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PROP LLER CHARACTZAISTICS AND SLIPSTRoLA. FFICTS ON .

A

HIGH YING LOVOPLANZ FROM ¥IND TUINCL TicTS

Standard references on airplane propeller characteristics are i,.,C.:.
Report i/ 350 (%eick) and N.4,C.A. Report ; 481 (Hartman). ¥ith increased
engine powers, modern types of cowling, increased nu ber of blades, higher
airplane speeds and greater engine-body diemeters, there has been a growing
need for investigation to extend the range of these references. While full
scaie data are desirable it is difficult to obtain them because of the
limited capacity in size and airspeed in existing wind tunnels. The research
herein reported was undertaken in order to examine the practicability of
making propeller tests on a scale model in the wind tunnel,

The model was that of a representative high wing monoplane at one sixth
scale, The odel was complete except for landing cear and any protruding
cockpit enclosures, The propeller diameter was 10/6 feet, the power was
432/36= 12 horse power, the rated maximum revolutions per minute were 12,000
so that the linear velocities of the blade elements were equal to those of a
full scale nropeller with rated maximum velocity of 2,000 R, P. id, Since the
leng ths of chord of blade were one sixth full scale the propeller was operating
at a Reynold's Nuwber of one sixth the Reynold's Number of the full scale
propeller, The blade form was exactly that of a Hamilton Standard 1Al1-0
propeller to one sixth scalse.

The teosts made fall into two classe 8,

l. Production pf working charts to determine the propulsive efficiency of
two and three bladed provellsrs at varions blade angles, velocitles and
powers,

2, Investication of the effect of slipstream on the performance and static

lonsitudional stnbility of the airplane at various an~lss of clib and ~lide,
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Description of Apparatus

The principal advantages of a powered model test over a full scale flight
test are ease of control and facility in measuring the forces and moments developed.
In the wind tunnel, power output results are read on the external balance system
as in a normel wind tunnel test, The G.A.L.C.I.T. six component system is shown
in Figure 1. Here, air velocity, geometrical angle of attack, thrust, drag, 1lift
and moments are measured. The measurement of power input is more complicated and
is accomplished by means of a revolution counter and a torque meter.

The revolution counting system, or timing circuit, shown in Figure 3, consists
of a pendulum actuated, multiple relay circuit which counts the motor revolutions
over an accurate time interval of about ten seconds, The timing system was éalib-
rated for each run against a crystal controlled ec-urate fifty cycle current,

The location and functioning of the torque meter is shown diagrarmatically in
Figure 2, The adjoining sketch shows the arrangement, used in the experiment,
of an alternating current ﬂheﬁtstone Bridge for indicating torque, The torgue

being developed by the propeller is opposed

Variable in equal amount by the resisting moment
Fixed 57z
" Fesistance fisrsTance in twist developed by the torque bar, The
angle of twist varies the position of the
Golrometer
4 soft iron armature between the pole faces
of c¢oils (1) and (2), thus varying their
Coil impedance, The relative change in impedance
1ok Coil () ;
S50/ (4) is indicated in balancing the 3ridze by
S
ey neans of the variable resistance. The

reading of the varisble resistance of the "heatstone Bridse, in ohms, is
converted to torque, in kxilogram-meters, by means of a ecalibration curve
constructed for 3-c¢ run, This curve rcorressnts the mean of calibrations made

before and afto- t»+ run, The celibration i=s uade by keying a bar ol fifty

(3)
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centimeters length to the stator and placing known weights in pans suspended
from knife edges at each end., In this manner a known torque is given in terms
of resistance reading.

Photographs, Fizure 4., show views of the model, instrument t=ble, parts

and torque calibration arrangement.
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PART ONE

PROPELLERS

The first problem of the investigation was the determination of the charact-
eristies of two and three bladed propellers, A plot of initial data obtained
from two bladed provellers, when compared-vith the full scale data recorded by
Weiock in N,A.C.A, Technical Report #350, indicated sufficient agreement between
model and full scale characteristics to warrant complete tests.

If air were an 1ncompr§ssible.tlu1d, if a degree of turbulence existed in
the wind tunnel which was exactly that of the air in which the full scale air-
plane was to fly, if propellers were made of infinitely rigiF material of absol-
‘utely smooth surface then we might expect to get results.from wind tunnel tests
which were fairly representative of geometrically similar full scale prorellers.
Fairly repreéentativa-becanse there remains an element of uncertainty as to
the effect of the presence of the wind tunnel walls ;n the flow through the
propeller, |

An enumeration of the factors 'hefein differences between model and full
scale propeller characteristics might arise which we have considered are:-

1. Scale or Reynold's Number, roughness, turbulencﬁ.
2, Blade deflection.

3. Tip losses - compressibility.

4, ¥ind tunnel wall interference.

