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CALCULATION OF COUNTERROTATING PROPELLERS*

By F. Ginzel

Abstract: A method for calculation &f a counterrotating propeller

' which is sgimilar to Walchner's method for celculation of
the single prcpeller in the free air stream 1s developed
and compared with measurements. Several dimensions which
are lmportant for the design are gilven and simple formulas
for the galn in efficiency derived. Finally a survey of
the behavior of the propeller for various operating
conditions is presented.

Qutline: I. Sywbols
II. Introduction and statement of the problem

IIT. Bases for calculation
' 1. For the single propeller
2. For the counterrotating propeller

IV. Method of verification of the calculation of the
counterrotating propeller end comparison with
measurements
(a) Multisection method
(b) Single section method

V. Properties of the counterrotating propeller and
design requiremsnta.

1. For the case of maximum compensation for rotetion

(a) Proportionate thrust, proportionate power
(b) Gain in efficiency, increese in power
(c) Distribution of the angle of pitch

2. The efficiency for operating conditions which

do not differ from the case of mexinum compen=-

sation for rotation .

*

"Zur Berechnung ven Gogenlaufschrauben.” Zentrale fiir wissen-
schaftliches Berichtswesen der Luftfahrtforschung des CGeneral-

. luftzeugmeisters (ZWB) Berlin-Adlershof, Forschungsbericht Nr, 1752,

Jan. 25, 1943,




NACA TM No, 1208

VI. Behavior of the counterrotating propeller with an
infinite number of hlades from the bralking domain
up to heavier loads.

1. Development of the charts
2. Discussion '

VII. Summery

VIIT. Rsfercnces

I. SYMBOIS
1ift
an N
1ift coefficient c, = e
'\\ — W, 21 dr
; N A
power loading {c, = - . )
t EF v3 E
N
! 5
thrust lcading {Cg = }
p 2
thickness of the profile
propeller disk area
N
power coefficient K‘ 5—— }
5 F U "
thrust coefficient 3
-F U Kt

wing chord (width of the blads)
power of rotation

radius of the propeller
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r redius of a section, profile
<] thrust for undisturbed free~stream com_iitiqns
U peripheral speed of the propeller (U = mR) )

v rate of advance, W top velocity 6!_' =1/v2 + U° )

/ S, D
w profile veloclty Qi’ =Vve + (rm)"')

Wy effective profile velocity

v:?;_ axial induced velocity
2
W, '
& induced velocity
2
‘%G_ tangential induced welocity
r
X radius nondimensiconal (:»: = I‘T)
4 nuber of blcdes
o5 angle of attack, pressure side

ay induced angle : N
B blade angle .
B3 - blade angle, pressure side

. -efficlency of the blade element €y = tan 7 (profile drag-lift
VU . coefficient) ' ST

N, - exial efficlency
13 l1ldeal efficiency
» ratio of advance

o .

p. density of air

D - angle of advance
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Dy effective angle of advence

w angular velocity

Special symbols in this freatiée:

Index I refers to the front propeller, index II to the rear propeller
Index g vrefers to the counterrotating propeller

Index e vrefers to the single propeller

Dimensions with + contain the influence of the other partner upon
the propeller under consideration (See fig. 5.)

= _ . wal  Well "’aII Vol . .
vy = 1+ Ry=5 - + 5= 1+ Rpp~s== =+ 5 axial velocity at the

propeller disk.
II. INTRODUCTION

The decrease In officiency for high flight velocitles is due
mainly to rotational losses.(Bee fig. 1,which coxrresponds to a fiqure
froem 2]1). The counterrotaiing propeller makes a rartial recovery
of these losses possible. The elimination of the free propeller
moment (rolling moment) and the poseibility of higher power absorption
for the same diameter are further adventages. The arrangement of the
twe propellers on one axis offers advantages for flight behavior
even for extreme operating conditiong_fg;,;nstance a propeller acting..
ag a brake. Therefore, below an arrangement Tor COunf”fvouifISH”TS
Investigated in which both partners are arranged one closely behind
the other on the same axis and have the same number and shape of blades,
the same diameter and equal and opposite angular specd, but a different
distribution of the blade angle over the radius.  The investigations
are performed principally at the blade cross section so that no
presumption is made about the dlstribubtion of the clrculaeition over the
radius: Thereln lles an advantage because the blade for optimum
distribution resulting from seroiynamic censiderations cannot be con-
structed; the practice, therefore, must reach a compromlse which cannot
form the besls of an aerodynamic investigation. .

1The numbers in brackets refer to the references at the end
of thig report.
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III. BASES FOR CALCULATION

1. Bases for Calculation of_the Single Propeller in the Free
Alr Stream o

We recapitulate in this section at first the course of a usual
propeller calculation (according to [14]) in order to see clearly,
in the next section, whether additional neglections, and if so, of
what kind, enter into the calculation of the counterrotating pro=
peller and how the formulas of the single piropeller must be extended
to cover the mmtual influence of the two partmers.

The circulation [' around all =z blades of the propeller at
the section r -equals the llne intepral over the differences %Wy

of the tangential velocities ahead of ond behind the propeller (sce
fig. 3) along the circle of the radive = in the fully develooed -
slipstream (ultimate weke).

2%
z[' = (\ ';tl‘ a8 (l)
<o

If weo define the mean value facitor k Dby

2

}!—’

vy A8 = Ky (?)
TT_,.'O

N

where Wy is the maximum Wt which is reached a2t the location of

a propeller vortex in the proJjection of a Dblade, we can substitute
for (1) the notation

z' = 21"1rr:wt (3)

If we call the true free stream velocity at the location of a blade
element end relative to it w,, the Kutta-Joukowsky condition for

the lift element dA in frictionless flow and e defining equation
for the 1ift coefficient c¢, - supply the following relation between
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cg and I' or between cg and wy

P
da = szwW dr = pRrmtwowy dr = §ww2cazz ar (%)

Lo .
TtV (5)

=

¢
& zl Wy

with 1 vrepresenting the chord of the profile at the section r.

Figure 2 is the usual diagram of velocities and forces for the
blade element. The figure, in varticular, the marked right angle

.,
between w, and 5—, is valid for smell loads. Jet contraction

and reduced pressure in the 8lipstream are neglected. Taking the
right angle mentioned above igto consideration we obtain

Wy
—- = 2 gin ¢ ten &
Wy

with 9, representing the effective engle of advance and

the induced angle of attack. Then there folliows for the 1ift coeffi-
cient from (%)

8x Sx
Cg = ZTK sin QW- tan a‘igg"{ﬁ sin (Bd_ - Gd‘) van (\Bd. - Cp - md) (6)
TR % R

Only cg and the angle of attack og which is referved to the

presgiure side are unlmown in this equftion (excepting the mean
value factor k), for the blade angle By, the angle of advance

" @, the propeller radius- R and the ratio x = éf,are given. As

in the wing theory the relation between ¢ @nd o« which is lnown
from the profile measurements or from the plane theory is used for
determining these two quantitises.
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For calculation of the characterlistic valuos "of the propeller
we now designate the peripheral speed Rw as U, tlhe rate of

advance %- a8 A and teke from figure 2

IO ‘ ;:OS- 0.1. A\ o 2
W, = cos a, = Ux ~——= = U co8 X + A
W = o8 o 1 cos @ o1

The propeller disk ares R - is designated FP’ and there follows
from (4)

(x2 + xe)c cosPay dx (7)

:

The ccnsiderations so far were valld for flows without losses.
Because of the actually always existing flow losses the alr force
changes by the drag compcnent

=4 Aep

= tan y 1is the efficiency of the blade element which is to be
taken from profile measurements at the respective Reynolds number
50 that cne c¢btains for the thrust force 4S5 and for the tangential
ferce d4T:

dS = dA cos(p, + 7)/ cos 7

aT = dA sin (@ + 7)/ cos 7 =4S tan(@y + 7)

With (6) the result for the thrust coefficiont is k_ =

. ' x
and for the pocwer ccefficient k; = o = . S -
frud Epol
2°p £°Pp
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oL 1'-6:2 + 3D cosPay cos (@ + 7}/ comy . ... (8)
dx R ' .

ak,  dkg

T T a xten (g +7) .9)

The formulas (3) to (9) are sufficient for calculation of the
single propeller. We shall Indicate several further relations
which will be useful for calculation of the counterrotating pro-
peller. The frictionless thrust element can be inferred from the
circulation (3) by means of the Kutta-Joukowsky cordition to be

fo - 29
ds = plrw ~ 5~'2rnmwt ar

If we Introduce by division of all velocities with the flight
veloelty v ncerdimensional velecltlss and mark them with bars,
and if we further designate the local (referred to the local area

de
element) coefficlents -z—ay arbreviatedly as c¢', anothsr notation
: a(x~ i \
may be used for the lccal thrust loading Cg = —-ji——':
p 2
5 Fo¥s
: . roN
- +
cg' = ?th€m>- 5—} (10)

Likewiss there follows from the power slement

A A
rw 4T = roo(r + é-—)’arztrcwt'dr

for the local power loading c; =

et = zfm_mrt-.(l + Ve . o (11)
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. The equations (3) to (11) supply all characteristic values of
the propeller if the mean value factor &« of the induced tangential
velocities is8 known. Only moderate accuracy 18 regulred fer determi-
nation of this factor, since the induced velocltles were agsumed
to be small. -Ordinary propellers in not extraordinary cperating cen-
ditions differ sa little from the propeller with the minimm induced
loss of energy [l} that one can use the numerical values for the

" mean velue Tactor K of the optimum propeller, ﬁndwn.xzwmlGoldsteLn‘

exact calcnlation of this propeller {3}.

