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Abstract

A vortex-lattice method with a free-wake vortex model for the rotor downwash
representation primarily used for 2-bladed rotors was extended to include 4-bladed
rotors as well. In order to test the characteristic properties of the code, a parametric
study has been done. It includes the investigation of panel and wake resolution. For
receiving a smooth wake the introduction of a core radius is necessary. The airfoil
thickness is taken into account by a correction of the lift coefficient. The results agree
rather well with measurements for advance ratios of about 0.15.

1. List of Symbols

a, - speed of sound orep - tip path plane angle

c - blade chord (e - rotor shaft tilt angle

c - lift coefficient B, - pre-coning angle

Cr - thrust coefficient ¥ - vortex angular velocity

DPt - Data Point r - blade section vortex strength
M - Mach number ©,7 - collective pitch angle at r/R=0.7
Mry - hover tip Mach number B, - lateral cyclic pitch angle
k(x,y) -local blade vortex strength B, - fongitudinal cyclic pitch angle
n, - rotor rpm e, - twist angle

nx - chordwise panel number M - advance ratio

ny - spanwise panel number p - air density

r - radial coordinate P - azimuth angle

rpm - revolution per minute Ay - azimuth step size

R - rotor blade radius Q - rotor angular velocity

t - time

th - airfoil thickness

Vi Vo - free stream velocity

W, - induced velocity

X,y,z - cartesian coordinates

2. Theory

The lifting surface theory [1] is applied to the rotor flow. That is, the flow is supposed
to be 3D, incompressible, inviscid and irrotational. For taking into account the blade
thickness a correction [2] is applied:

CL(th/C)

T TrEra—— 0.77 - th
Colihlc = 0) 1 + 077-th/c
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The most important property of the rotor flow is the unsteadiness. Its implementation
will be demonstrated by a 2D model. Because the flow is irrotational the sum of the
vortex strength I within a defined control volume has to be T = 0 [3]. That is for

t = 0 (valid for steady and unsteady flow):

!

controi volume

Fig. 1:  Vortex distribution in a control space att = 0

For the unsteady flow at t = t + At, an additional vortex is generated on the airfoil and
an opposite rotating one must appear in the wake for conservation of the
irrotationality.
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Fig. 2:  Vortex distribution in a control space att =t + At

The vortex strengths I" of the blades are to be determined at each time step At by
solving the system of equation resuiting from the condition: V() - dn(t) = 0.

Q ational Mode

The rotor blades are considered to move with the angular velocity Q around the rotor
axis while the velocity of the whole rotor is V,, caused either by the helicopter motion
or by the wind tunne! speed.

Applying the theory above, the vortex strength I'{y) = f k{x,y) - dx is computed for

each blade, separately. At each time step t = t + At a new I'(y, ) together with a new
wake panels leave the trajling edge of the blade when the rotor steps forward by Ay,
see Figure 3.
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Fig. 3:  Generation of new wake panels att= 0

The positon of the wake panels has to be recomputed at each time step from the
velocity V,, and the induced velocities w; due to the blades and the wake vorticity. The
velocity seen by the blades is changed by the wake influence. With these new
boundary conditions the I'(y,y) can be recomputed, a.s.o.

A converged solution is obtained when the difference of flow properties from one
cycle to the next tends to zero.

4. Measurements

For validating the code, measurements are used from the test campagne in the DNW
done within the frame of the BRITE/EURAM research programme HELINOISE [4].
The test were done on the BO 105 4-bladed main rotor model with NACA 23012
airfoil. The rotor radius is R = 2m with a twist of ©, = -8°, The blades are rectangular
{chord = 0.121 m) and the blade cut out is up to /R = 0,182. The preconing angle is
B, = 2.5°. Test cases refered to herein are

- low-speed level flight (DPt 344)
- low-speed 6°-descent (DPt 1333)
- highest tip-speed 3°-descent (DPt1839)

Table 1 shows the test conditions for these three cases.

