwise
deformation

ar)= m(rigt) (4)

where n, is the mode shape and qg(t) is the corresponding degree of freedom. For the developed
procedure rigid blade motion and the first flapwise bending mode shape, n=4r>-3r, which is
appropriate for blade's basic bending deformation can be used alternatively [15].

By these means a detailed rotor induced downwash distribution is obtained by free wake
calculations. Sequentially, the blade section angle of attack distribution is computed by

alr.y)=0(r)-tan™ (u, fu;) (5)

where up is the air velocity perpendicular to No Feathering Plane (NFP), which includes
nonuniform rotor downwash, ur is the tangential velocity to blade airfoil, both normalized by the
rotor tip speed QR, and 6(r) is the collective pitch angle (since NFP is taken as reference). With
known angle of attack and local velocity, a blade-element type methodology is applied for blade
section lift calculations. The above computational procedure is extensively documented in [15].

2.3 Vortex Core Structure

As mentioned above, rotor induced velocity calculation is based on potential field solution such as
Biot-Savart law. Due to the absence of viscosity, the induced velocity calculated at a point lying
very close to a vortex segment, tends to be infinite which is unrealistic. In order to remove such
singularities and model the effects of viscosity in a convenient way the vortex core concept is
introduced. A great deal of the current knowledge about the role of viscosity in a vortex core has
been derived mainly from experimental measurements. As a result empirical relations are
commonly used for the vortex core radius, the velocity distribution at the core region and the
viscous core growth.

The core radius is defined as the distance from the core center where the maximum tangential
velocity is observed. A corresponding expression for the radial circulation distribution inside the
core region is introduced in the computations, which alters the velocity induced from a vortex
element. Outside the core region the induced velocity has an approximately potential distribution
which tends to coincide with the Biot-Savart distribution fairly away from the vortex line.
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Several algebraic models for the vortex induced velocity have been introduced due to their
simplicity and computational efficiency in engineering applications [24-26]. According to Vatistas
[26] a series of tangential velocity profiles in the vortex core is given by the relation

gr
27t(r2" + 72 )l/” ©)

c

Vg(r):

where g is the circulation of the vortex line, n is an integer variable, r is the radial distance from
the vortex center and r, is the core radius. Using this relation for different values of n, the velocity
r profiles of some well-known core models can be derived using the nondimensional radius
r =r/r, For n=1 the core model suggested by Scully and Sullivan [27] is derived

8 r

V(F)=
)= e (1572

(7)
For n=2 the model proposed by Bagai-Leishman in [32] is derived

_ g r
V,(r)=
o) 2ar, \1+7*

(8)

Taking these models into account, the present investigation also applies the Rotary Wing vortex
model [10] and of the Lamb-Oseen model [28] for the representation of the vortex core structure.

2.4 Core Growth

Unlike airplanes, helicopter rotors remain in close proximity to their tip vortices, more so in
descent and maneuvers. This feature leads to close encounters of rotor blades with tip vortices,
which as already mentioned are known as blade vortex interactions or BVIs. As a consequence, it
is important to understand not only the initial core size after roll-up, but also the subsequent
growth of the vortex core [29].

The effect of diffusion on tip vortices is taken into account by increasing the vortex core radius
and decreasing its vorticity as time advances. The simplest viscous vortex is the Lamb-Oseen
vortex model. This is a two-dimensional flow with circular symmetry in which the streamlines are
circles around the vortex filament. The vorticity vector is parallel to the vortex filament and a
function of radial distance r and time t. Solving the Navier-Stokes equations for this case an exact
solution for the tangential or swirl velocity surrounding the vortex filament arises as

Vo(r)= 8nip (1_e—r2/4w) 9)
2rr

where grp is the tip vortex strength and v is the kinematic viscosity. The core growth with time,
predicted by the Lamb-Oseen model is given by

Fa (1)=2.2418 Wt (10)
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This result came up by differentiating equation 9 with respect to r and setting the derivative to
zero. The Lamb-Oseen vortex can be regarded as the “desingularisation” of the rectilinear line
vortex, in which the vorticity has a delta-function singularity.