ITI. 2. Bases for Calculation of the Counterrotating Prupeller

The following assumptions are added ©to the oneg valld for the
single propeller. The induced vlocitles for the propeller with &
finite number of blades ars disteibuted in the slipetreem poriedi-
cally over the circumference of the circle with maximum valuee in
the projection of the blade. (See fiz. 3.) If two propellers of
finite blade number work one closely benind the other, eaci of tham
works because of the additioral velocity of the other prapellor
which 1s pericdically variable over the circvmferencc in an oncoming
flew varilable with time; Lence, it is subject to perlodlcally changing
alr f¥rees and produces therefore addltionsl velocities changling perio-
dlcally with time. The course shown in figure 3 will than itself bo
a mean value of the time over which moreover the varlaticn caused
by its partner would heve to be superimposed. We calculats with theee
mean values of the time and thus neglect the wnsteady effect due to

e, fluctuations with time of the induced oncomlng flow. SEhngen
13} estimated these forces and found them not to be dangerous as
¥as to be hoped since the induced velocitles are small campared with
the main veleccities.

Here and later on index I will always refer to the front pro-
peller, index II to the rear propeller. ﬁaI and Vet in particular
are the induced veloclities left in the %ﬂﬁ;ﬁﬁ?ﬁﬂﬂi by the first
propeller, VaII and Wgrr the contributions produced by the second
propeller.

The mean velues (see equation 2) (which are constant over the
circumference) of the quentities ﬁf and ﬁa, which are varisble

over the propeller circumference accordinp to figure 3; are named
swy and KWy . We introduce the simplification « =  which is

also usual in the theory of the single optimum propeller. ThesSe mean
values teke the course indicated in figure 4 in the direction of the.
slipstream, = Since we asesume that the two propeller periners are
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arranged one closely behind the other und have ugu%T and opposlte

anguler veloclty «pp = = wr, the value <V + Kyp —Sll replaces

v fer the first propeller (if the unsteady ‘effect rentioned above

is neglected) whereas no additional term from the second propeller

is added to 1wy = rw. For the second propeller v 18 replacsd
W A

by the Yelue v + Ry ‘%zy ropr = -d by the volue -row - ﬂthI.

Therefore the effective velocity companents

Wa Il Wal Wi
v + KT + '?, w - —EI'

are acting relative to the blade element of the flrst propeller,
the effective velocity components

W, W WIT
:I gII, - T - Bpwpp - s

vV 4+ Ry 5

relative to the blade element of the second propeller. Hence the
mean axial velocity far behind the propeller is '

Vb Rpiay + SITWaTT
the mean axial velocity at the propeller disk in the propellor plane

Wal TaTL
V+"I~:—+ TIn

the mean rotation in the slipsfrean:

If the direction of rotation of the two propellers is oyposite
the induced tangential velocities have opposite sisms (fig. 3). If
we consider a circle around the propeller exis far behind the pro-
‘peller, we find the extreme values of the twc curves in general not

at the same location so that the resultant Vi + Wy does not
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disappeé.r everywhere even if the curves have the same shape, though
it disappears on the average KyWwyy + Ky Wiry « Energy losses due

- o to rotation can, therefore, not be taipletely avolded even for counter-
rota.ting propellers beceuse of the finite number of wings (see also

(-

Under the assumptions discussed here the formulas for the counter-
rotating propeller read as follews. The eirculations corresponding

to (3) are
Ty = Brmnyvy.
r (12)
The formulas _ -
W
CSI' = 2" WtI\T‘U.) - ';b’:!':‘)
, > (13)
'm e DKW, 7O 4 KA thI)

correspond to the formulas (10) for the comnecticm between thrust
and induced velocities, the equations :

. 055 o ez T
> (1h)

, Y A VatT
CZII = - Em'”IIWtIIl\.l + KIT + """""’2

-

to the relations (11) for the power loading. We add another relation
for the total &' of the counterrotating propeller. {(Symbols’
without index I or IT will refer to the total arrangement.) From
dhe momentum theory for the propeller with an infinlte number of

'blad.es -
: F
GB' = 2"& 1 + 2
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there follows

1+-—-u—ﬁl+V1+c) (15)

We, .- , '
1+ Eé is the exial velocity acting at the location of the pro-
peller.

For the ecounterrotating propeller with an infinite number of
blades (15) with the axlal velocity &t the propeller disk acting at
the location of the propeller

‘Var  Vapp
1+ ' + -é-«)

is valid. The mean axlel valociuy at the propeliler disk for the
counterrotating propellsr with & finite rmumber of tlades is

Vay  Vary
1+ KI 5t hII 5

We shall neglect the square of the variabion veloclities w, = xw,

and shall use the approximation

———————

W Va

& ~ / -
1+ EI‘QI +Rry ”II ~ %,l H1 + Gs? (17)
<

as relation for checking purposes.

In order to be able to proceed to the formulse for the blade
element we have to consider firvst the analogon to figure 2, namely
the figure. 5. The corresponding figure in Kreamer's treatise [7) is
valid for the special Irrotetiocnal conditlon; the same representation
“wag selected for the rest. One can see the significance of the single
lines from the figure title. Since we inbterpreted the ‘influence ef
“the other propeller upon the one under conslderation as variation ef
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the oncoming flow toward the f£irst propsller, it is cleaxr after what

-has been said in section IIIX l._thgtwthéfvg;oqity_;nduch by the

propeller itself %? is perpendicular to the actual oncoming flow

which contains simultaneohsly the influence of the other propeller.
These are the right angles specially marked in figure 5 by meens
of which one derives from figurs 5 - =~ .= =

Var  Vay
14+ Kppe—— + —
[ =4

W
i3 2
tan Q. = =
crwI Vat Wy
rhH — ——=
2
(18)
Var Va
1+ K.I....:E + —aL
& thI 2 2
an: = - =
Pury Varr Vg
o o+ KI W-bI + >

{on the second propeller all angles in the oprosite sense are
designated as positive). One can see that one now must define instead
of the angle of advence two angles

P¥ = @ + ogy¥
- (19)
CPII* = q) + a,I%

“II* represents the change of direction produced by the second
propeller on the first one, ai* the change of dlrection produced
by the first on the second one.(ai* is negative in fig. 5.) We
designate the pertaining ratlos of advance as
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> (20)

Then the equations (6) assume the shape

8x . 9
Cap =z 71 ®1n (Pra - ogq) ten [Bry (@ + arr*) - arg)
xR -
»>(21)
8x , ' ,
ary Tz 1 11 S Crra - org) ten [BIId - (o +og”) - aIId]
r R

These equations must be equated to the relations lnown frem the
measurements of the polars CaI(“Id) and caII(GIId)' For the

thrust coefficients with friction loss one obtains, csrresponding

to (8),

d.keI _z 1 ( 2 #2) 2
—L = 2o+ A1*jeqr cos®ay . cos (QWI + 7I) /een g
| S(22)
kg p
IT . 2 l 2 *2) 2
o= o+ AT Capy COS“ay cos (?WII + 7II)/0¢5 reT

end for the power ceefficients, correspending to (9),
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- dk 1T d.kb_t

BB -f““ K“"'I "9

dk | ks
ur _ Serr
ix T ren (\q"‘ 11 * 7I3)

v

One derives from (22) for.the local thrust loadings without losses

L d.CS l 1 d‘kS) .
“. ’ d(x?) .EJ_C c'L;c ' ?"' 7\,1-(&,_ .'_ =0

1 :.L_ (xp_ + )‘I’@}‘ Car 'ccis?:'c,i:I"‘cos vy

Lo . P Lo ? (puyf
z 11 XL yg.o0o . .