DPt 1 Wy a, P B o Oypp n, Cy 07 e, e,
[vs] | [vs] | [kg/m?] ("1 [°] "] ("] [°]

344 | 32.75 133622 1231 ] 0151 | -095 | -25 | 1034 |.00446] 535 | 1.58 | -1.48
1333 32.63 |338.57 1.255 | 0.149 | 5.05 35 1041 }.00448| 3.83 1.68 | -1.01
1839 78.59 [ 341.64] 1.210 | 0.337 | -8.97 | -9.3 | 1089 |.00458] 10.32 | -0.56 | -3.84

* Heyson-type wind tunnel correction applied to ¢, [5]
Table 1: Wind tunnel and rotor conditions

Test results are instantaneous pressure and noise data. The pressure values used

herein are averaged over several revolutions. The samples were done at 2024
azimuthal positions per cycle.
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At /R = 0.75 and 0.97, the pressures were taken at 27 positions on the upper side
and 17 positions on the lower side. At r/R = 0.87 there exist 14 pressure holes on the
upper side and 10 on the lower side. At r/R = 0.6, 0.7, 0.8, 0.9 and 0.94, there is only
one pressure hole on upper and lower side, respectively [4].

5. Parametri_c Study

The following parametric study is performed on the datapoint 344, if not otherwise
indicated.

5.1 Convergence

When considering convergence the position of the starting vortex att =0 is
important. This vortex from the blade at ¢ = 180° (at t = 0) is the last one that leaves
the rotor disc area. Convergence can be expected when the starting vortices are
moved more than one rotor diameter downstream of the rotor.

When t_ . = 2R/ V, is the minimum time at which this vortex has moved 2R
downstream and t,5 = 2 7/Q is the time for one revolution then the minimum number
of cycles are n = 2 x t;, / t;n = 4.2 for DPt 344. In Figure 4 the development of the
pressure differences vs ¢ is shown over 3 revolutions.

1. Revolution 2. Revolution 3. Revolution
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Fig. 4: Pressure differences vs 1 for 3 revolutions, r/R = 0.97, x/¢ = 0.21,
NACA 0012

it can be seen that the difference between the 2nd and 3rd revolution is rather small.
Changes occur mainly in the 1st and 4th quadrant of the rotor disc. There the
influence of the starting vortices is still existent.

Because of high computing times the foliowing investigations will already stop at the
2nd revolution. That seems to be sufficient for this parametric study.
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5.2 Influence of Chordwise Resolution

The blades are panelled by nx panels chordwise and ny panels spanwise. The
computation of the blade-vortex interaction and the blade pressure can be done with
different panel numbers. For the following investigation the panel number for the
pressure calculation is chosen to be nx, = 5. The panel number nx,, forthe
interaction problem is varied, whereas the spanwise discretisation will remain
unchanged (ny = 10).

In Figure 5, the influence of the chordwise panel number nx,, onto the pressure
difference vs 1 is shown. Form this Figure, it can be concluded that one panel for
generating the wake Is insufficient. The characteristic shape of the curve will be
approached with a minimum of nx,, = 5 panels.

In Figure 6, it will be seen that more panels nx,, are even more suitable. Here it
should be noted that on the left there is nx,, = 5 and nxp = 5 as above. Whereas on

the right there is nxy, = 10 and nx = 10.
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Fig. 51  Pressure differences vs v for several chordwise panel numbers nx,,
/R = 0.97, x/c = 0.21, NACA 0012
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Fig. 6:  Pressure differences vs v for chordwise resolution, /R = 0.97, x/c = 0.21,
NACA 0012
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5.3 Influence of Spanwise Resolution

In the next step the influence of the spanwise panel number ny is considered. iFor this
investigation the panel numbers nx and nx are chosen to be 5 and remain
unchanged. In Figure 7, the influence of the spanwise panel number ny on the
pressure difference vs vy is shown.
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Fig. 7:  Pressure differences vs 1 for spanwise resolution, r/R = 0.97, x/c = 0.21,
NACA 0012

it can be seen that the more panels ny exist the more vortices can be resolved.
Certainly, this is the result of a finer resolution of the wake. Now the panel numbers
nx, and nx,, are increased. They are chosen to be 10 and ny = 16. In Figure 8, the
results are presented. As before, the pressure level decreases and the peaks around
Y = 90° and 270° seem to be smaller. However, they are increased in the st and 4th
quadrant.
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Fig. 8. Pressure differences vs 4 for chordwise resolution of nx, = nxy = 5, 10,
ny = 16, r/R = 0.97, x/¢c = 0.21, NACA 0012
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5.4 Azimuth Step Size

Another parameter of interest is the azimuth step size Ay discretising the wake. The
panel numbers are fixed to be nx = 5 and ny = 10. Four different step sizes are
considered: Ay = 5°, 10°, 15° and 20°.

