LIBRARY
C.P. (m?s; 406 ROYAL AIRCRAFT [STABLISHMENT C.P. (zlzl&.) 406
A.R.C Teci;nical Report BEDFORD' A.R.C. Tecl:m!cal Report

MINISTRY OF SUPPLY
AERONAUTICAL RESEARCH COUNCIL

CURRENT PAPERS

A METHOD OF CALCULATING THE EFFECT OF
ONE HELICOPTER ROTOR UPON ANOTHER

By

I. C. Cheeseman, Ph.D.

LONDON : HER MAIESTY'S STATIONERY OFF|CE

1958
THREE SHILLINGS NET






Report No. AALE/Res/298
CsP. No, L06
AEROPLAME AND ARMAMONT TOPERIMUNTAL ESTARLISHUENT

April, 1958

A method of calculating the effeot of one helicopter
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Sunmary

A model of the induced flov around a lifting rotor is derived hy
considering a lifting line approxamation to translational 1ift and a
stream tube model for propeller 1ift. This theory is applied to a
tandem rotor configuration in rectilinear flight. It is showm that
the values derived are in good apreemcnt vith the available experimental
results, vhich relate the case of no gap or stagger, In this special
case the stream tube effect is negligible and only the lifting line
approximation is usecd.
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1. Introduction

Vhen hclicopter rotors arc moved into close proximity to one another, an
interfercnce flow is sct up betveen these surfaces which results in a change
of overall efficiency of the rotor configuration chosen. This change of
efficiency will affcet the performance of the rotor confipuration and in
cortain cascs may have a marked effect on the handling qualitics. Thus any
method which deals with rotor interforcncc problems should, for completeness,
treat the effect of any one rotor on any other independently. To do this it
is necessary to determine the flow pattern around a single lifting rotor in
free space, A% least two methods (Refs. 1 and 2) have becn developed to do
this, but in Ref, 1 this has resulted in very complicated equations which
have been graphed for a limited range of rotor operating paramcters, while
Ref. 2 gives a scries of non dimensional curves vhich apply to certain flight
conditions, Thus both methods arc limited for practical application. Rof,.1
has becn used by Squire (Ref, 3) to estimate the stability of a tandem rotor
hclicopter, vhile Ref. 2 is uscd in this report as one of a series of mothods
to be compared. Other methods have been developed to give the total inter—
ference pover loss of a tandem rotor helicopter, those due to Stepniewski
(Refs, &4 and 5) being notable for their simplicity, In Refs, 4 and 5 it is
assumed that the flow line around a 1lifting rotor can be considered to be
bounded by a strcam tube, and that the interference experienced by one rotor
can be found by calculating its intersection with the strcam tube of the other
rotor., YWhilc this method approximates to the total power loss of the system,
it is not sufficiently detailed to give the performance of an individual rotor
as is requirecd for stability caloulations. The mothod developed in the
present report is an attempt to compromise botween these two extreme approachos,
in that it can be used in all flight states, for any number of rotors or rotor
wing ccmbinations, be sufficiently simple for rapid application, and still
give sufficicent acouracy for use in stability calculations,

2. Flow pattern in the vieinity of a 1ifting rotor

In forwvard flight the flow in the vieinity of a lifting rotor rescmblos
that of an equivalent wing, In lifting line theory the flow pattern around
a wing can be represcnted by a bound vortex located along the quarter ohord
line of the ving together with a trailing vortex from each uing tip. Such a
model has boen used to ropresent the flow around the rotor in the case of
high forward speed flight, In hovering and flight at low forward specd the
flov around the rotor resembles that in the neighbourhood of a propeller. By
suitably oombining thesc two picturces it is possible to develop a model vhich
vidl apply over the whole speed range.