/

The formulss correspond to those for the single propeller
with the exception of the unknown small additional angles ap®
and oyT*; thelr determination by a method of iteration (single
iteration) shall be treated below. The equations (13) will be
used for determination of “the induced. velocitles; therefore,we
write them in the shape

A -.
N CsL (25a.)
w = WD -\!ﬁ - ——
. Pr— e ORI
Wipp = IO + Kpwg \3.(10) + antI) -
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The method was tested on a propsller meesured by Lesley [9].
Lesley made two ordinary two-blade pfopellers work as counter-
rotating propeller. EHence the ‘blade contour was not changed in
any way for the counterrotating propeller and we could Lope that
the mean value factors # indicated by Goldstein and Lock (see for
instance in [lﬁl)would suffice.

IV. METHOD FOR VERIFiCATIONldf'TEE CALCULATION OF TEE COUNTER-
ROTATING PROPELLER AND COMPARISON WITH MEASUREMENTS
(a) Multisecticn Method
The calculaticn is made exactly as in Walchner's methcd EU@.

The initial values are aI = I* = 0 (no mutual influence). On

the sheet Ib and IIb, respectively, theo value ay is determined
by trial; ¢,y or oy for this valuo agrecs according to (27)

with the value from the profile polars caI\qu) or Curr! “IId"

The equaticne (24) give, with cay end cyyps a8 @ result cgr’

and cgrr'. (See shoet Ia and Ilg, Step 1.) Cn the right part
of sheet Ia, at the t0p, (step 1) Wiy end Wyl erc determined
from cgr' and csII according to (2%) and (25b). Below

(Step. 1) a first epproximation for Wir eand . is calculated
al all
from the first relaticn (18)

7=
tt .
tan CPWI = —

car
) (18

tan Qwy g =‘w.___aII
. ) /

Then the seccnd relation (18)
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P
aTI _ or
Vg 1rrp -t g
A Vi
Hoom -5t
4 (18p)
T I
a—
B A - S
A" g W
art — — II
e + K'IW,tI .+ T— 4:

is Interpreted as equation for w and w'i the first approxi-
mation 1s inserted on the right sng thus a ssocond approximation
obtained. The procedure is repeated for control; uvsually no more

- change -occurs if one limits cneself to 3 digits (4th diglt estimated)~

- (18p) gives more satisfactory results than (18a) for the reason that
one mist calculate with the value ¢, from the first step (without

mutual influence) in (18a), whereas (18b) contains already 2
better value for @ (with mutual influence). AI* and AIT* “are
determined with W, and w_ I ‘according 4o (20) -end therewith the

initial values for the second iteratisn step cbtained.

Whereas one has to take x (which is a function of x tan @
a..value unknown at first) for the first step from A = x tan @, the

value x ten ¢ for the second step 1s given by (18b) with sufficient
accuracy .

One selects for the calculation Tor the further sections
x = const. the value at x tan mw of _the first section (se0 also tUﬁ
ag initial values for k., because x tan @w is constant over the

radius for the optimum propeller. The goed agreement of this value
with the values x tan Py obtained by further calculation shewed

that the use cf the K =valies of the optimum prcpeller for the ‘present
caBe was Justlfied.

fhe secc.d step (sheet Ia, IIa, Step 2 is pérfbimed
exactly like the first; the ne09331ty mlght arise to calculate a
+third approximation for -cgp' and CBII It proved always to be

unnecessary to do the auxlliary calculatlon for 8 third tims '
since Ap* ‘and' M I‘ did not change ahy'more after the Step 2.

.cs“,f séif + csII' was always substituted 1nto the equation for checking



18 ' NACA ™ No. 1208 - -

purposes (17). (See sheet Ia, left, be;ow.) Once the ep-values

for the respective Reynolds numbers are cbteined cne can calculate
dk dak

EEE and EEL' The method for counterrotating propellers takes
somewhat more than four times the time spent on calculations for the
method for singls propellers.

The calculation of the propeller measured by Lesley was verified

1 4
for several ratios of advence. _The data 5 end Bg of the

propeller may be taken from lej There wes no purpose in looking

for statements about the profile or for profile polars as one can
hardly assume that these polars would be found Jjust at the Reynolds
number of the test. It was therefore assumed that the profiles as
propeller blade elements are not very different frcm the Gottingen
series 622-25 and that one may coordinate to each profile the Goéttingen

profile corresponding to its thicimess. The. curves Ca(ag) of the
Gsttingen series were llnearized and . pltch and zero lift were plotted
over the thickness parameter %u From these curves,-a
de
Cg = aa—-ad + Cop

could be coordinated to each profile measured according to 1ts

thickness. The resultant velocity w V52 + (rw)2 could be
calculated for each section from the statements in [9]s with w
"the Reynolds number Re =.%%f could then be formed. From the
1tht1ngen profiles, measured for. various small Reynolds numbers
(see [15]) one could then coordinate by interpolation according to
the thickness parameter to each proflle measured its drag-lift .
coefficient.

- Table I shows the results of the verification cf the calculation
of the counterrotating propeller measured by Leslsy which was thus
performed. First, one must admit that measurement and calculation
do not agroe too well; cne may give variocus explanations for this
fact. The coordination of the unknown profiles to the Gottingen
geries certainly constitutes & crude procedure, The determinaticn
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of €p 18 very uncertain. The caleulation of the pertaining single

four-blade propeller, aleo measured by Lesley, was verifisd for the
pewe ratlos of advence by moens of the Walchner method [14} for the
single propeller in order tc decide on the reason for the deviation;
the same systematic difference between calculation and measurement

~was found as in the case of the couaterrotaling propeller {feo table I.) .
Therefore, the deviations are not cansed by the method for the counter-
rotating propsller but by the coordination of the profiles to the
Go4tingsn series whereby the profile properties are, after all, not
correctly covered. The differences in the characteristic numbers
between single and cowmterrotating propellers show en approximate
agreement with the measuremsnt.

IV. (b) Single Section Method (Method of Polars).

The iteration method described above which tales the mutuel
Influence of thoe two propellers into consideration can be applied as
well to a single section method (method of molars according to von Doepp
in the shape amende Kramer 8 1) ag to a multi-section method
(Walchner's method %lh{) Ir the polar of the single pertner for
the respective blade angle 1s knovm, one c¢an calculate the counter=
rotating propeller by application of the methiod of iteration to the
pection ¢ = 0.7. If one wants to usge the smme nolar for both partners
the blade engles must not deviate too much from the blade angle on
which the polar is based; this condlition is certainly met for the
optimum case. Moreover, Kramer's method is based on the circulation
of Betz' optimum propelier. For othser contours the constants of the
mothed would have to be changed. The example dewonstrates best the
method of calculation for the sounterroteting propeller (see com=
putatien sheets IITIa. to IV). Since Lesley measured the parts of
the counterrotating propeller also asg single propeW ler ene was in
a poslition to procure at first according to Kramer's method the
pelar of the single partner (see computation sheeth IIIb) and by
meeng of it to calculate the counterretating propeller. The adventage -
ag campared with the exemple calculated by means of the multisection
method was that now the proflle propertiss of the measured propeller
actually enter into the calculatlion, The caleculation for both. partners
ie made &8 in Kramer's method for the first sten. The calculatlion
atkene indicoated there (8] 1s used and supplemented By the values

kS
Cs—)—:g

deogh )
! rw\ l 92' 3 3
Cgq' & (dxd/g TJQS

THE .
" -
e B s e 1



20 | " . NACA ™ Ne. 1208

The avxiliary calculation (camputetion sheet IITe, right) 'is_
performed with the values cgr' and cgry' exactlyr as in the -

multisec_tion method, ( computation sheet I a).. The values

/,. L E aII M
+ K37 *) _
o)

1
*=0 ten Prg* =0 (——-——-—-—-——-—*

Mg L N
> L {20)

4 E.aj

ias:*.“Iﬁ%i,.'

are obtained end therewith o * and @IIJ*' as'in_tiai'vaiues

for the -second iteration sten. 'Oné'must'only bear in mind for
the second_step.that in the colums 'l to 27 D5 1s now'replaced

by Pgr* end "PGII*’ respectively, and Aoby M* -ahcl~ )»

Therefore, in these formulas the values W“Bh an esberlsk are used; .
for the first step (without mtual influence) the values with
asterisk egual the ones without asterisk. However, in the columns
26 and 31 the originai values' tan @y and A must be inserted
for the’ iteration.also, for they belong to the fojxﬁia

Aig

One cax notice on the computation shests, below at the right, that
it wag preferred to use the K-curves instead of working with

the curves f& indicated by Kramer, garu Ly because the n is

needed for the aux111afy calculation, but mainly . oecause more accurate
values for .f; could be obtained in this way. Tae agreement of the
calculated w*tb the measured values is satlsfactOfy;(See table I.)
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V. PROPERTIES OF THE COUNTERROTATING PROPELLER AND DESIGN
REQUIREMENTS
1. For the Case of Maximum Compensation for Rotation

(2) Proportional thrust and power.