S. Eiperimental orror.

Keeping these factors in mind let us consider the method of working up the
data obtained, 1ift, drag, and pitching moments were measured in the standard
way by direct measurement of the forces transmitted through the model rigging
to the automatic balances. Torque developed in the propeller shaft was recorded
by a remote reading dynamometer. The revolutions of the propeller were pbtained

h ]

by direct count over a time interval.

(5)



The indicated dragwise force, in the case of power-on, is transmted into
a combination of thrust and drag, It is apparent that the presence of the slip-
gtream over the model must easuse some change in drag. This small change in drag
is nicely disposed of by including it alsebraically in the effective thrust,
If we take the difference between the drasg reading power-on, R, and the ordinary
drag of the model with the propeller off, D,, there remains a force which we can
call effective thrust,-i.e. the true thrust minus the inerement in drag due to

the propeller slipstream acting over the model.

Power Our Power IN
Q
| 2 D
——l o—2—>
i ab N
e 2nn

Te X V is then the effective thrust horse power being developed by the propeller,.
Against this power output is the power input represented by the torque "Q" ,
multiplied by the rotational velocity "2mm", Efficiency is the ratio of power

out to power in - i.e. _TgV _
: 2mnQ 7

It is convenient to put thrust, torque, and velocity into dimensionless co-
efficients, Since the velocity in the wind tunnel is recorded in combination
with air density as the dynamic pressure being develoned in the working section,
the Form T= T,pV2D? 1is suggested, which can be written T= To2qD®, Likewise
for torque, Q= chqD3 . Velocity must be considered in the advance ratio of the
propeller, = %3 . The wind tunngl sensitive manoﬁeter records 2;2_ by calibration
against a pitot tube traverse of the working section of the tunnel. Velocity can
be obtained from V--/§a75 where p, air density, is a function of temperatur:

and humidity of the air stream, barometric pressure, and gravity at the wind

tunnel. ?cﬂn be zotten directly from T, and Q, ._
(8)
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Cp and Cp which are sometimes convenient, are simply T, 2 ana O b

.

Hartmen's coefficients Cog and CT come out siuply es - and ¢
T =

¥hen the experiment was begun it was the opinion that some kind of pre-
liminary fairing would be essential in order to get smooth final curves,
Therefore Tc and 0, Were plotted against J, and points taken at even increments
of J to solve for 7 and Cg, While this method produced smooth curves a very
small displacement of the fairing caused comparatively large variations in
peak efficiencies (1 - 2/), This method was discarded in favor of making a com-
plete calculation for every experimental point and plotting the point without
preliminary fairins on the final eurve sheet, This direct plotting of unfaired
results was followed in every case except that of the three low blade angles
of the two bladed propeller where it was necessary, due to blade deflection
and tip loss, to fair 7 against J before the final plot.

Having indicated the manner in which the propeller charts were made up let
us return to a consideration of those factors which might affect extrapolation
to full scale,

Reynold's Number: 'The actual velocities of the blade elements were made

equal to those of full scale by increasing the rotational velocity of the prop-
eller six times (2,000 r.p.m. full scale vs, 12,000 r.p.m, model). Axial wind
veloeities of 200 m.p.h. and upwards are obtainable in the California Institute
of Technology wind tunnel, hence the airspeed of fuli scale flight could be used.
The irrepartble difference in Reynold's Number lgy in the characterictic length,
which of necessity remained at one sixth full scale. It should be noted that if
the length of chord be used for the characteristic le gth, the Reynold's Number
of even a full scale propeller element is small com =red to the Reynold's

Number of s full scale airfoil section as used in = wing. Research in the

(7)
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=?fec~ of .eyn~.i's ’hgber on oxtre olat: . ol wo oLt ii. 8% . *0ils haa

@ wovm ths* eynoli’'s 'hum er has -onsider - . ffect. It 15 _ite reas. ..

and just:fication can »e found in toth theor and experiment, :o0 suprose tn::
larzer effects obtain in the diffsrences -~ su:r smsii Reynold’s ‘humbers w«

those of our propellor slements where the chords are so much somaller than

the chords of model and full scale wing sectiona, The tyve of flow ovar t:.s blade
must be affoct’?d by the ns:tu;re of the surface, Our model blades were hurfel to a
hich polish, lcppt clean and rebuffed 2t iatervals during the experiment.

