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ABSTRACT

Transient responses of hovering rotors are analyzed by using the local
momentum theory with distorted wake model. The wake positions are calculated
by the two methods, the generalized wake model and the free wake model. The
results are compared with the analyses using the rigid wake model. It is shown
that the wake deformation considerably effects on the responses due to the .
collective pitch inputs. On the contrary, the responses due to cyclic pitch inputs
are not notably effected by the wake deformation. The reasonable agreement of
the present analyses with the experiment is also presented.

1. INTRODUCTION

It has been pointed out that the wake deformation has sirong effects on
the airloading and induced velocity distribution of a helicopter rotor in hovering
flight.! =® There are two methods commonly used to analyze these wake
deformation effects, free wake vortex theory®® and prescribed wake vortex
theory.! = The steady airloading distribution along a blade span calculated by
these theories generally shows reasonable agreement with the experiment. In the
unsteady phenomena, however, the effects of the wake deformation have not
been well studied, because of the considerable computer time required by either
theory.

The local momentum theory” is based on the instantaneous balance
between the fluid momentum and the blade elemental lift at a local station in the
rotor rotational plane. The theory has the capability of evaluating effectively
time-wise variations of airloading and induced velocity distributions along a
helicopter blade span. This theory was recently extended in order to analyze
those effects of the wake deformation of a hovering rotor.® In the new distorted
wake model, fluid elements surrounding a rotor are located as observed in experi-
ments. This extended theory was compared with a prescribed wake vortex theory.
The results indicated that the extended local momentum theory has the capability
of achieving a level of accuracy similar to that of the prescribed wake vortex
theory. It also indicated that the local momentum theory required much smaller
amount of the computer time than that of the prescribed wake vortex theory.

In this paper, to take these advantages, the locai momentum theory is
applied to analyses of the effects of the wake deformation on the transient
responses of hovering rotors. The wake position used in this study is calculated
by two methods, the generalized wake model and the simple free wake model.
The generalized wake model used in this paper was proposed by Kocurek,
Berkowitz and Harris, and it was deduced from the steady experimental data.®
The quasi steady assumption is, therefore, introduced into the calculation of the
wake position of the transient responses. The free wake model combined with the
local momentum theory is also used in order to make clear the boundary of this
quasi steady assumption.
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2. LOCAL MOMENTUM THEORY

The local momentum theory used in this study is briefly explained here.
More detailed explanations of the local momentum theory are given in Refs. 7 and
8. [n the local momentum theory, a rotor blade is assumed to be operating ina
sheared flow in the rotor rotational plane. The rotor rotational plane is assumed
to be divided into small elements called local stations. The position of each local
station is given by the coordinates, {/, m). The rotor blade moves past these
local stations, and leaves an induced velocity at each of the local stations
(Fig. 1). The rotor blade is represented by a series of hypothetical wings of
decreasing wing-span (Fig. 2). Each hypothetical wing has an elliptical circulation
along its wing-span. The trailing vortices shed from this hypothetical wing are
straight, perpendicular to the wing-span and extended to infinity; therefore, the
induced velocity is uniform along the span of each hypothetical wing.
Momentum theory is used to obtain the relation between the lift distribution and
the induced velocity distribution for each hypothetical wing. The actual airloading
and induced velocity distribution of a real rotor blade is represented by the sum-
mation of the lift and induced velocity of this series of hypothetical wings.
Therefore, the lift per unit span, acting on a local segment of the real rotor
blade is calculated by using momentum theory. Equating this lift per unit span
from momentum theory with that from blade element theory, the induced
velocity distribution along the blade span is obtained. The induced velocity is
separated into the following two components: v, , the induced velocity generated
by the blade element under consideration at time t=j; and v}, the entire remain-
ing induced velocity generated by blade elements that have previously passed
through the local station (I, ). Only the first component, N is related to the
lift when momentum balance is considered.