The measurements and verifications of calculations will be dealt
with again later on after several properties of the counterrotating
propeller have teen clarified. As mentioned in the introduction the
two partners are supposed to egree in all properties excepting the
variation of the blade angle. The value of this parameter is left
undecided and with it the slipstream for the advance ratio of the
design ig obtained. The simple equations (13) and (14) are used for
the basic investigations, only the relations at the section r are con—
sidered and the question of thrust distribution over the radius 1s left
open which does not solely depend upon aerodynamic view points.

The optimum condition is characterized by the fact that the
rotation in the slipstream disappears on the average

K_w + K

=0 (26)

W
Ity

The induced angle of advance of the two propellers then shows so little

differcnce that the difference can be hardly determined for the K—values.
Therefore one may presume

Kp = Kyp = 8 (27)

for the irrotational condition; (26) can then be given also in the
shape of

th + thI =0 (26a)

(See also [7}) Under these assumptions the equations (13) are written
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BI'

> (13a)

—

Corr’ = nth(?m + 26w, o -.\th)

There follows for the total cs'

cg' = 2|2y - w1 - 5] | (28)

The first equation (13a) represents the local thrust loading of &
single propeller which corresponds in all data to a partner of the
counterrotating propeller. One can see from the equation (28) that
the counterrotating propeller not only produces twice the thrust
but that the second propeller recovers additionally the contribution

zneﬁ'&g from the slipstream. One can further see that the recovery

of rotation increases with increasing number of blades (increasing X )
and that it is better in the proximity of the hub (larger K-values and
larger Wy-vaelues) than outside.

Teking the fact into consideration that the term (1 -« )K'EGI?

in (28) is emall the distribution of thrust on the two partners can
be written

1 ' 1 e
. %s o__ 2 ©s /s
s1 T """ YU ST \um
> (29)
. cs’ Z._ c‘~ CB' /'CB| ’6)
CBII = ) + K th ~ —2—+‘\).-::_n;/

or
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-

ket e
Kot 2 (A
el ~ BT (;x‘)

2
~ Kt T
ksIIl ~ --—2-_-+ II_—J?_— .
. _ J

S | - (30)

For the condition of the slipstream which is lrrotational on
the average k(wyr + WtII) = 0 (see equations (26) and (27) there

follows from (14) for the local power losdings

(v vEN ]
CZI' = QIU)W.bIQ. -+ K—-—é-— + —é‘- )
\ (31)
wF W
all
CZII' = Emn:wtlé. + nf-é-— + =
) J

Since the thrusts according to (29) do not differ widely for the
irrotational condition, the first order expressions of the axial
velocities wgy and wyyy also do not differ (see equation (18b);

moreover they were presupposed. (small lcad) to be small compared
with 1 .m0 thet the i-rms in parenthesis in (31) are practically
identical. The irrots*-iwnal condition therefore ejvzls the condition
of equal powey absorpiion of the two nartners. Therewith the moment
equilibrium for the same number of revolutions also is given., TIron
the gum of the equations (31) follows that the power absorption is

by the small amount Efanaﬁgﬁ; superior to the double power of a
single partner. ‘

(v) Gain in efficiency and increased power absorption -
1
It was mentioned already that the terms in parentheses in '
(31) can be equated; for abbreviation, the velocity vy is introdvced
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- W.r  WoTT WoTT Vet ;
vl-1+n—gl+-—-—:£-:l+m-?_§£+—g-l- (32)

52..1 S e

Then

—

oxtung — k(1 = K)wi? 1 l‘ Vg (1 - )
E 1 - - K

o
0

= ——— =

gz = KTV, 1

| (33)

is valid for the irrotational condition. n:gz stands for the ideal

efficiency of a counterrctating propeller éach partner of which Les
the number of blades 3z so that the colnterrotating propeller has
the blade number 22z. The formula shows what can be gained by an
increacge of the number of blades: for z = o (¢ = 1) there results
the maximum thecgretical efficiency

1
Mg = — = __l — l__ (3h)
) 1 l+.f.r2_I.+‘."r_ag.._ l"'Wa

.,2 ‘

The local efficiency of the counterrotating propeller of the
blade number 2z 1is now compared with the local eificiency of a
single propeller of the blade number =z. The two provellers shall

agree in the local ratio of advance ﬁ%. The single propeller

— ' W
which produces the same wy and, because of — x A (see fig. 2 or 5)

also the same W, as a partner of the counterrotating propellesr is

first considered for comparison; then the counterrotating propeller
is compared with the single propeller which produces twice the Wy

and therefore also twice the W, as a partner of the counterrotating
propeller. Considering the connection (10) or (11) of the induced

velocities with the thrust loading end the power loading the first of
the compared propsllers is to a first order approximation the one with
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half the power of the ceunterresesting propeller, the seccnd the

one wlth the same power as the counterrotating propeller. The

geconid case 18 treated first because it 1s more inte: resing in practice;
therefore the efficiency of equation (33) 1s campared with the __

! efficiency of the single propeller of the induced velocities 2 wy and

2 W, according to equations (10) and (11)

Merwg - Meae g é 7\
B W, v /

1 c o = -
1ezky hrrasee(1l + wg) 1+ Wy

N PR L.
] R (1 “)gvl_
Then there results witha (33)
1+ K (1 - Ry
gz ~ ni@Zkl =z - "Hozk)) + _w:’;vl ) (3%a)

v

& .
S For large values of A, for

which the counterrotating propeller ig particilarly effective,

The last term is in any case <

wg << wie The difference in efficiency which has to be determined
becomes at least

21-!-

Mgz T Mezk,~ Tz (ﬁa iezl,) (35D)

- The axlal efficlency is known if one knows ratio of advence and
. power coefficient, for from the momentum theory (15) there follows
irmediately (see also [hJ, p. 182)

]
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1 -ng - ki1 (36)
3 S F .3 ?
‘]a A ,
L+ K
The formulas (35) indicate that at least the fraction - > of the
loss in votation (between ng and nie) renregented in Tigure L

can be recovered. (See fig.l.) For an infinite mudber of blades
k =1 ‘the logs in rolation disapuears cnd 1, becomes Mg = Tt
'-b :3 £l

Then the efficiency of tile cdunterrciating propelier is com~
pared with the efficlency of two independent sin Je propellers of
the szme number of blades z vwhich each produce Tthe same w, an

~

W, as ore partner of the counterrctating vropseller which therefore
to a first order appreximation together absory tue some power as

the covnterrcteting propeller (or each one-28lf of that vower).
Their ideal local elfficiency then is

L RO - Ry 1
z

1
k 24

— Ta N "
?mltwt/l + 7“\ 1+ o
: [ / ?

N

/

W Wi
= AT
=57\ 200 2V

l\ e

~

If one compares it with the efficilency of tae counter-rotating propeller
(33), one obtains

k 7 ks
- B & 37
Mgz T ez & 7 Kk?a Niez Z ;> (57

It has been seen above thet the ecounterrototing prepeller is slightly
superior to both the separately moving pronsllers wlth respsct to both
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thrust and power. It 1a.thérefore uestionable whether end. under
what conditions 1t ie superior t¢ them with respect to efficisncy,
when therefore the difference-indicated in equation (37) ie positive.
The efficiency of the counterrotating »nropeller and the maximuwm
theoretical efficiency appearing on the right. side of (37) refer to
a propeller which ebsorbs twice the powor of the single propeller
congldered for-ccamparison. Therefore 1t would have to be Inferior
in efficiency to the propeller used for comparigon, 1f the rotational
losses of the compared propeller are not so large as to neutrallze
the deterloration of efficiency due to the double power reguired
Just by avolding these l.osses (na does not contain losses in rotation,
only residual losses due t0 rotation). Therefore one will ask
ongself for what operating conditlions the axial ef:liclency Mg, of

the propeller of double power will be higher than the ideal efficlency
of the single propeller, when “therefore