Squire [30] showed that the solution for a trailing vortex is identical to the Lamb-Oseen solution.
So the downstream distance z from the origin of the vortex can be related to time as t=z/V,. In
order to account for effects on turbulence generation, Squire introduced an eddy viscosity
coefficient d. In the case of a helicopter rotor, time t is related to the wake age &, as 6, =Qt, where
Q is the angular velocity of the rotor. Thus, including these parameters equation 10 can be written
as

0,+90,
T (6, ) =2.24181 5{%) (11)

In the above equation &, is an effective origin offset, which gives a finite value of the vortex core
radius at the instant of its generation (6,=0) equals to

(0, =0)=1,=2.24181 Iév(%} (12)

At this work &, was selected to have an age between 15° and 30°. According to Squire, the eddy
viscosity coefficient is proportional to the vortex Reynolds number Re, and equals to

0=1+agRe, (13)

where ag is the Squire’s parameter and its value is determined from experimental measurements.
A phenomenon often opposing vortex diffusion is the straining of vortex filaments due to their
freely distorted geometry. In fact the steep gradients of wake induced velocities cause them to
stretch or to squeeze and their core radius to decrease or to increase correspondingly. For
straining effects, the following fraction is defined

g==" (14)

as the strain imposed on the filament over the time interval At, where Af is the deformation from
its initial length £. Now assume that the filament has a core radius rg#(®;) at time &,. At time & +Ay
the filament will have a core radius rgp(Op+AW)-Argi(dr)=rsiain beCause of straining. Applying the
principle of conservation of mass leads to the following result

1
rstrain(é(-i_dl//):nlifj'(éé ) T (15)
Vi+e

Combining equations (11) and (15) a vortex core radius including both diffusion and straining
effects can be defined as
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1
r(d,)= rdzjf)"(aé )= Ttrain( 04 ) = rdiﬁ‘(é« ) rdiﬁ‘(é( - AV/)\/: (16)
g

3. RESULTS AND DISCUSSION

Table 1 summarizes the basic parameters of the test cases used at the present work. For all of
the test cases the rotor blade radius and the chord length were equal to 2.1 m and 0.14 m
respectively.

TABLE 1: Basic parameters of the experimental flight test cases used at the present work.

Advance Tip Path Thrust Tip Mach
g::; Ratio Plane Angle Coefficient Number T|¥|Ii)§hct)f
M arpp Cr Mzp
1 0.168 6.0° 0.0069 0.616 Ascent
2 0.264 3.0° 0.0071 0.662 Ascent
3 0.166 -1.8° 0.0069 0.617 Descent
4 0.166 -5.7° 0.0070 0.617 Descent

Table 2 shows three different wake models which are compared for the present work. Each of
these wake models has been tested with the developed computational procedure and its
influence on the rotor aerodynamic forces has been studied.

TABLE 2: Different wake models used for rotor wake simulation.
SLV = Straight Line Vortex, VS = Vortex Sheet

Wake Shed Inboard Tip

Model Wake Wake Vortex

1 50 SLV 50 SLV 1 SLV

2 1 SLV VS 1 SLV

3 VS VS 1SLV
1.2 ; . . . . 1.2 - - A
| ——Wake Model 1] ‘ ‘ ‘ —— Wake Model 1] o
o Coeelesl tof |1 pmeheas :

* Experimental /.’}‘ * Experimental

I I L L L 0.0 L L L L L L L
45 90 135 180 225 270 315 360 0 45 90 135 180 225 270 315 360

Azimuthal angle, [deg] Azimuthal angle, [deg]
(a) (b)

FIGURE 4: Influence of different wake models on the normal force coefficient at radial station 0.82 for two
climb cases with different advance ratio, (a) Test Case 1, y=0.168, (b) Test Case 2, y=0.268.
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0
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—— Wake Model 1 — Wake Model 1
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04r 0.4+
c 0.3F NG < 03
O (©)]
0.2 0.2k
01} L 0.1
'“‘\
0.0 T T T T T 0.0 T T T T T
0.4 0.5 0.6 0.7 0.8 0.9 1.0 0.4 0.5 0.6 0.7 0.8 0.9 1.0

Radial Station, r/R
(a)

Radial Station, r/R
(b)

FIGURE 5: Influence of different wake models on the normal force coefficient at azimuth angle W=45° for
two climb cases with different advance ratio, (a) Test Case 1, y=0.168, (b) Test Case 2, u=0.268.