The time-wise variation of induced velocity is given by using “attenuation
coefficients”. The induced velocity at a local station (/, m), where a blade element
is just passing through at time t=j—1, is given as Uil + vﬁ;‘ {Fig. 1). After
a small time interval has passed, the blade element moves to station {{', m'). The
disturbed air at station (/, m) has gone downward and the field in the rotor rota-
tional plane is partially filled with fresh air. Therefore, the induced velocity at
station (/, m) has been changed at time t=j. By introducing this time-wise
changing rate of the induced velocity, the remaining induced veiocity, V. at
station (/, m) at time t=j can be related to the previous induced velocity as
follows:

. . . n b
Vim™ Cln (Uln'+ 521 kzlvi j—lgk'a\:m} (1)

where 8, is one if any blade element exists at station (, m) at time t=j—1,

and otherwise it is zero, The time-wise rate of change of the induced velocity,
Cj; ' is called the “attenuation coefficient”. The value of the attenuation coeffi-
cient is determined by analytical calculation based on an simple vortex model.”®

The wake deformation of a hovering rotor is separated into spanwise
deformation and axial deformation. In order to take this spanwise deformation
into calculation, the local stations are located, corresponding to the spanwise
positions of the tip vortices. In addition, the distance from the rotor rotational
plane to the tip vortex is precisely determined, corresponding to the axial positions
of the tip vortices, when obtaining the attenuation coefficient. The axial deforma-
tion is, therefore, taken into calculation through the value of the attenuation co-
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efficient. The wake position is originally obtained by using the generalized wake
model,® similar to the prescribed wake model. In this paper, the wake position
calculated by the free wake model is aiso adopted.

In summary, the caiculation procedure of the local momentum theory is
shown in Fig. 3.

3. WAKE POSITION

GENERALIZED WAKE MODEL

The positions of the tip vortices are given by a generalized wake model:

xr=K,+(1—-K,)e *? | (2
=K,¢ 0 < (24/D)
Zy (3)

where Xt and Zt are axial and radial nondimensional positions of the tip
vortices, The parameters K, , K,, Ky and K, are determined by steady experi-
mental data using flow visualization techniques. In order to use the generalized
wake model for the calculation of the present {ransient responses, the quasi
steady assumption is introduced as follows: the strength of the tip vortex is
assumed to be uniform, and this strength varies at each instant corresponding to
the lift variation of the biade, There are three available generalized wake models,
one proposed by Landgrebe,? one by Kocurek and Tangler,? and one by
Kocurek, Berkowitz and Harris.¥ In this paper, the last wake model is used
because of its simplicity. The parameters K, , K., K, and K, of this generalized
wake model are calculated by the strength of tip vortices, therefore, by the
maximum lift of the blade. Owing to the quasi steady assumption, these para-
meters are calculated at each instant, corresponding to the maximum lift of the
blade. The positions of the tip vorticies are, then, calculated by using equations
(2) and (3).

It should be mentioned that this quasi steady assumption is made only
in the procedure of calculating the positions of the tip vortices. The variation of
the induced velocity is calculated without this assumption.

FREE WAKE MODEL

in order to make clear the boundary of the quasi steady assumption

introduced into the generalized wake model, the analyses are conducted by using
the free wake model. The simple free wake model used in this study is shown in
Fig. 4, which is similar to that proposed by Miller.® This model is composed of
the two vortex rings and of the vortex cylinder. The vortex rings represent the tip
vortices of the near wake, and the vortex cylinder represents the tip vortices of
the far wake. The strength of a vortex ring is assumed to be uniform through.one
revolution. Each vortex ring has its own strength comresponding to the maximum
lift at each instant when the vortex ring is generated. Similar to the vortex rings,
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the strength of the vortex cylinder is axially varied, and azimuthally uniform. The
voriex rings and the vortex cylinder contract and move downward with the
corresponding local induced velocities. The predicted positions of the tip vortices
obtained by this free wake model are used when calculating the airloading by
using the local momentum theory at the next time step. At the beginning of the
computation, the eight revolutions of the rotor blade are required to obtain the
initial trimmed condition. The control inputs are, then, given into the calculation
in order to simulate the dynamic responses of the rotor.

When the number of vortex rings increases, the more accurate wake
positions are obtained. However, this increasing causes the instability of the
calculation during the transient responses. Even this simple free wake model
sometimes has difficulty of the calculation, when the variation of the blade pitch
angle becomes more than 1.5 deg. The balance between the accuracy and the
stability of the calculation is important in the analyses of these dynamic
probilems.