, e
! ___<1 Wy )
1L+v, 1+ Va 2rt
2
is valid. If one sets again
_Y_'E:', v.
Va 1w

the result of the calculation will be

(38)

o]
gl
W
o
BV,
l—-l

This relation 1s supported by measurements {9) and can alsc be found
in Pistolesi {11] . The formules (3%) end (37) show satisfactory
agreement with Kremer's statements {7 To svaluate them one takes
the axial cfficlency from (36), the i eal efficiency of the single
propeller for ingtance from {
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In immediate conjunctiofi there arises¢£he questidefi by what
amount the power absorption of a counterrotating propeller (number
of blades 2z) can be increased as compered to & single propeller
(number of blades z) for large ratios.of advance, wlthout making the
efficiency drop below the efficiency of thls single propeller.
The first order expressions of absorbed powers are, according to
(11) or (31) proportional to the induced velocities. If one designates
for the followlng calculation the induced velocities of the counter-
rotating precpeller by the index 1, the induced velocities of the
single propeller by the index 2, -

Mgz = Moz

will be valid, or, taking the equation (32) into consideration which
can also be written way = WoyT = Wa according to {33)
and page 26

Foow l Win
TN P2 SO IS S A
1+ Kk 210 14 Va2 ' 2w
1+ 75 Way-
: VoS Wio
Lt sy slonge 22 B
2 & OWD - e 21w

The first order expressicn of ¥ is elweys W, = {;_’t' ™. W IO
v

If this expression 1s inserted, the last equation will read

-

o —
il b
Y2 1~k

(1 + K)TD + —e
; 0
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or | ' . ) - | . ’):2
| o 1+=)
- e Wy ' X

—————— =

W : ' A
B oaw) s (1- n)(_a—{.;

The proportionality of the induced velocitles end the power load=-
ing mentioned sbove reads, according to (31) and (11),

1l 4+ K N
C1g = 1I-1~unw,.lé. LT 1"*";1> ~ Wk
A=A W
Cre = 2TWis (\l + o5 ';.’:: 2rmkwgy
Hence follows
| B
0 ~ A 18
¢ W+ x° 4+ A° : x, .
lg=_.__l.;._.o = ?=1 K. ng (39)
Cle Vi2 (1 + ®x)x= + (1 -~ &~ L2 E 1= /7.".)
: . o 2 \x
. )“ .
Foxj the local ratio of advance z= one ovtains the result that

for the same ideal sfficiency the power absorntion of e countor=-
rotating propeller with the number of blades 2z ccuzls exactly

double the power absorption of the single proveller with the blede

nurber 2z as one lknew already from equation (3G). The Superiority

of the counterrotating vropeller over the single nroweller Tor large
ratios of advance is aldo shown in equation {39) gince tihe proportional
powsr absorption for the same ideal efficiency incieases with the

ratio of advance. For camplete recovery of rotabian (X = 1) thers

oven results an Increase with the second power of A& of this proportienal
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power absorption. However, & counterrotating propeller of finite
number of blades leaves behind residues of rotation Iin the sjlrstreamL
which increase with the ratio of advance beceuse of the decrease of

k with A (see for instance [14]). The equation (39) yields

for each number of blades 2z of the counterrotating prcpeller

an odptimm X for which the Increase inh power reaches a maximunm

as compared with the single propeller of the number of blades =

c
18 . .
or an Infinite ratio of advance -

+

The limiting value for
has according to (39) a value of 2.

The limiting value n of the counterrotating propeiler

igz
with a finite number of blades tends because of the wnavoldable
residual losses due to rotetion e: xactliy like the limiting value ez

of the single propeller for A—> o towerd zero (SBG fige 1.4)

V. 1. {(c) Variation of thie blade angle

The desirable irrotational condition can be obbtained by a
suitable difference of the blade angle which 1s Jependent on 1.
Trrotationality Kpwer + RppWery = 0 meang equality of circulation.
If one assumes the blade angle refsrred to the dirsctiocn of ‘the zero
1ift of the vrofile, one can write, according to (&)

Since the difference of the two blade angles Py ~ Prr Wwill be

calculated, the term of the reference direction 1s again eliminated
for the same profiles in the same section so that one can vnderstand
again by B the blade angle referred to the pressure side. Therefore,

wer{ BT - BTl = vrr(frr - @WII? (ko)

is valid. If one substltutes at fi ~5u the values for the effective
velocities of oncoming flow for the 1rrooaclopal condltlon, one cobtains
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= _
z )gﬁn - 'PWII)

N R !l' 2 S ‘. - - :
W V.
: { t X 2 ‘ _ 1,
,“/,.vl?."' \\m T 5 )(ﬂ]: = CPWI_} =‘%Vi + G"CD*F KWy =

or neglecting higher order terms,

A lb B o
- - + ——--—--p" “ o) ) - {
T " %I T 1 (o) | {(PrT = %y11) (41)

For the small angle

CPWI - 4T One cen substitute its tangent which
can be calculated according to (13). The angle O =~ Pyrr 1S

ta:q Gy - tan (‘DVII
1 -

ey N tAan \R .y - @ =
WII ( wl 1+ ten G g ten Gy

wil

Ty

2 Nt
v+ (xw)

vy 1
Then one can use

=

— and write for (41)
v Na,

_ : . Xna
Br = yr = Bz = @yry + (Prr * dwrr) (Bex - Bz 5 (43)

Since the angle‘s O " Perr 2nd Bpp - Pupp are small, tho 159.0__011-‘1
texrm on the right is small compared with the first one. It could be.
of importence only for very small ratios of advancse. For high speed
conditions, however, there ls certainly
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By - 51; = Q1 = RrT

valld vith sufficient mccuracy or, according to (42),
. V1

Wy ro

Py = Prp == E;‘?ﬁ'}é

' Y.

In addition, the appearing veloclities will be expressed by charec-
teristic values of the propelier. From (28) follows

cg' =:+Kmv—-

therefore

and therewith

cg! )\.3T]&

SO (1ha)
. [n]
xfixna}z + kLi

Since the axlal efficlency 1n, 18 connected with the pcwer

coefficient k; - through (36) one prefers to introduce k;' instead

t ' . . . ;
of CS » that Ls,zon&.axpreeses - Cq

by k' ?xn& qg
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cphd
L— e
Ky 1g

and obtains

By * By K'Y Nygha o
. - I —4 )
v 1[7*-_2 + (xnaiej

The ideal efficiency Ny ig of the counterrotating propeller could

be procured according to (35) or (37) from the ldeal efficiency of
the corresponding single propeller (with the whole or half the pover).
However, from (35) and (3() follcws that i, Goes not much differ

fram 15 for the irrotetional ccondition. Certalnly the dependency
on the load (k;), on the retio of advance A and on the radius x

1s more important for the difference in the pitching angles then the
8light difference between Nig and 7ng; one may therefore use

kq! n 2
B = Brp = —m i (4hp)

b x_[)»g + (xna)EJ

a8 serviceable approximation:. all the velues are now lmown directly
since 7, 18 lmown immediately through (36) from X' and A.

The bladee~angle difference increases with increasing end with
decreasing x. The dependence on the ratio of advance is rather

complicated. The formula (4%) is not admiesible Ffor very smsll

A's. For medivm XA's the dependence of the forrmles (L4) on -
18 not very extensive because of the increasing of g with A for

a fixed ky ( variable pitch propeller) as well as for a ky decreas-

ing with M. This fact was demonstrated also in ve'r"if‘ylng computation.
The three opersting conditions A = 0.3, .9/!! and . 0.2 are calculated
with the sane By - Byr end are approximately equivalent with respect

to proporticnate pewer and resildusl rotation. For larger A's (for
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iﬁét&ﬁCe X)»O 5) 1, dces not change much more (Bze equation 36+)

Then the depéndence of the blade angle différence em A is well
noticeable until for large M's the dependence beccmes unimportent
and the blade angle difference itself very swall. The number of
blades enters into (U44) only through the power coefficient.

The last term in (43) must not be neglected for small A'sj;

one uses

deg
eIt = yo-(Brr - Pwir)

‘end obtains

? 2 | n
5 T, [ Cagp e
L+ = -

ﬁI‘BII‘:T ac
V N a oy
X{KE + (Xna)ej\\\ do

Therefore a larger blade angle difference has o be selectsed than
resulted according to (hk).

