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SUMMARY

The local mementum theoryl), which was developed by two of
authors of present paper to obtain the dynamic behaviour as well as
the asrcdynamic characteristics of the single rotor helicopter, has
been well applied to know the aerodynamic interference between two
rotors such as tandem rctor in yawed flight. OSince the theory is
based on the instantaneous momentum balance with the blade elemental
lift at a local station of the rotor rotational plane the induced
velocity generated by one rotor over another rotor can be easily cal-
culated and thus the aerodynamic efficiency due to the interference
between two rotors is simply obtained without laboricus computation
sometimes appeared in that of vortex theory.

The exemplified cslculaticns have been performed for the
performance of two tandem rotor helicopters, CH-46 and CH-47, in yawed
flight and compared with the results cbtained by other theories and
the flight test data. The comparison has shown good agreement over
the wide range of yawing angle in both directions and confirmed that
the right vaw between 10 %0 20 degrees brings about 5 percent power
reduction in the exemplified helicopters.

1. INTRODUCTION

The induced power required for flight of helicopter is dependent
primarily on rotor disc loading in hovering, but on span lcading of the
rotor disc in forward flight. Tandem rotor helicopters, having smaljer
span than that of single rotor and side-by-side rotor helicopters for a
given disc area, require more induced power when the speed rsaches a
substantial fraction of the downwash velocity. This is of importance
at low-to-moderate advance ratios because of critical-engine-out per-
formance.

It hasg been believed that flying a tandem rotor helicopter in
yawed condition offers substantial reductions in necessary power because
the span of the rotor system in yawed condition is thereby increased.
This is considered to be resulted from the fact that in yawed flight
blades of rear rotor pass through either the reduced downwash or even
upwash flow caused by front rotor in some area of rotor operating disc.

The exact distribution of the induced velocities around a rotor
{or rotors) may be obtained by integrating the induced velocities generated
by an elemental vorticity of the rotor {or rotors) over the rotor disc
and wake. It is, however, difficult to perform the calculation on the
aerodynamic characteristics of two rotors because mutual interference
among wake vortices results wake distortion and change of vortici%%es.

Very limited computations were performed in a rigid wake systeme’

By considering the aerodynamic balance between the fluld momentum

and the foirce acting on a blade element at a local station on the rotor
tip path plane, the induced velocity and the airlcading at that station
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can be determined easily and precisely, The computational method may,
therefore, ve called "Local Momentum Theory"l/, and can be applied

to any kind of multi-rotor system without laborious computation and
difficulty of convergence sometimes experienced in the usual vortex
theories,

2. LIFTING LINE APPROXIMATION

In forward flight of helicopter the fiow in the vicinity of a
rotor resembles that of an equivalent wing which may simply be represent-
ed by & horseshce vortex system. Cheeseman developed a simple and yet
very useful theory for the performance calculation of tandem rotor by
combining a 1lifting line approximation to translational 1ift of the
front rotor and a stream tube model for propeller 1ifth) . The theory
cdn be extended to obtaln the degree of performance improvement of the
rear rotor in yawed flight of tandem rotor helicopter2 .

Let us divide a 1ift of the rotor, L, intoc two fractions, the
propeller 1ift and the translational lift such as

L = 2mgv+L{1l-v/vy) (1)

where vy and v are the induced velocities in hovering and forward
flights respectively and mp is the mass flow being egquivalent to the
novering state or

me = 08ve = p{TR?)vo. (2)

Then, the circulation of bound vortex of the front rotor represented
by a lifting line is

['= L{1=v/vq)/2pRV (3)
3
= (m/2)R*C (1-v/vo )/ (V/R)

where C, is the thrust coefficient of the front rotor or ¢, = L/0S(RQ)?
and the rotors are assumed to have same dimensicns and operating
conditions except rotaticnal direction. By referring to Fig. 1, a
mean value of the induced velocity at the rear rotor center due to

the horseshoe vortex system of the front rotor will be calculated

in the similar way given by Ref. L. A further downwash increment due
tc the propeller slip stream will be additional as the fraction of the
induced velocity within the overlap region.

The induced velocity affecting the one rotor in consideration
will, thus, be obtained as the sum of those generated by the propeller
slip stream and the vortex system of both roters. The parallel and
normal components with respect to the tip-path plane of the rotor,

Su and 8%, are given as follows:
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Qg = iCT{lach/2ﬁ1Z+l2)}{(fxsinx+fzcosx)/16u}cosa}R

R F
Ap = [CT{l—VCT/E(UZH\z V(£ cosy~1 sing}/16ucosaly (k)

2 F

e/ 2+X"2}{cos"1(d/za)-(d/eﬁ)/l-(d/ea)"*}]R

F

where the subscripts ¥ and R are those related to the front and rear
rotor respectively, and where the second term of the right hand side of
S\ is the induced velocity due to the direct slip stream. The remaining
terms are given by