4. RESULTS AND DISCUSSIONS

The capability of the local momentum theory with the generalized wake
model was already verified in Ref. 8, when analyzing the steady airloading dis-
tributions of the hovering rotors. in other to examine the ability of the local
momentum theory with the free wake model extended in this paper, the
steady airloading distribution is analyzed as shown in Fig. 5. This result is com-
pared with those obtained by the prescribed wake vortex theory,® and by the
local momentum theory with the generalized wake model and with the rigid wake
model. In the case of this steady calculation, the generalized wake model pro-
posed by Kocurek and Tangler? is used. The result is also compared with the
experimental data using a model rotor.” It is apparent that three results obtained
by using the distorted wake modelis (the prescribed wake vortex theory, the local
momentum theory with the generalized wake model and with the free wake
model) give better prediction of the airloading distribution than the rigid wake
model. The small difference, however, is observed between the resulis by using
the local momentum theory with the prescribed wake model and with the free
wake model.

The variation of the thrust coefficient following the rapid change of the
collective pitch is shown in Fig. 6. The blade motion is constrained in this
calculation in order to make clear the effect of the wake deformation on the
aerodynamic characteristics alone. Not small effect of the wake deformation on
the variation of the airloading is observed, when comparing the result obtained
by the generalized wake model with that obtained by the rigid wake model,

In the calculation of the unsteady responses by using the rigid wake
model, the time-wise variation of the distance from the wake to the rotor
rotational plane is taken into calculation. This distance is obtained by integrating
the averaged induced velocity along the blade span at each instant. This introduc-
tion of the time-wise variation of the distance into the local momentum theory
is nearly equivalent to time-wise change of the pitch of the helical wake in the
vortex theory.

A transient response of the flapping angle following the sudden increase of
the collective pitch is shown in Fig. 7. In this calculation, only flapping motion of
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the blade is allowed. The lead-lag motion nor the elasticity of the blade is not
considered. The solid line and the broken line indicate the results using the
generalized wake model and the free wake model, respectively. The chain line
shows the results obtained by the rigid wake. These analyses are compared with
the experiment. In these analyses, the variation of the collective pitch is assumed
as shown by the solid line, which is estimated by the experimental data. Not
small effect of the wake deformation on the flapping motion is again observed.
[t is apparent that the difference is small between the results using the generalized
wake model and the free wake model. The generalized wake model, however,
overestimates the effect of the wake deformation during the transient motion,
because of its quasi steady assumption. The results obtained by the generalized
wake model and by the free wake model give closer correlation with the experi-
ment than that using the rigid wake model. The work is, however, still remained
to make clear the boundary of the present simple mode!l of the blade motion and
elasticity.

Fig. 8 indicates that the time history of the inclination of the tip path
plane following the sudden change of the cyclic pitch. The lines show the traces
of the point of the unit vector which stands at the hub center normal to the tip
path plane. The inclination of the unit vector is obtained from the individual blade
flappling angle by using the multiblade coordinates'® at each instant. The solid
circles in this figure show the inclinations of the rotor at the terminal steady state.
In contrast with the collective pitch input, it is apparent that the wake deformation
does not notably effect on the response of the inclination of the tip path plane due
to the cyclic pitch input. This is because the inclination of the tip path plang
depends on the azimuth-wise variation of the blade airloading due to the cyclic
pitch change, and because this inclination is insensitive to the variation of the aver-
aged airloading over the entire rotor disc.

CONCLUSION

The effect of the wake deformation on transient responses of hovering
rotor was analyzed by using the local momentum theory. The wake position was
calculated by the generalized wake model and by the simple free wake model.
The generalized wake model required the quasi steady assumption when applying
it to these transient responses. The results indicated that the wake deformation
considerably effects on the responses due to the collective pitch inputs. The
responses due to ¢yclic pitch inputs are not notably effected by the wake
deformation. It was also shown that the results by using the generalized wake
model slightly overestimate the effect of the wake deformation during the transient
responses. The free wake model sometimes had the instability of the calcuiation.
The reasonable agreement of the present analyses with the experiment was
presented. The work is, however, still remained to make clear the boundary of the
present simple model of the blade motion and elasticity.

REFERENCES

1} A, J. Landgrebe: The Wake Geometry of a Hovering Helicopter Rotor and Its
Influence on Rotor Performance. Journal of the American Helicopter Society,
Vol, 17, No. 4, Oct. 1972, pp.3-15.