The blade-angle differences measured by Lesley'[9] decrease
with decreasing A, because kK, decresses rapidly with decreasing
». However, one can ccntrol the relatlion (%) on hend of his
measurenents. Lesley aspired to having his counterrcotating pro=
peller run for the ratio of advance of the highest efficiency with
equal power absorption of the two partners. Of course he did not
change anything in the variation of the blade angle; on the contrary,
he altered the total pitch of the sscond as compared with the first
propeller until he could experimentally determine equal power absorption
for both partners. In the actual test on the counterrotating arrangse=-
ment he specifies only the total values over both propellers. The
verification of the calculation with the Py '~ Bpp given by him

shunrsd  that the power absorption of thé second partner is swaller

than the one of the first pariner, particularly so for the larger =x's. -
(See table IL) FEven the thrust coefficient of the second partner, is
smaller then the thrust coefficient of the first pariner for_sqmef

cages although the efficiency of the second partner is superior. IF

cne inserts the Py - Bpp of [9];into (44) cne has to go-to x = 045
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'to satisfy the formule, and there the verification cf the ﬂalculation
had showed also equality in power. (See teble II.) If one substitutes
x = 0.7 into (k4) a emaller Bp - Brr ie obtained.- If cne checks

the daléulation of the propéller uaing this value the condition of
power equality and absence of rotation is actually much better satis-
fied, particularly for the x>0 6. {See. table II.)

Since 1in each propeller the ocuter blade ssctions are especially.

- heavily loeded, on the other hand the recovery of rotation is particu-
larly effective in the imner-blade gections cne will come to the -
conclusion that a total adjustment of the second with respect to the
first propeller 18 not satisfactory for the design; one will therefore
make the blade-angle difference dependent upon thc radius according
to (44) (dependence on x and on k,' (x)). A variable pitch

propeller then ccntrols the change to another total pitch distribution
exactly as in the cese of the single propeller. I+ ought to be
consldered whether one could take the depeadence of the blade angle
difference on the ratio of advance into account. The verification of
the calculation of the propeller measured by Lesley proves how
unfavorable the blede-anzle difference is which is constent over the
radius. Although there is eouality of power for x = 0.45, the
contribution of power kZII i8 no longer moreo than a third of ki1

already for x = 0.3. This circumstance is not essentlal for the
propeller which was measured, with 1its rapid decrease in thrust

towards the hub; but 1t would immedlately become important if one

would load the hub region according to the optimum more heavily than was
done so far.

Summarizing, one can therefore maske the following statements
concern:ng tho design: Ths optimum diztributicn is the distribution
“of clreualation conetant over the radius whilch, however, can. not be
realized. It must be left to the constxuctO“ to fird 'a coupromise.
The ru2overy of rotation ie larger in the inner-blade regiong. than in
the outer ones. For a selected contour the variation of the blade
angle was so far often (see [5] )determired frém the stipnulaticn that
the thrust should dicappear 81multaneouLly over the whole blade
(seroi;meically not +wistod propeller). One will forego the exact
fulfillisne of this ccpditicon Tfor hoth rropellers ard will determine
the verleticn of tha blade augle differeace according to 4% . Since
Br - By is a emell value (a:aub radius is cut out) the asrodynamic

" twist is still emall. The total pltch is then detsimined from the
power to be absorbed. ' e ; . : :

Finally it should be mentioned that estimates Loncerning section
v, 1 may be found in the hitherto exisung litorature ([113 end [16] ).
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. However, the mutual influence of the two partners is neglected to such

sn oxtent that the differences in thrust expressed by (30) and the

blade engle difference. (44) as being toc small arc not evident.

V. 2. The Efficiency for Operating Conditions Which Do Not Deviate
Much from the Optimum Condition

Tt shall now be considered how the efficiency is influenced if

_the counterrotating propeller works in an operating conditicn which

48 still so near the condition of. equal proportioning of powocr that
(32) can be epplied. Then there results from (13) and (14)

. ) T T e e 2

Cs 1 d( 1 - f‘-) WtIWtII kW'GI -+ WtII) (L! 5 )
128 v [ e T e = - .
1] erblwgp - wgpr)  2meliep - i)

A comparison of this expressicn with the efficiency for the irrotational
condition (33) shows that the tiro first terms correspcond cxactly to
the terms appearing thore since the seccnd term (45) turns into the
second term (33) for Wi = Wiy If the wy-values are suall a3

presupposed, there will be hardly any differsnce between them. The
third term of (45) constitutes the real djfference in relation to

(33); it containc in the numerator the square of the residual votation
W, + Wer-+ Therefore the deterioraticn in effitiency for an opereting
condition'deviating from the conditicn of maximum compensation of
rotaticn dépends upon the residual rotation as was to ba expected.

VI. THE BEEAVICR OF THE PROPELLER OF AN INFINITE NUMEER OF BLADES
FROM TEE BRAKING DOMAIN UP TO EEAVIER LOAIS “

1. Development of the Charts

Meny prcblems conceining the operating conditicrns of the counter-
rotating propelicr for operating ccnditicns which deviate from tae
condition for the design (condition of minimum loss c¢f rotation)
refiain: 8till uwnsolved. In order to obtain a preliminary clus tc the
behavior of the counterrotating propeller oven for cxtreme cases
(if for instance the roar partner works as a windmill) cne calculated
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and plotted the local thruet loedings of the single propellers for the
propeller of an infinite number of- blades over a whole region of :
ratios of advance, form parameters and blade angles; then one arranged

the material of curves thus formed in such a manner that one can

; interpolate. -
g The equations for the propeller of an infinite number of b*cdes
can be written in such & menner that one can sSolve for a few paramoters.
The equations (13) with ® =1 form the basis of the calculation

AT W-bI\ ’ 1.3
Cyr' = 2WtI(I’ - "5“;1 (231)
WEI\

-——o—

cerr’ = 'QWtII(T@ + Wer F

- ) (1311)

Since the induced velocities for the proweller of an infinite number
of blades are constant over the clrcurference of the propeller there

remalns only the one axial velocity

— Wal ...‘E.LII
Vv, = 1l + = + 75

ite partial contributions do not eppear any more, and the total cy
1s connected with v, through (17). One selects an expression

slightly deviating from (2k) for the formulas at tie blaje. Telking
the relation according to definition of c, (seec equation 4) as a.

basis, one obtains

Vl Ndeg .’_Z.—’_ ()4-61)

- WtI / ( VTP '
= (7o - \'Wl + e u By = arc ten '"”'*Wﬁﬁf o onr

a1’
| 2/
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. . : e . L N2
L, (, Lo T \/.2 A WtII\
CaTT = i:‘(l) + WtI + - i + I‘(l.) + th T —— J .

2
71 deg 1 - (kér7)
BII - arc tam - — VT iy é;;z )

A1l angles here are referred to the direction of zero 1ift so that
one can substitute for cg

dca
Cq = a;—(ﬁ - ow)

One unites shape and number of the blades into the for parsmeter
As ————2 ()

One now assumes A and 1o a8 fixed and Investigates the influence
of the blade angles EI and BII upon the two wrust elements. To

this end a total cg' ig assumed as given and Vy is calculated from
(17). TFor an additionally given B-, tho equatitns (131) and. (461),
when equated, will contain only one unknown volue, namely Wi, and
can be solved very quiclly for ng by iteration. Simultaneously

cgr' and, since c,' 1s Inowm, also o rp' are obtained. (13pr)

- \ _ ) .
cen then be solved for Wiypp end (4611) for BII since all other

values are known and the unknowa appezrs the first time in the second
pewer, the second time in the first power in tihe respoctive ecuation.

Thus one obtains for fived i and A Dby changing cy' and Pt

groups of curves, for instance cgr' and Corp' Over PBpp with BI

as parameter. By changing r® and A one obtains series of such
groups of curves.
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VI. 2, Discussion of the Cherts °

- The figures 6 to 8 show .sevorsl examploes.* The curves lie

: approximately linsarily between . =1 ce < 1, The vaiues si'
‘over fPrg ‘with BI asg parameber are parallel for small valuss of

A and xi, that 1is, csI' for small values of A end 7® does

not depend on BIi This phencmenon has been imown for s long time
from tosts (see Llaj ' For larger values of 7I® the values of cSI
diminish with increa51ng BII’ that 1is,. with increasing CsIIJ that is,

the Ancreasing load of the second. prope]ler takes effect as reducticn
of the angle of attacl- of the first propeller by increase of the angle
of advenco Op* (equation (20) or fig. 5). However, equation (20)

for wI * and the figures 6 to 8 also demonstrate that the influence

of the first prcpeller does not always affect tho second preopeller in
same sense. The influence of the first propeller may reduce the angle
of attack by increase of orp* (OBII' diminishes with increasing

ﬁI‘.as well as Increase it (CBII' increasges with increasing BI) By
reduction of @II* (this case ig reprosented in fig. 5) according to
whether the influence of wyy or w,y predominates. wyy prevails

for large values of M and causes the increase of the angle of etiack
of the second propeller. The supericrity of the counterrotating pro-
peller as comparad with the single propeller for high values cf A

was stressed more than cnée. (See equatlon (39) and (39).)