AW = 50 AY =102 AW = 150 AY =20°
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Fig. 8. Pressure differences vs 1 for azimuth step sizes, r/R = 0.97, x/c = 0.21,
NACA 0012

Figure 9 shows the effect on the pressure difference. The main effect is a smoothing
of the curve when reducing the step size. This effect results from a smoother
geometric shape of the wake that appears at Ay = 5° much more as a spiral then at
Ay = 20°. However, the CPU time exploses when reducing Ay. For Ay = 20° the CPU
time is about 1 hour. For Ay = 5° the otherwise same test case takes about 48 hours
on a Sun Sparc10.

5.5 Vortex Core Model

Because the wakes of the blades are free to move in space, they can pass very close
to each other and the blades as well. The vortex is a potential vortex and its induced
velocities tend to infinity when approaching the vortex core. However, in the viscous
vortex core the induced velocity tend to zero, as can be seen in Figure 10.
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Induced Velocity Potential Flow

Viscous Flow

CApproximation

¢
Core Radius

Fig. 10: Induced velocitiy of the potential and a viscous vortex

The high induced velocities of the potential vortex disturb the wake unrealistically
strong. One way of getting around this is the introduction of an artificial core radius
dependent on the angle y. Whenever

ow,

5 O w = f(y)

the approximation will be taken. The smaller y the larger the core radius r_ will be.
The effect of the angle representing the core radius is shown in Figure 11. At smaller
y that is at larger core radius r,, the superposed pressure curve oscillations in the 1st
and 4th quadrant caused by blade-vortex interaction are reduced.
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Fig. 11:  Pressure difference vs 1y for several core radii, I/R = 0.97, x/c = 0.21,
NACA 0012
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5.6 Influence of the Rotor Tip Path Plane Angle

For comparison of computations and measurements the rotor shaft angle o of the
wind tunnel test has to be corrected to free flight conditions. There are various
theories taking into account tunnel effects. The tip path plane angles of Table 1 are
corrected by Heyson’s formula [5]. It is known that the more negative aqpe the smaller
is the interaction of the rotor blades and the wake. In order to get an idea how
important a correct oqpp for comparison with measurement is the corrected

arep = -2.5° is varied by = 1.5°. The results are shown in Figure 12.
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Fig. 12:  Pressure differences vs  for different oyep, 1/R = 0.97, x/c = 0.21,
NACA 0012 :

It can be seen that as a result of a closer vicinity of the wake to the rotor disc

(orpp = -1%), the peaks at 1y = 90° and 270" where strong blade-vortex interaction
occur are higher. The general level of the curve is also higer than for aypp = -4°. If
should be mentioned that the measurement shown correspond always to the case of
Cirpp = -2.5° OF ¢, = -0.95°,

5.7 Influence of the Blade Airfoil

For all computations shown before the blade was considered to be a flat plate, The
results are corrected for a thickness of 12 percent. So with respect to the lift and the
vorticity strength, the blade was handled like a blade with NACA 0012 airfoil. Now the
airfoil of the BO 105 rotor namely the NACA 23012 is introduced in the same way.
The blade solution is as before: nx, = nxy = 5 and ny = 10 panels. The result is
shown for the pressure distribution versus v in Figure 13.
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Fig. 13:  Pressure difference vs v for two different airfoils, I/R = 0.97, x/c = 0.21

The infiluence of the NACA 23012 airfoil can be seen at a slightly higher pressure
level especially at 1y = 90°, The global shape of the curve is almost unaffected.