2) J. D. Kocurek and J. L. Tangler: A Prescribed Wake Lifting Surface Hover

2-5



3)

4)

5)

6)
7)
8)
9)

10)

Performance Analysis. Journal of the American Helicopter Society, Vol.22,
No.l, Jan, 1977, pp.24-35.

J. M. Summa and D. R, Clark: A Lifting-Surface Method for Hover/Climb
Airloads. American Helicopter Society 35th Annual National Forum Proceed-
ings, May 1979,

J. D. Kocurek, L. F. Berkowitz and F. D. Harris: Hover Performance
Methodology at Bell Helicopter Textron. American Helicopter Society 36th
Annual National Forum Proceedings, May 1980.

D. R. Clark and A. C. Leiper: The Free Wake Analysis — A Method for the
Prediction of Helicopter Rotor Hovering Performance. Journal of the
American Helicopter Society, Vol.15, No.1, Jan. 1970, pp.3--11.

R. H. Mitler: A Simplified Approach to the Free Wake Analysis of a
Hovering Rotor. Vertica, Vol.6, 1982, pp.89-95.

A. Azuma and K. Kawachi: Local Momentum Theory and Its Application
to the Rotary Wing. Journal of Aircraft, Vol.16, No.l, Jan, 1979, pp.6-14.
K. Kawachi: Extension of Local Momentum Theory to Hovering Rotor with
Distorted Wake. Journal of Aircraft, Vol.19, No.7, July 1982, pp.538—545.
J. D. Ballard, K. L. Orloff and A. B. Luebs: Effect of Tip Planform on
Blade Loading Characteristics for a Two-Bladed Rotor in Hover. NASA

T™M 78615, November 1979,

K. H. Hohenemser and 8..K. Yin: Some Application of the Method of
Multiblade Coordinates. Journal of the American Helicopter Society, Vol.17,
No.3, July 1972, pp.3—12,

(r’l'mll) (r.m’)
™~

U?.i'«-L'ﬂl Urm}

{a) t=j—1 Vij-1k

Usix (F.m) (5m)

Vi

01;1(\’5';1‘5'\’.4_1.:‘)

(b} t=]

U= {#,m") (r.m (hm)
. r "
]
Vi Vi Vn
vt e {Vim+ Vign) 1OVl Vi1 )
Vifj+1k
{c) t=j+1

Fig. 1. Time-wise variation of induced
velocity on rotor rotational plane.®

2~6



AIRLOADING

Unaor . Unroor

AIRLOADING DISTRIBUTION
IS NOT ELLIPTICAL BUT
CIRCULATION DISTRIBUTION
IS ELLIPTICAL

Usie UTIP Ut Unp
L elidads
‘AVa ] AVz U Av,

2

=
INDUCED VELOGITY HYPOTHEICAL WINGS
REAL ROTOR BLADE

Fig. 2. Decomposition of a rotor blade to
hypothetical wings.”

i
BLADE
< VORTEX
] ¢
VORTEX
CYLINDER

Fig. 4. Free wake vortex model.

kK=k41
k=1~b| | CALCULATE viulix |
T 1

CALCULATE Gt

[+1

(il

GENERALIZED WAKE MODEL
FREE WAKE MODEL

WAKE POSITION r.2

ATTENUATION COEFFICIENT Ci.,

CALCULATE v/’

{MOVEMENT OF STATIONS|

f
el NEXT TIME STEP |

END

Fig. 3. Glowbal flow chart of
local momentum theory.

LOCAL MOMENTUM THEORY WITH GENERALIZED
WAKE (K—T WAKE)

g | e LOCAL MOMENTUM THEORY WITH FREE WAKE

=] N LOCAL MOMENTUM THEORY WITH RIGID WAKE
Y ——-— PRESCRIBED WAKE YORTEX THEORY?® e

z (K—T WAKE) &

T g a2  EXPERIMENT {(NASA TM 78615)"

-1 o

s 2
9 -—_

2 0.010}

w

=

[a]

|

=z

o

=z

Q . .
0.0 . 0.5 /R 1.0

Fig. 5. Span-wise lift distribution in steady stafe, with Kocurek and

Tangler wake modei (b=2, 8:=--10.9 deg., AR=13.7,

f80.75=9.8 deg.)



- Cx10°

FLAPPING ANGLE

— LOCAL MOMENTUM THEQRY

Transient response of thrust co-
efficient caused by a rapid increase
of collective pitch.