The mutual influence of the two prcpellers does not depend on
the angle of attack cnly but because of :

1 deg
P=é" ](ﬂ"(pw-)

also on the effect of the then other partner upon the effective cn-
coming flow. The cguations for ¢y Llook somewkat more’ complicated

than the relation for I , they contain vlnw and the :nduced
velocities WeI, Wy, VaIls VTt If cne assimes the relation for

csII' once written with a palr of values WaI ’ tI » enother time
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with enother pair of values wyyr'', WﬁII?" one can equate these

two relaticne for °sIIf and solve for WaTT, Wirrs One can

cocrdinate a blade angle to each pailr of induced velocities which
means that there is a By to each palr of values P;' and BI"

thus, that the same cgry' results for the two values cf By for .
this BII’ In other words, every two curves csII intersect over
BII with BI as parameter as shown in flgufes 6 to 8. The points

of intersection of the curves lie closa to each other because the
influence of the firet upon the second propeller 1s shown mainly in
the variation of the angle of advence. The changing of the angle of
advance @ into the angle ¢II* 18 still more decisive than the

influencing of the real angle of advance Py ’If_there were ohly

this main infiuence effective the same pbint of intersecticn would
bo obtained for all curves, for from

® = Qrp*

follows, as can be eagsily derived from equation (20) or figure 5;

The region of intersection for small values of o is so located
that most of the curves are in the domaln where an 1ncrease of BI

( that 1ls, of cslﬁtorconstant GII means an increase of CSIIK Just

the opposite is true for the large values of 1w, Of course, the
relaticns depend also on the form parameter.

f one examines the verification of the measurement (computation
sheet. ITa) from this point of view, one will see that the ang“es @II

are larger . than ¢ throughcut; the Tirst propeller afiect° the gecond
by reducing its angle of attack; the appropriate values can te found
on the charts csIIl over BII to the left of the regiom of inter-

section of the curves. Anmng the measuvements (97 there is only cne
example ( A =.0.573), 'where the verificaticn of the calculatlon
resulted in Qrp*g @ (See computaticn sheet IV.)
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- One now calculated the relations around the reogion - of inter-
section-of the curves csII - over BII “boward - ‘hoth sides over

- a rather large Carr’ -regim‘be*ween a.bout =05 < °sI" < 1,
therefore t111 into the braking demain. cpp' lles at around

0 to 1. cgp' and cgyy' depend in these reglons scmewhat
linearily on By as well a8 on BII‘ They cen therefores be repre-

sented as
'\
osr’ = (2BTr + by)By + oyBpp + dy
= aLBIBII + 'b]_BI + ClBII + dl- \
' : 7 (48)
. egITt = (agﬁ:r + b) Brr + ooBy + dp
= agﬁ:[BII + 'bEﬁII + cofi + d’E
o
S <V
The coefficients are plotted over -~ with the parameter A
v

(equation (k7)) in two charts (figs. 9 and 10). They represent the
calculated values not exactly; the deviations for medium cgf -yaluaes
amount to gbout 53, for very small cg'-values scmetimes to even

more. However, they will certainly be smeller than the neglected.
effects of the finite number of blades and the friction. The charts

are supposed to glve only & survey over the mutual influence of the

two propellers to be expected for various operating conditions.

For the rest, the inaccuracy is meinly due bo tne censtants d; and dp,

However, the consitent 18 unessential since one will mostly want to
teke from the charts only the change of the values cgy' and cgry’

which occurs when the operating conditlon 1s changed.
The ceoefficlents a4 are smaller than the coefficlents an,
whereas bl, 2 and d"l have the same order of magnitude as the

values by, Co s and, d2, a8 shown by the often stressed fact that
the mtual influence ls expressed particularly in the effect of the
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firat propeller upon the angle of attack of the second propeller

(main cerrier coefficlent &5). The mutuel influence divided by the
value of the free-stream velocity (mainly expressed in the coefficients
¢, eand 02) is emeller and about equivalent. Actually the comnection

is vefy complicated as the curves demonstrate.
VII. SUMMARY

An arrangement for cournterrotation is erxamined; the two partners
are arranged close behind one another, have the seme diameter, the
same shape of blades, equal and oppoeite anguler veloclty but doviating
course of the blade asngles over the radius. For verificatlon of the
calculation of the arrangement, the mutuel influence of the two
propellers can be used in Welchner's method for calculation of the
characteristic values of the propeller at the ssction or into Kramer's
eingle-section method by an iteration method. The difference of the
blade-angle course over both pariners which 1s necessa~y for en optimum
utilization of rotatlcn 1s stated for the design in an easily manageable
formula of approximation. Simple formulas are glvon also for the
gain in ideal efficlecncy to be reached by counterrotation. The
investigation shows clearly the operating condlitions for which the
counterrotation is perticularly effective. By efficiency one always
understends the local efficiency. The lntegration over the radius
is not carried out because the distribution of circulation over tne
radius i& not solely determined by cercdynemic points of view. The
behavior of the counterrotating propelier for various operating
conditions from the braking domsin up to heavier loads is studied on
the propeller with an infinite number cf blades. The discussion of
the propeller measured by Lesley tho celculation of which was verified
on & few oxamples presents an opportunity to examine the resulis of
the treatise.

Translated by Mary L. Mahler
National Advisory Committee
for Aercnautics
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COMPUTATTON SHEET Ia (MULXISECTION METHOD)

za2 oy = g’i{ = 88.8 OaT = C1& 810 Py tan oy (oquation 21) At e x tan (o + an')
R
% a 0.1061 M = 0.2865 cp e -”;%—;42 -El'-x o 0.549 ogy' = 0262 + XI"a)ou couea.u 008 Gyy (equation 24) Ap* = X ten (qa + crg")
ak
% a 0.0785 TS = 2.62 cym %% s 0.06755 d;I - ca(xe + )‘I*2>"AI cou"’c.u con @1‘: + 7)/cou 7 (oquation 22)
- Step 1 Step 2 LG4 —
%p = 0.612jky = 0.605 | %P 3 @) "o ® ©)] ® Verx
=y ST (5 2% + Ry —
By 0.4361 6.864 - ;‘; 2.62 -@ ourr’ %) 6.864 + ® \©) ® - sy - 2462 sy 4_"':211
"r
 + org* 3643 1 0.378 03715 Step 1 2.561 °23§§1 =0-1031 6.7609 2.600 -0.0561 0.00805
By - (7 + o o7z 0577 stop2|  2.566 03k -.1070 6.757 2.599 -.0537 .00585
q oy’ .0327
[N 4 5695 516 .
2 . . - = - . - . I 28 IX
o 79 79 vl Yors Va1 Yozm tan (q) + "'II’) tan (cp + uI*)
s | é.ee--‘%—‘?;: -2.62+n—u+1t2-1—7>v—tu 1+kn§2£§ 145 22T
t: ———
€08 Qyy 9240 9158 rry o~ — — — 2.6 2.62 + "pur
9 - - . T
b l“‘nva +!g: 1""1%1*“2
€08 (Py. + 7)fcon ¥ 9077 ob 1,042 .
( I )/ 90T’ Stop 1} 0.1426{0.1360 ‘2'5991.81.12'022 = 01375 2.6 0.0961 , q.1339 .,";_.QEA 2 0.3975 ] 0.3925
tan (q’“: . 7) JA6e3
. R . .0 1:039 o 0. 1.038 - 0.
ogr ! .1860 2693 Btop 2f 1266 1275 (2999 X.0.0% « 6.2270 2.6 13.2:0%0 < 0.1253 W 0.3965 56 0.3915
cox " .304 2800
et .3383
V1 1.078
— - .
14 1‘.&1_"2_"&& 1.077
ak,p/ax 02056 | 32 - 0.0410%
iy r/ax L0072k %:l = 0.01416
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* COMPUTATION SHEET Ib

x = 0.7
A = 0.2865
c, = 88.8 oy Pw ! sin @ | tan ay cg 5.380; + 0.337
=fg - og |=Bg - (9% oxr) - o
KpCy = 54.35 | 0.03 0.4061 0.0k12 0.3950 {0.0k12 |0.88% 0.499
) .05 .3861 0212 3766 | L0212 | .43k 602
Step 1
0438 .3923 . L0274 3823 .027h | .5695 573
kKye, = 53.75 | +033 4031 L0247 .3923 | .0247 | .520 51h
Step 2 .0332 4029 025 3L| L0245 | 516 516

o

GOST °ON Wl VOVNM
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COMPUTATION SHEET IIa