In Figure 4 the resulting azimuthal distribution of normal force coefficient C,, is compared with
experimental data for the first two test cases of Table 1. For the same test cases the radial
distribution of normal force coefficient C,, is compared with experimental data as shown in Figure
5.

It is evident from these figures that representing the total rotor wake with n-straight line vortices is
preferable than using vortex sheets for trailing or shed wake. Especially at rotor disk areas where
Blade Vortex Interaction phenomena are likely to occur, as for azimuth angles 90° to 180° and
270° to 360°, wake model 1 gives substantially better results because the existing fluctuations of
bound circulation distribution are adequate simulated. For the test cases shown, radial airloads
distribution also differs at 45° where the results of wake model 1 follow closely the experimental
values. For this reason wake model 1 is used hereafter.

Another observation is that wake models 2 and 3 give better results by the increment of the
advance ratio, which demonstrates that helicopter rotor wake representation could be simpler for
high speed flights, saving extra computational time. On the other hand an elaborate rotor wake
model is crucial for low speed flights.

1.0 1.0

| —— Wake Model 1 | —— Wake Model 1
091 77 Wake Model2 A 0.9 7 Wake Model2 - &
0.8 | = = -Wake Model 3 ’ 0.8 | = = - Wake Model 3 LI '

: « Experimental ! « Experimental o '
0.7 0.7t
06} 0.6
. 05 _ 05
O 04 O 04w
0.3 0.3 e
.

02 L 0.2F Loyt

B .
0.1} 01p
0.0 I I I I I I I 0.0 I I I I I I I

0 45 90 135 180 225 270 315 360 0 45 90 135 180 225 270 315 360

Azimuthal angle, [deg]
(a)

Azimuthal angle, [deg]
(b)

FIGURE 6: Influence of different wake models on the normal force coefficient at radial station 0.82 for two
descent cases with different TPP angle, (a) Test Case 3, atep =-1.8°, (b) Test Case 4, atpp =-5.7°.
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FIGURE 7: Influence of different wake models on the normal force coefficient at azimuth angle W=45° for
two descent cases with different TPP angle, (a) Test Case 3, atpp=-1.8°, (b) Test Case 4, arpp =-5.7°.

In Figures 6 and 7 the azimuthal and radial distribution of normal force coefficient respectively is
compared with experimental data for test cases 3 and 4 of Table 1. The multiple vortex lines
model gave better results than the other two wake models although there is considerable
deviation from the experimental data especially for test case 4, where arpp=-5.7°. This is due to
the intensive Blade Vortex Interactions (BVI) occurred at descent flight cases and especially at
the specific region of TPP angle, as demonstrated from wind tunnel results [16,23].
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FIGURE 8: Computational investigation for the definition of Squire’s parameter as. The diagrams correspond
to the test case 1 flight conditions.

As mentioned before in order to include diffusion effects in the vortex core, Squire’s parameter aq
must be defined. For this purpose a computational investigation has been done for the derivation
of an acceptable value of as.

Figure 8 shows the azimuthal distribution of the normal force coefficient for several values of as
varying from 10" to 10”°. Comparing the computed results with the corresponding experimental
ones for test case 1, a value of the order 10 to 10°, as indicated in diagrams (d) and (e) in
Figure 8, seems to achieve best results. This value for a5 has also been suggested by Leishman
[31]. At this work a value of 0.000065 was selected for a5 as shown in the diagram (f) in Figure 8.

12 S 1.2

| — Rotarywing | ! ! ! | — Rotarywing | /‘
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Azimuthal angle, [deg] Azimuthal angle, [deg]
(a) (b)

FIGURE 9: Influence of different core models on the normal force coefficient at radial station 0.82 for two
climb cases with different advance ratio, (a) Test Case 1, y=0.168, (b) Test Case 2, y=0.268.