WITH GENERALIZED WAKE
—-—LQCAL MOMENTUM THEQRY
WITH RIGID WAKE
>
Os i )
Fig. 6.
[V TG0 720
W
1.0 .,%‘.ﬁ‘*\
XN
0.5 000 7 N et e

LOCAL MOMENTUM THEQRY
WITH GENERALIZED WAKE

LOCAL MOMENTUM THEORY
WITH FREE WAKE

- LOCAL MOMENTUM THEORY
WITH RIGID WAKE

EXPERIMENT

0,08

@

Fig. 7.

LS ed . 188=0.797
0

0 180 360 540
AZIMUTH ANGLE {DEG.)

LATERAL FLAPPING, —P,./A8,

0.4 0.2 Q
i j ]
LEFT TILT /.
w=380°
w=90°
! 10.5

LONGITUDINAL FLAPPING, B,./40,,

Y2 5
w=180 z
N [m]
‘\:\ g
\ By =360 2
=180 é
<L
_ m
360" 1.0
=00
\p’:m

750 _ 90

~—— LOCAL MOMENTUM THEQRY WITH GENERALIZED WAKE

LOCAL MOMENTUM THEQRY WITH FREE WAKE
—=--— LOCAL MOMENTUM THEORY WITH RIGID WAKE

=—-— CONSTANT INDUCED VELOCITY

Fig. 8.

Transient response of
flapping angle caused
by a rapid increase of
collective pitch.

Inclination of tip path
plane caused by a rapid
increase of cyclic pitch.

2-8




 
 
    
   HistoryItem_V1
   AddMaskingTape
        
     Range: From page 3 to page 3
     Mask co-ordinates: Left bottom (536.81 514.03) Right top (575.43 570.48) points
      

        
     0
     536.8069 514.0295 575.4332 570.4835 
            
                
         3
         SubDoc
         3
              

       CurrentAVDoc
          

      

        
     QITE_QuiteImposingPlus2
     Quite Imposing Plus 2.1
     Quite Imposing Plus 2
     1
      

        
     0
     9
     2
     1
      

   1
  

    
   HistoryItem_V1
   AddMaskingTape
        
     Range: From page 5 to page 5
     Mask co-ordinates: Left bottom (540.01 520.20) Right top (567.75 563.79) points
      

        
     0
     540.0067 520.1953 567.7501 563.7922 
            
                
         5
         SubDoc
         5
              

       CurrentAVDoc
          

      

        
     QITE_QuiteImposingPlus2
     Quite Imposing Plus 2.1
     Quite Imposing Plus 2
     1
      

        
     0
     9
     4
     1
      

   1
  

    
   HistoryItem_V1
   AddMaskingTape
        
     Range: From page 7 to page 7
     Mask co-ordinates: Left bottom (531.73 514.76) Right top (580.61 560.65) points
      

        
     0
     531.7262 514.7625 580.6091 560.6525 
            
                
         7
         SubDoc
         7
              

       CurrentAVDoc
          

      

        
     QITE_QuiteImposingPlus2
     Quite Imposing Plus 2.1
     Quite Imposing Plus 2
     1
      

        
     0
     9
     6
     1
      

   1
  

    
   HistoryItem_V1
   AddMaskingTape
        
     Range: From page 7 to page 7
     Mask co-ordinates: Left bottom (417.00 794.09) Right top (483.84 845.97) points
      

        
     0
     417.001 794.0933 483.8409 845.9691 
            
                
         7
         SubDoc
         7
              

       CurrentAVDoc
          

      

        
     QITE_QuiteImposingPlus2
     Quite Imposing Plus 2.1
     Quite Imposing Plus 2
     1
      

        
     0
     9
     6
     1
      

   1
  

    
   HistoryItem_V1
   AddMaskingTape
        
     Range: From page 9 to page 9
     Mask co-ordinates: Left bottom (533.07 517.22) Right top (565.77 560.82) points
      

        
     0
     533.0708 517.2228 565.7684 560.8197 
            
                
         9
         SubDoc
         9
              

       CurrentAVDoc
          

      

        
     QITE_QuiteImposingPlus2
     Quite Imposing Plus 2.1
     Quite Imposing Plus 2
     1
      

        
     0
     9
     8
     1
      

   1
  

 HistoryList_V1
 qi2base