L7

x=0.75
A = 0.2865
Step 1 Step 2 Step 3
krp = 0.612 krr = 0.605
Ba 0.4311
® + ar* .3649 0.3740 0.3732
Ba - (o + or¥) .0662 0571
CaTT 5495 .5150
cosfay Ty .99 999
CO8 Prrrr L9244 .9215
cos (CP"T.[ + 7)/008 y -909h
- tan QpWII + i) 574
CarT’ .1796 .1690
cerT'/*IT 2935 279k
dk:i? .02048
dkéi} .00702




Step 1

Step 2

COMPUTATTON SHEET ITb

» = 0.2865
Pw o
cp = 88.8 ay By - o |- Bq - (Cp . GI*) - ag sin @ |ten ay [ cg 5.38w4 + 0.337
0.0k 0.3911 0.0262 0.3812 |0.0262 |0.543 0.552
KIICl = 51{».35
.0398 .3913 0265 -381k | L0265 [ .5495 551
.033 3981 0241 .3877 | 021 | .502 .515
k1161 = 93-75
0326 .3985 .02k5 .3880 | .o245 | 511 .518
0322 .3989 .0249 .3884 [ .o2k9 | .520 .510
032k .3987 .02k7 .3882 1 .02k7| .515 511
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COMPUTATION SEEET ITIa (SINGIZ SECTION METHOD)

za?® A= 0.5T3
Tg = g /D = 0.0566 ™ = 1.222
8 = &/l = 0.0829
Step 1 | Step 2 TI
1 P —
T 0.5713 [o-56 €) e ® ©) ® o
2 tan @u7% = A4/0.7 819 | .832 \11 uoe - %ol | 1.000 - rpver (B bk + RTD) _ .V
: 1.k V - - 1222 a8
3 Pgr* = arc tan @ 686 | .69% ~car’ [AIT %+ @ @ ® - v KNt
2 2
o+ 1142 =049+ @ 818 828 Step 1 1.152 0.070 -0.0618 1.430 1.196 -0.058 0.003
BagT 805 | .80 0322
10 4 = 0360 | .0360 067
o = 2/mg 3 3 Step 2 1.155 -.0710 1421 1.193 -.060 .001
Nlag+ar=Pfr-e*=@ -@| 19 | a1 -0306
12 413 036 | .036 .
1Bty wth or-G)+ @ 852 | 859
tan
1L Cat1 ™ 852 859
@
15 ayTp 030
6 for Bug r o
) VaT VaTT VaT = WaIT
17 LRPE @ tan @ 705 tan @’a + "ﬂa tan (Vq + “I')
(9
— — Ve 5 Vg
'E '_G (1.222-%“1 —(1.222.;!61-%14.-—2—]:5\'.7_‘:[ l+lHT 1+ xp A
18 o1 036 | .033 oy T ey — — T 1222 1.222 + ®y¥g.
19 ayr .08 | o115 1elqr =+ 3 1+xI_.:_I.+ :H
® Cax &o | 8o Step 1 ©.0795 0.0680 1_4517&6-072 - 0.0787 1.225 x 0.098 _ 40665 0.832 0.812
21 cur with 2,®), @ 060 | .059 1.05 1.05
22 e - @/@® 7L | 0Th Step 2 0758 L0696 1.189 x 0.067 _ 5.0756 ﬁ-};—;—'@- = 0.06%8 .83 811
23 7r = arc tan 071 | .07k 1.05% .
24 calgu.ulcaa T 1.- 1.-
25 (o + qp + 71 = +®+@ .ol
26 | tan (or* + aur + 7p) = tan @) 1.0%2
27 sin (‘VI* + &7 + 71) = #in @ 718
tan
28 -/ - —@q—’l aor | ou - 0.722 0.730 070k
olclciale]
29 Ky = T 0146 | 01348 | iy = 0.02607 Ay .616 -626 619
| ¥, - @ ®/0 .@1@ 0196 | 01865 |x, = 0.03647 . 46 46 456
N Car = /7@ 0598 | .0568 lr; = 2.8% o1n @, 852 859 .86
2 cyr' = 1-273 (3D o761 .07k
cer /"1 -1655 ( .1588
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COMPUTATION SHEET IV
A = 0.573 % = 1.222
= - | Step 1 Step 2
1 A 0.573 - 0.568
2 tan Qr* = M /0.7 .819 .812
3 Pgrr* = arc tan ® .686 68
B
b 02 4 A2 = 049 + ®° .818 .812
9 Bagrr .786 786,
10 Yy = z/yn.-ﬂ 0360 0360
11 “un+°-1n="dn'%1*=@'® -100 .10k
12 7Ty -036 036
13 forpy W B =3+ @ .852 850
tan
s Caryy = .B52 .852
15 aiTTe .020 030
16 for1 .863 .858
ten (19

1 Carre = @ 479 15
18 a1y .032 032
19 1T 068 0715
20 CarT 752 770
21 Owpy with 5ﬂ1@ .0615 0603
22 e -@) / .0818 078k
23 7pp = arc tan @D .0816 078
2k cosza.in cos 71T 1.0 1.0
25 ot + gy + 7 - @+ @+ @ 800 92
26 tan (pg* + oyrp + 7og) = ten @) 1.030 1.013 Py o.e2 | o.06 | 018 | 072
o7 sin @E* + aypr + 711) - oin (&3 717 712 MI 616 597 .612 .60k
28 - @@ - -’%’- 195 809 " 46 75 62 470

=®_®®&@ ..0124 01259 £y = 2.8 ain @, 852 .863 -852 .858
29 1T 1273 5 5 o 3 W

@9
30 gy = J®- ._—x@ .0173 L017T?
n corT = 3 N2 .0528 .05k
32 eqpr’ = 1-273GD 0672 0690
CgIT '/N]I J1415 .1L67
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TABIE 1.- COMPARISON OF TOTAL VALUES BETWEEN CALCULATION AND MEASUREMENT

Counterrotating propeller
with 2 X 2 blades

4-blade propeller

Calculation Measurement
Bato. 75| * L ky 1 Lo ky 1
259 0.2 0.036 | 0.0097 [0.73 0.039 |0.0109 {0.73
Multisection
method
05° .3 017 | .0058| .86 020 | .0075| .8
o} Single section
45 573] 036 .026 .80 " othod 038 .027 81
25° 2 .035| .0096| .72 .037| .oxou| .72
Multisectlon
method
05° .3 .017| .0060} .85 .019] .0073{ .80
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§O0ST "ON WL VOVN




NACA T No. 1208 53
TABLE 2.- VERIFICATION OF THE CALCULATION
A=0.2 A=0.3 >.=9-’-"9 >.=°—,'(2
with By - Pry according to equation (ih4)
k1 = k11
dkg1
= 0.0063 0.00025
L1
3= 0066 .00008
x = 0.30
da1 .00156 .000080
ax
a1 o
= .00159 .000025
i.‘:% .0163 . .0062 0.0077 0.0077
%ﬂ 0173 .0065 .0080 .0082
x = 0.45
%1 .00Lk .0022 .00261. .00261
d‘:;H .00kk .0023 .00265 .00270
dkgt
—_B8 . L0134
= 0273 013
1T .0278 .0138
ax
x = 0.60
din g
= .0076 .00470
dky 77 !
= .0075 .0048
% .0343 .0183 .0206 .0204
% .0343 .0180 .0205 .0206
x =0.75
ak
?11 .0097 .00659 L0071k .0707
dzﬂ .0093 .00639 .00702 .00706
dieT .0326 .0183 .0203
ax
faany .0320 .0181 0197
Tax
x = 0.9
de
L . .0068 0072
e 0093 T
do .0091 .0066 .0069
ax
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Figure 1.- Efficiencies as functions of the relation flight
velocity /tip veloctiy.

Figure 2.- Velocity plan and force plan for the element of the
single propeller in undisturbed flow.
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Figure 3.~ Variation of the induced tangential velocities far behind
the single'and the counter-rotating propeller along a circle around
the slipstream axis for z = 3 (from ['7]%.
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Figure 5.- Velocity plan for the counter-rotating propeller
(according to [7]).
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Figures 6 to 8.- Examples for the dependence of the local thrust

parameter A =

12

dca

57t de 2 and on =

loadings of the counter-rotating propeller with an infinite number
of blades on the blade angles of the two partners, on the form
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Figures 9 and 10.- Coefficients of the interpolation formulas for

the local thrust loading as a function of 2‘-‘;’- and of the form

1 9
parameter A = _ZFIT -a:- Z.
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