In lifting line theory the oirculation XK is given by
K = L

ch:ﬂf
vhere L is the 1ift of the wing of semi span s, V the airspeed and [~ the
air densaity. It is proposed to usc this expression to deduce the equivalent
ciroulation when the 1ift referrcd to is not the total valuc but is simply
that duc to the rotor acting as a wing, If this fraction of the lift L is
denoted by Ig, thon Ix is obviously zero for vertical flight and increascs
vith increasing airspced. 1% is therefore assumed that Ix has the form

rd

LK = W i‘l-—L

]

5
(_'__.,1

vhere W is the total weight of the helicopter, v the induced flow and v, the
induced flow in hovering,  Thus _ ]

]
o /
K = W '{-v§ (1)
The trailing vortices of the conventional horseshoe pattern associated with
the 1lifting line model are assumed to follow the total resultant flow
/immediately...
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immediately bencath the rotor and they arc thus inelined to the tip path
planc at an angle 0 which is given by

tan Q) =_.v+¥Vagin D = - u
V cos & p V cos A<D

vhere SAD is the angle of the flight path relative to the tip path plane
measured positive dovmvards from the rotor and u is the total flow normal
%o the tip path plane,

The flow due to the rotor acting as a propeller is assumed to be bounded
by o cylinder of radius R and to movo with o veloecity -v; the cylinder is
consldercd to makc an angle D to the tip path plane., It is appreciated that
this does not allow for the vena-contracta and the associated inereasc in the
value of v, but due to the uncertainty as Yo the distance below the rotor at
whach this contraotion takes place, it is felt that the assumption made here
is reprcsentative of the actual flov in the region considered.

4 diagranmatic representation of the model is given in Fig. 1.

3. The intcrference botween two rotors arranged in tandem

341 Genersl. Tho layout to be considered is shown in Fig. 2, togethor
vith the flo pattern associated with cach rotor., The gap G is the vortical
scparation and the stagger S the horizontal scoaration betucen the contres of
the rotor tip path planes measured rcolative to the direction of the free
gtream, It should be notcd that becausc the angle between the fuselage and
the frce streom direction depends on the £flizht condition the gap and stagger
as defined of any particular helicopter will not be constant but will change
with flight condition, Tho interference cffeet can be calculated by the sum
of the effect duc to the vortex patturn and that due to the propeller slip-
streams  In each casc the result is first expressed in terms of change in
induced vclocity at cach rotor and this is then converted into equivalent
cxpressions for the change in pover and thrust.

3.2 Effect due to vortex pattern., The horseshoc patiern induces
velocities V., V,, V; at a point X, Y. Z, rclative to the axos shown in
Fig. 2, which arc given by the follewing expressions teken from Ref. 7.

T L )

v, = K o __& ', v +R - Yy~ R L (2
; . T
2 + ZZJ ( (x2 + 42 + (y + R)2)= (x? + 22 + (y - R)Z)AJ

SE
r P ;
vy = K. =7 PRI X Lo+ Z
1
U 22 (pRZ | G2 el e (y-R)2)Z; &%+ (+R)?
& (
‘ 1 &+ " b (3)
I ER
F (x4 22+ (eR)2)T
- -
v, = K  x v + R - v - R
? - . R 0.2 . 52 23
4 x2 4 22 i {x2 + 22 + (y+R) i ix + 2% + (y-R) 22
- v~ R 1+ - X
>+ L
72 « (yR)2 | {xz + 22 + (y-R)2'2
I ) f
v YR 11+ p y (4)

i Nt
22+ (y+R)2 L (%% + 2% + (y4R)2 %1}
8 2.

/For...



-5 -

For the tandom rotor confipuration in roctilincar f£1light the induced
flow due to onec rotor on the other is symmetrical about the line of flaght so

that the mean valuc of V.

across the rotor will be zero.

of the tvo rotors, and to the simplifying assumption thot the translational

1if't can bhe represcnted by a lifting line approximation, there is nothing to
be gained by attempting to calculate a mean induced <ffect over the canplete
the usual biplanc approximation of calculating the cffect along
the position of the lifting linc w41l be used in this vork,

rotor discy

The value of x and z in cquations 2 and 4 is thorofore that of the contre

of the scoond rotor referrcd to the axes of co-ordinates based on the other
rotor; these valucs may be denoted by x, and zg where