+
u Weoso GuF

g R R (5)
AF = [—utana+CT/2\ﬁ2+A2+5\ ]F
R R
Ap = a+Ax§
R R
Xp = XFX = tan™ (WA ) e (6)
R R
ﬁX = [3( F_ﬁXR
T, = [(F+c--2)(zn/d)/{1~(yo/d)2}]F
H R
£, = [In{{1-x0/a)?/(C-x/d) (Fxo/d)} (7)%
R
- (F+6-2) (%o /a) /{1 {yo/d)*}]
_ R
Foo= LB (R/Q)2+6(R/D) (yo /) P /2]
R R
/ {8)
Gy = [{1+5(8/a)2-k(R/a)(yo/a) ¥ 2]
R R
(Xo/d)F = i(s/d)cos?sian /cosaF
R R R
(yq/d)F = ;(s/d)FsinW (9)
R R

(Zo/d)F = t(s/d)FcochosxF/cosaF
R R R R

¥  When the yawing angle is Y¥=+m/2, the effect of the bound wvortex on the
front rotor should be dropped out in these expressions so that

£, =0, f = n(1/FG) (1)

and if additionally R/d<0.5 the above terms due to the vortex systen
will be discarded.
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-1
(s/d)F = [1+cos ¥tan®e]

¥
R R (10)
(g/d)F = [—(s/d)tanucos?]F
R R
(V/RQ = [C /QVﬂ +3? (11)
R P

Then the thrust and torgue increments of the esach rotor are
respectively given by

(8CL/Cp)p = [{ueéu—(1/2‘5A}/{(1/3+u2/2)8—l/2}]F
R R
(ACQ/CQ)g = [{(1/!+)cdou6u+(a/6)ea>\}/{(1/8)cd0(1m2)+(a/6)6>\}]g

It can be seen from equaticns (12} that the front rotor brings some thrusi
decrement and litile torque increment.

3. LOCAL MOMENTUM THEORY IN MULTIROTORS

Let us suppose that two rotors are travelling in a horizontal plane
as shown in Fig. 2. A part of or all span of blade will be affected by
either downwash or upwash generated by own and other blades in both rotors.
In the local momentum theory a rotor blade is considered to be comprised
of n wings. The each wing has an elliptical circuwlation distribution,
which may be called elliptical wing, as shown in Fig. 3. A blade element
partitioned by the subsequent ellipticsal wings is assumed to proceed
intermittently in the horizontal plane within a small time interval. As
shown in Fig. b, the blade element occupied a station (Z',m'} on the mesh
of rotor plane. It had a forward speed of Vi i.y i and a normal component
of the velocity which consisted of a uniform inflow due t¢ the inclination
of the rotor plane, Vy, and the sum of the induced velocities due to the
blade element itself, vi j.1 x, and one due to the preceding blade elements
having passed over the point by that time if any before, v TLi. At two
other points {Z,m) and (7" .,m"), which will be just reached by the blade
element at time t=j and t=j+1 respectively, there may alsc exist the induced
velccity having been created by the preceding blade elements. For example,
a trace of the induced velocity at a station {7,m) having been passed over
by an i-th spanwise element of k-th blade at {(J+1l)th azimuthal or time
sequence can be given by multiplying an attenuation coefficient, C4 , into
the sum of the induced velocities, (v +vy . The coefficient,
¢d , may be given by a ratio of the 1nﬁucea veloc1t1es at the time Jjust
before and after the blade passing, v/vy, at the time seguence, t=j+l. The
induced velocities v and vy are caleculated by using the vortex theory>! for
two semi-infinite and skewed vortex cylinder, the respective upper end of
which flows with the resultant velocity at the center of rotor and suddenly
comes back to the rotor operational plane when the next blade hits that
station. Actually, in the present study, the resultant velocity used only
for determining the attenuation coefficient is simply obtained by assuming
a wiform induced velocity and equal sharing of the thrust for both rotors.
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That is to say, the induced velocities at the front and rear rotors are
glven by v, ¢ = vy and v, r = 3v, respectively, where v, is the mean
induced velocity generated by the wake vortex of the front rotor alone,
and where 3v, 1s resulted from the sum of fully developed downwash due

to the front rotor, 2v,, and the downwash at the rotor plane dus to the
rear rotor itself, Vg

Then the airlecading of a blade element (i, j, X} and the induced
velocity at thestation (Z,m) on the mesh of rotor plane are connected by

‘X
_ 1+ 2
z. m‘ x; (l/2)pVicia(Gi-¢i)dx/(xi+l—xi)

o

X, N
(x1+1 E {hL /TR{1- X, }HRQX+V51n(ux,O+AiIA¢i)}/ (13)

Vi‘03¢1—{(2x~l~xi)/(luxijédX/(xi+:~Xi)

where & is the lift siope and

v, = Vsin(y o Ag By +RQ(X +x, +l)/2
¢, = (x-(x1+x 1/2), ei = Hx (x *x, )/2)
¢i - (VN+VZm+V j )/V
V. = Vsint (lhf
N
o= 208V i s .
oL 3 d—l =1 L d=1 L B .
Vim flm,F+va,R C (v T, F va,R+i§1 kélvi -1 % dlm)

and where y 0 and Ay are the initial azimuth angle of the k-th blade

and azimuthadl step respectively. Thus, eguation (13} can determine the
induced velocity at any local station on the rotor rotational plane as
well as the airloading of the blade at any spanwise and azimuthal position.