6. Rearward Flow

At high advance ratios rearward flow can occur at the profiled inboard region of the
retreating blade. On the thick airfoil the Kutta condition cannot be defined clearly
because due to the nose radius there will separation appear. To handle the rearward
flow the simplifying assumption will be made that the point corresponding to the
trailing edge will be the nose point of the camber line for rearward flow.

Normal Flow Rearward Flow

N

Kutta point

Fig. 14: Kutta condition for normal and rearward flow

For DPt 1839, u = 0.337, some part of the profiled blade is subjected to rearward
flow. The results for the outer blade sections will not be considered because there
are transonic effect which cannot be handled correctly with the potential theory. In
Figures 15 and 16, the influence of the rearward flow is shown: Firstly, for the Kutta
condition exclusively fulfilled at the trailing edge and, secondly, for the Kutta condition
fulfilled either at the trailing or the leading edge depending on the flow direction (see
Figure 17 for leading edge/trailing edge definition).
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without rearward flow  with rearward flow
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Fig. 15:  Pressure differences vs y for r/R = 0.2, x/c = 0.21, NACA 0012

In Figure 15, the influence of the rearward flow on the pressure difference is shown. it
can be seen that the region of influence is not restricted to the area around y = 270°
but also the flow at 0° < ¢ < 80° is affected appreciably.

in Figure 16, the influence is shown for the pressure difference vs x/c for y = 270°.
Without changed Kutta condition accounting for rearward flow the suction peak is at
the leading edge. The pressure is not negative due to the angle of attack {really it is
positive) but due to the inverse flow direction (rearward flow). Fulfilling the Kutta
condition at the nose the suction peak occurs at the trailing edge. The pressure is
negative because the angle of attack seen by the flow is negative, Figure 17.
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Fig. 16:  Pressure differences vs x/c for I/R = 0.2, ¢ = 270°, NACA 0012
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Leading Edge Veo

Trailing Edge

Fig. 17:  Angle of attack for rearward flow

7. Computation for Data Point 1333

For a blade resolution of nx = 5 and ny = 10 panels for wake and pressure,
respectively, the pressure difference for the DPt 1333 was computed and is shown in

Figure 18 versus azimuth angle.

308

nn
1

-~ Computation
- —  Measurement

......................

=259

-sna

!
G0 1500 ot

¥}

Fig. 18: Pressure difference vs vy for DPt 1333, 1/R = 0.97, x/c = 0.15, NACA 0012

DPt 1333 is a low-speed 6° descent flight case where the wake may penetrate the
rotor disc more than at the ievel flight case DPt 344. The result shows good
agreement between computation and measurement except on the 4th quadrant.

37 -12



8. Conclusion
The parametric study on DPt 344 shows the following tendencies:

Convergence

Already after two revolutions the final shape of the pressure curve vs ¢ is almost
achieved. Only the global pressure level will be somewhat shifted and finer
oscillation will change a bit. That means that the global wake stucture is defined
after two revolutions. The position of the vortices will change only by small
amounts.

Blade surface resolution

Generally, a higher resolution will improve the result. The chordwise panel
number influences the wake shape dominantly. A number of 5 panels chordwise
and 10 panels spanwise are sufficient for reliable results.

Azimuth step size
Reducing the azimuth step size Ay (corresponding to the time step) smoothens

the curve Ap versus 1. A step size of 15 seems to be sufficient.

Vortex core size
As to be expected strong blade-vortex interaction will be reduced by larger vortex

core sizes.

Angle of tip path plane app

The interaction of blades and vortices is more intensive as the vortex approaches
the rotor disc. However, there is only a slight influence on the basic shape of the
curve Ap versus 1.

Airfoil

The two airfoils, NACA 0012 and NACA 23012, were applied. As expected, it
could be shown that the NACA 23012 airfoil supplies more lift than the

NACA 0012,

Furthermore, a model for rearward flow has been presented and was applied
successfully.

The test case DPt 1333 for low speed descent was calculated. The computation and
measurement agree rather well keeping in mind that the code really is restricted to
incompressible and inviscid flow conditions.
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