Thus mean valucs

1

*o

ty

Zg

S cos (Q +\py) ~ G sin (D i D)

G oos (%) +G4) - S sin (P +9 py)

of Vi, Vy and V, dcnoted by '{Fx; "sz and 'ffz arc given by

= /'R v v ( o)
Ve = 4. K /! 2 = v + R - v -R {
- — . 5 ey
2R R 4T lxoz + ZOZ\S l{xoz + 4,2 +(y+R)2(7 Ix2 + 22 +(y-—R)2.:‘z"£
- o ~ -
(5)
V= o (6)
e I‘R ‘\
VZ=-_l K *o . v + R - . v - R —
R [ o UL Zx02+202 1 %0242, 2+ (y+R)2 (2 + X oot 02+ (y-R)2¢z
o= - " " : "
g A S b I *o
- 1
Z02 + (y-R)? . (xoz + 262 + (y—R)lez }
- /
+ é_V + R 5 1 + oo o} —~ (dy (7)
2,5+ (y+R)% | %o + Z02 + (y+R)212 i
Evaluating the integrals by simplce substitutions it as found that
/ o 4 -~
T . z [y 2 2 21z 2 zjfk
Vx-— K 20 E?[xo +Zo + LR™| —l\xo + Zg 2} (8)
LWR  x, + Zg .
= x - 2 5 21% 2, 2\
v, = ;rK 20 I, + Z, +1,R]2..\:xo +ZOJ2
2
HUR ( x ©+ 2. <"
+ I, | S22+ 8.2 + xg 4 Zo° + hRZ (9)

g [ % 240 2+4R2 +x,

0 ”

For a point upstrcam of the lifting rotor the expression for Vx romeins

unchanged;

x_ 1is now negative in

V, and the Ly

term will be small since the

distance fran the trailing vortices to the point in question will in general

be large,

It will be noted that

x02+202=82+G

2

/a.nd...

Due to the ncarncss

dy
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and this is a characteristaic of the helicopter, being cqual to the distance
betwcen the rotor hubs squarcd.

?; and V, arc rcsolved into two camponents normal and parallel to the
rotor tip patﬁ plane, the nommal veloclty camponents o R & /. is given by

~ . i -
, _ - T - * > - - l,
2~ R o A = - VZ COS{' f'l\‘) ...\:/:.DZ +LX‘D1) - Vy S:I.n/ a"_i) = po + Oy D‘ll’ (10)

~ N

and the component parallel to the disc, -4 -R (Q/ARD by . ’
, F — i’r ~ — N
F=R My = Ty 00(Ym py +ivpy) = Ty sin(§ ~sepp +0upyy (1)

where-J.is the rotational speed of the rotor.

3.3 Effcet due $o propeller slipatream. For the tandem rotor con-
figuration illustrated in Fig, 2, it can be secn that part of the front rotor
will exporience a loss of 1ift due to the dowmwash fran the rear rotor. The
recar rotor will expcerience a loss in 1ift duc to the flow into the front
rotor, but since the change indgced in the flow above and upstream of a rotor
in the power on flight condition is much smaller than the change induced in
the flov pattern beneath the same rotor, the loss in 1if't by the rear rotor
7ill be small by comparison wvith the loss of lift of the front rotor and will
be noglected. Tho increase . u in the mean value of the induced flow w over
the vhole disc can be cxpressed as

—

Sl o= U A (12)
J A

where O A is the masked area of the rotor disc of area A, and assuming as in
para. 2 that the inorcase in velocity below the rotor dise to the vena
confracta is negligablc in the region considered. Since the mean downwash
from the rotor inclincd backwards at an angle P , & 4 will be the arca of
interscotion between two circles of radius R with centres separated by St
where

' = 8-G6Y
u

Thus & 4/A is oxpressed by

4 / N —1'l
Aa= 2. 3 cos™? [st) - g [1-g2\2" (43)
A fy f '\\2R' 2R I.;RZ J}

provided that S' 4 2R. Hence conbaning 12 end 13 and dividing by-d-R it is
found that S

SN = .2_)}..§ cos™] §_f_\\‘ - 3! (1 -§f_‘_2_\{'1? g (14)
T \ 2P"/f 2R \ }+R2’j “n

C
There will also be a small contribution to “L/Amd but for the usual valucs of
G and S this is nepligible.