Having found an appropriate value for a,, several core models are applied to simulate the tip
vortex core structure. In Figures 9 and 10 the azimuthal and radial distribution of normal force
coefficient respectively is compared with experimental data for test cases 1 and 2 as presented in
Table 1. Four different core models are tested. As expected, Scully-Kauffman, Bagai-Leishman
and Lamb-Oseen core models give about the same results. This is due to the fact that these core
models were obtained from the same series family proposed by Vatistas. The rotary wing gave
better results than the other three core models, demonstrating that this model is suitable for
helicopter climb test cases.
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FIGURE 10: Influence of different core models on the normal force coefficient at azimuth angle W=45° for
two climb cases with different advance ratio, (a) Test Case 1, y=0.168, (b) Test Case 2, y=0.268.

The same core models were applied for the two descent test cases 3 and 4 (Table 1). As shown
in Figure 11 all core models give about the same overall results, underestimating the value of C,
at azimuthal angles between 90° and 135°. The three core models which belong to the same
series family fit better to the experimental data than the rotary wing, for azimuthal angles between
315° and 360°. Also from Figure 12 seems that these models correspond better to the
experimental data and especially for the second descent test case, as shown in Figure 12b where
intense BVI phenomena occurred as mentioned previously. Due to its simplicity the Scully-
Kauffman core model is an option, but in order to include diffusion and straining effects the Lamb-
Oseen model is preferable.
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FIGURE 11: Influence of different core models on the normal force coefficient at radial station 0.82 for two
descent cases with different TPP angle, (a) Test Case 3, atep =-1.8°, (b) Test Case 4, atpp =-5.7°.
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FIGURE 12: Influence of different wake models on the normal force coefficient at azimuth angle W=45° for
two descent cases with different TPP angle, (a) Test Case 3, atpp=-1.8°, (b) Test Case 4, atpp =-5.7°.
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FIGURE 13: Comparison of experimental and computed azimuthal distribution of normal force coefficient C,
for the test case 1 flight conditions, when diffusion effects are included and neglected respectively.

The importance of diffusion effects was also studied. Using the Lamb-Oseen model for the
straight line tip vortex core structure, a comparison is made between experimental and computed
C, for the cases where diffusion effects are included and neglected respectively. The diagram in
Figure 13 shows that better results can be obtained when diffusion effects are included, although
the differences are small.

An effort was also made in order to include straining effects at the tip vortex core growth. This
phenomenon is often opposing diffusion as already mentioned. Figure 14 shows the computed
azimuthal distribution of C, for the cases where straining effects are included and neglected
respectively. The results are compared with experimental data. For the current test case it seems
that straining effects do not play an important role as diffusion.
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FIGURE 14: Comparison of experimental and computed azimuthal distribution of normal force coefficient Cy
for the test case 1 flight conditions, when straining effects are included and neglected respectively.

4. CONSLUSIONS

A computational model for the simulation of helicopter rotor wake has been developed using
multiple trailing vortex lines. Diffusion and straining effects of the tip vortex have been appropriate
incorporated in order to investigate their influences. To include viscous effects several core
models have been tested.

The conclusions from this study are summarized as follows:

1. Despite the extra computational cost, simulating the rotor wake by multiple trailing vortex
lines is preferable than using vortex sheets for the inboard or the shed wake. This is crucial
especially for low speed helicopter flight.

2. In order to include diffusion effects, Squire’s parameter as has been found to be of the order
of 10 to 10°. At this work a value equal to 0.000065 was selected.

3. The rotary wing core model seems to be more suitable for helicopter climb flight cases.

4. For descent flight cases, where intense BVI phenomena occurred, the Lamb-Oseen core
model is preferable due to its ability to include diffusion and straining effects. The Scully-
Kauffman core model is an option because of its simplicity.

5. Diffusion effects are important on the calculation of helicopter rotor aerodynamic forces, but
straining effects do not influence computational results as much as diffusion.
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