L. YAWED FLIGHT OF A COMPLETE HELICOPTER

Any trimmed flight condition for a given set of collective and
cyciic pitch inputs can be deiermined by solving the following equations
for a specified helicopter:

1
<

- -+ -
X XFCOSLF XRcostR Z smnzF+Z 81an WsinBcosd

YB+YF~YR+W31n¢ 0 (15)

it
o

ZB-ZFcost—ZRCOStR-XFs1n1F—XR51n1R+Wcos@cos®

* 6Zm should be one if any blade element hits the station (I, m) at

t=j-1 and otherwise zeroc.

L-6



+ - e
L -L cost+NF51nt L coszR N 51an 8]

MB+MF+MR+(X COSLF—ZF51n%F)hF+(X coszR 2351n1 )h (16

+(XFsin%F+Z cos'LF v X351nLR+ZRcost )lR =0

NB NFcosaF—L 51ntF+NRcostR+LRs1ntR+lFYF+ZRYR = 0

where, by referring to Fig. 5,

XB YB’ and L M, N

5o Mg ¢ Aerodynamic forces and moments acting

on the fuselage at center of gravity

XF’ YF’ ZF and LF’ MF’ NF : Rotor forces and moments acting on the
front hub

XR’ YR’ ZR and LR’ MR’ NR : Rotor forces and moments acting on the
rear hub

W ! Gross weight of helicopter

Y, @, ¢ : Eulerian angles of the hody attitude
iF’ iR : Inclined angles of shaft of front and rear rotors respectively
{2, b.), (I wn.) : Hub positions of front and rear rotors respectively

F* OF R, 'R

S.EXEMPLIFIED CALCULATIONS AND FLIGT TESTS

Shown in Fig, 6 and 7 are the induced velocity distribution around
a model of tandem rotor cperating respectively in hovering and forward
flight conditions. In comparison of the present theory having assumed
a constant attenuation coefficient, there are also shown results of a
simpie and effective momentum thecry developed ?y Stepniewski6) and of
the concise vortex theory derived by Cheeseman

Although the present theory gives strong spanwise variation of the
induced velocities even in hovering flight, thelr mean value coincides
well with the momentum theory. The spanwise variation has been resulted
from the preserved effects of mutual interference of the flow in the
overlapped region.

Since the present theory can give the instantaneous change of the
induced veloecity, its fluctuating behaviour corresponding to the blade
position during one revolution can be observed in the forward flight.

In Fig. 7 there are shown the maximum and minimum walues of the induced
velocities at the respective station in one roitor reveclution and their

mean values which are also consistent with the results from the simple

momentum theory.

Fig. 8 shows variations of the thrust and torque coefficients for
the change of yawing angle of the tandem rotor model flying at the advance
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ratio of U=0.15 without any cyclic pitch input. In this calculation the )
attenuation coefficients have been considered variable as a function of "
the spanwise position and azimuth angle. It can be seen that as the yawing i
angle increases the thrust alsc increases and the torque decreases in the
rear rotor. It is very much interesting to find that the right yaw (¥>Q)
brings slightly better performance improvement than the left yaw (¥<0).
This fact has been confirmed by the flight tests tooT). The improvement
must be derived by taking the overlspped area into the blade retreating
side and as the result, by compensating mutually the defficiency in the
blade retreating side.

Actual performance ilmprovements due to the right yaw have been
obtained for two exemplified helicopters, CH-U46 and CH-47. The drag
increment of the fuselage obtained by the wind tunnel tests is shown in
Fig. 9 for the both helicopters,in which a better characteristic can be
observed for C[H-LT because of a slightly more flattened feature of the
fuselage cross section than that of the CH-4H, Other necessary aerodynanmic
characteristics required for determining the trim conditions are given in
Table 1.

The necessary horse power versus advance ratic for the both helicopters
have been cazlculated from the present modified Cheeseman's theory and shown
in Fig. 10 for various yaw angle. It can be concluded that since an optimal
povwer line connecting the minimum powers of the respective helicopter is
almost vertical in the drawing the flight speed should be kept constant
through the yawed flight in a critical condition.

Shown in Fig. 11 are comparisons of the theoretical results and the
flight test data in the power increment due to the right yaw. The flight
test data fall a range between two theoretical results. It can, thus, be
expected that the power reduction of about 5 percent will be achieved by
taking the right yaw beiween 10 %o 20 degrees in the exemplified helicopters.

In these calculations by FACOM 230-75 computer, the present lccal
momentum theory reguired about four minutes to get the solutions in
convergent state.

6. CONCLUSION

The local momentum theory has been applied to investigate the
aerodynamic characteristics of the tandem rotor helicopter in yawed flight.
The results have been compared with those obtained by other methods such
as the modified Cheeseman's vortex theory and the Stepniewski's momentum
theory and with the flight test data. The comparison has shown good
agreement over the wide range of yawing angle in both directions and
confirmed that the right yaw between 10 toc 20 degrees brings about ©
percent povwer reduction in the exemplified helicopters.
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