~

—

Combining equations {(10) and (14) together gives the change in A due to
slipstream and vortex effccts, so thot the combined equation together with
cquation (41) will cnable the performance of onc rotor in the field of another
to be caleulated,

b The performance of two rotors arranred in tandem

4.1 General. The performance of a rotor is given in blade clement
theory by the expression for thrust T and torgue Q,

i

T o= gfaveliPR e 4 2 1 mgPor (15)
2’( (3 2 2/“‘51 J
™ g

@ = g /bed 2R (1e P iang - (16)
/ ]

2 | [ &

/ohene ..
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when a is the 1laft curve slope of the blade section, b the mumber of blades
in the rotor, ¢ the mean chord, & the geomotrical colleetive pitch, M a the
tip speed ratio, A the inflow ratio and 4 tho mean drag of the blade at a
mean 1ift cocfficicnt Crs VWhen this rotor is moved into the vieinity of
another rotor assuming that the controls of the rotors arc fixed, the
thrust T, and torquc Q, are given by
© g

T =1Jahc-aL2R3-?G+}\+{‘,>\ 4-'1_.//»‘-1-£‘f\2@r (17)
' P35t Tl S o

end C )
Q z[bcja RLFZIP (4 +[/MC,L+f:/ué?f)-a(/‘va\)_(_}a_Z§ (18)

ficnce, to the first order of small quantities,

Ty = 1+_1J AN+ 24q K g0 (19)
T Qi+ fA 0

G 2 2

and
6

Q= 1+ EO&Mabpam R N (20)
Q L (/5B -a Mg

b 3

; A is very much largcer than b for normal values of G and S and hence
it can be scen from equations (19) and (20) that the effcot of one rotor on
another is to decrcasc the thrust and incrcasc the torgue vhen NN is
negative i.e¢., when the rotor being considered is above the datum rotor.

4.2 Calculation of the interference pover loss for a tandem rotor
configuration o:)f‘ratz_nf at twice the weight of an eguivalent single rotor
helicopter, If in any flight condition a rotor 0perat:|_ng at part.Lcular
values of ., A, fL, 6 and rroducing a thrust T, is brought into the
vicinity of a.nothcr rotor it will experience a decrease in thrust 1f-'~ and
6 ore kept constant, To maintain constant thrust 6 is incrcased to
g+l 8, wvhere

it r ’
2 , {
f,es v/ 0= -) & 5 opas @ 21
,.1. ZI.....E...{ ..‘;..éi\_. "'/”d -.J/d ‘ (21)
v3 J
to the first order of small quantities provided that -/l is kept constant.
In keoping J1. oconstant the torgque 3} vill increase to Qo given by ‘
Qo :_1_r'J'bo.5L2R}"'S (1+(/ +F/"‘-d))-a()\ ?’>/\)(9+39)f
2 i
-_-.Q+1 b e t? Rl*')c’_\.u %, __a_L_(e(St\+>\6e) (22)
{ 5/ 2 j

Substituting from equation (21) for A 6, cquation (22) becanes

[ }4' F\ 0D
Q = Q+1(’bec S BRYM DML v a ) o ]
R e S s S

-

—a’r-“»>\l‘ )\ —9! (23)
3 |2 1+ x_d2/2) /f

/Hence. ..
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Hence the increase in power £ P is given by

¢ r 7 i
f - _'L., 3 )-l— A s A ]
. _gffbo_ia__R)/’vdu//_g_q-a___ 9
(; o 2 3 (1 4, 2/2 l
M -~ E] 'i’/’ d ) ’
-a S\ ‘ A _ g‘i?, (2u)
3 ;2 &3 +/1Ad2/2) J‘S

5. Comparison of theory and exveriment

The theory developed here has been compared with some of the theorles
discusscd in para. 1 for the case of a tondom rotor helicopter with rotors
camparable to those of the Bristol type 473 ks, {1 and 2, and in a flight
condition where G = 0 and 8 = 2R, It is soen fram Fig. 3 that the carliest
theory of Stepniewski (Ref. L) 1s in closest agrecment with the present
method. The theory of Ref. 4 vas designed for this configuration only and
was used in the development of the Piasccki H.24 heliocopter which has G = O
and 8 = 2R and the agreemcnt with it of the present theory is cncouraging.
Although it mmst be noted that the propeller slipstream effect is negligible when
there is no gap,and stagger is equal to twice the rotor mdius and tirt only the

"lifting line"part of the theory is confirued by this argunente Tne more advanced
method of Stepnievslci(Rof,5),which was designed to allow for variation in S, shows
poorer agreement with the presont theory.  Comparing with the more elegant
method of Castles and de Lecwy (Ref. 2) rcasonsblc agrecment is found
particularly at speeds where 6; P is a maximu, The present theory is
therefore found to be in rcasonable agrecment with the established methods

of References 2 and 4 for the case G = 0 and 8 = 2R; which uses only the
"lifting line" part of the theory; its advantages over these methods have

been discussed in para. 4.

In Refercnce 8 Dingldein has madc an exporimental study of a model
tandam rotor configuration again with no gap and S = 2R and ms compared the
results obtained with the theory of Castles and de Leeuw, In this camparison
1t was shoun that rcasonable agrcement existed at low forward speeds but that
the theory wes optimistic at high speced., A comparison of the experimental
results of Refercnce 8 and the present theory is shown in Fig. 4 from which
it can be scen that the agreement is good over the whole specd range.

Figure 5 shous the interforence power curve calculated for the Brastol 173
which has G,= 0,20, S = 1.7 R.  Camparison with the ocurve for S = O and

G = 2R copicd from Fig,3 shows_thot the offcet of the change of gap and stagger
is only ngtlceable atblgw speeds.a c & 0 ¢ chang gap agg

6. Conclusion

The thcory which has been developed in this report is applicable to any
milti-rotor configuration and to any flight condition other than when a rotor
is working in the vortex ring statc. Comparison of the theory and the only
reliable set of experumental results hos shown good agrecment over the vhole
of the speed range tested, the experimental conditions being such that only
the "1ifting line" part of the present theory could be confirmed.

This mcthod can obviously be cxtended to cover the case of lifting
wing-rotor configurations. It moy also be modificd to cover the omse of
yawed flight of a tandem rotor hclicopter vwhich is important for stability
considcrations.
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List of Symbols

1ift curve slope of rotor blade section
arca of rotor

axrca of front rotor masked by rear motor
number of blades per rotor

rotor blade mean chord

gep between rotors - seec Fig. 1.
circulation over acrofoil

1ift of wing

translational 1ift of helicopter rotor.
rotor power

change in rotor powcr due to interference effects
rotor torque

rotor torque defincd by cequation 20.
rotor torque defined by equation 24,
rotor radius

wing semi span

stagger between rotors ~ sce Fig. 1.

S - & Vu

thrust of single rotor

rotor thrust defined by cquation 19,
total flow normal to the rotor, negative for flow downward
forward airspecd

induced flow of rotor at a forward speed V, negative for flow
downvrard

induced flov of rotor in hovering, ncgative for flow downward
(W/ZTT'f/?; R?)%, negative for flow dowmward

velocitics at point x, y, 2z, induced by horseshoe vortex pattern,
all up veight of helicopter

co-ordinates of point relative %o axes shown in Fig. 2

S cos ('Q "E‘""D'[) - G sin (Q '"Q’(D-I) - R cos (Q + oy -DLD])
S cos (Q -DQD.I) - G sin (Q “C’(D‘i) + R cos (Q +O pp —MD,I)
angle of flight path relative to tip path plane - negative
upwards

SO
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mean drag of rotor blade operating at a mean Cp
geanctrical collective pitch

w/3i-R

Vecos # /bR

air denmity

tan™1 } ~u/V cos A D
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