Roughness apoeared due to impinging dust in the air stream, but it was not e.cessive
nor could it be considered imcompatible with full scalt; operating conditicas,
Turbulence conditions in the California Institute wind tunnel are compara-

tively favorable,

Blade Deflection: linear deflection of the blade can be shown by the

andlos o a cahtilever beam with distributed loading to be one sixth the linear
deflection full scale,and angular deflections to be equal,(See Sketch), It must be
remembered that f.orées are one thirty-sixth,and lengths one sixth, full scale.
Blade deflection is ceused by the aero-
dynamic m&mnt on the blade element arising as
shown in the sketeh. Neglect drag as being

small in comparisen with 1lirft. Note that for

..

T Be & normal airfoil sections the moment about the
25% point is small and constant in the work-
ing range., The orincipel force acting on the
\ blade element 1s then, lift,which is resolved
G Me £ -::/fa'f't b 1 into thrust and torque. This force is balaneed.
by the elastic strength of the blade coceatrae
ted at the elastie centrum, However tnese two
principal forces are not eollina=r, but, on the

econtrary, lift uncts at the 25° point and t:»

i elaatiec centrum oc3urs at about the 33° pa?nt,
(8)



There results a couple tondipe to raise the enterin: edse of the _..de, The
strength of this couple varits approxi ately with the square -7 the air velocity
over the blade elemant and linearly with its effective angle of att=ck,

Tip Ioss:- Inextricably bound up with blade deflection‘in our experimentsl
data is tip loss, Our tip speeds were those of full scale, Soth British amd i‘mer-
ican experiments have shown, however, that at high tip speeds scale effect will
be more strongly in evidonece than at lower speeds.

The plot of points for 12°, 169, and 20° blade angles, two bladed propeller,
showed effects of tip speed and blade :deflection. A special study was made of
these conditions for the 16° blade setting and is presented in Figures 8 & 7.

The 16° blade setting was chosen because the greatest variations in power and

tip speed were obtained with this setting and the recorded data could be compared
with a lower setting, 12°, and a higher setting 20°, It is to be noticed that
only these thrce lowest settings for the two bladed propeller gave such variations
in experimental data as to require fairing independent from the final plot. the
three ﬁladed propeller, having one additional blade lending its quota of work

to provide a given thrust, showed insufficient scatter of points even at the
lowest blade setting to warrent preliminary fairing,

Returning to IFigures 6 & 7, it can be seen that under the hi-her power load-
ings the characteristic curves of the propeller move over in the direction to
join the family of curves of the next hizher blade setting, If one scales off
the shift of the curve T, va J in Figure 6, against the main interval between
curves, 4°, an indication is given of the effective twist of the blade in terms
of blade setting at the .75 radius. As the tip speed inereases, however, the erfect
of increase of blade angle is gradually overcome by tip loss and the eurve drons
back again, to or beyond, the curve obtained from lower power loading.

The question arises as to how the fairing of 7?7 vs J eurves of Figure 7,
shall be carried out under such circumstances in order to represent practically
the efficiency of the propeller at the given blade angle. The method actually
used was something of a comwromise, 3elow the peak efficiency ( and the region

(9)
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in which the propeller would ordinerily be working) the envelope of the curves

was t2ken, "eick has worked ur a very comprehensive and complete set of data

on the correction of prooulsive efficiency for tip speed. The envelope of eff-

ieciency curves is our best estimate of the efficiency of the proneller without

tip loss. A point taken from the curve then in this region may be corrected for
tip loss using 7eick's full scale results in this connection.

The region to the right of the peak and the peak itself present a greater
problem, Reasonably the lower power loadings could be used and a correction app=-
lied for power { that is- blade deflection due to power loading), but lower
power means Iower forces actually measured and st small forces our experimental
accuracy falls off, Hence the writers took arbitrarily a mean of the
points at the peak efficieney and beyond as being the best représentation of the
actual eharacteristics of the propeller at the given blade setting. The final
faired curve used in presenting the data 1s shown dotted in Tigure 7.

WYind Tunnel Wall Interference:-

A glance at the sketeh -‘:<<Zzziz21/’ '
LRI ETTT T AT

will indicate that free air -

v “‘. O g i i O T Vi

- V(+a) — V(1+8)

-------------------
-
-

the wind tunnel, but that /// LA A
/ onsTRAWT oF Wais FAises

constriction of the walls VeLociry A7 Propeirer

conditions do not exist in

on the flow give a somewhat higher effective velocity to the air in which the
propeller is working when compared to thazt velocity were the propeller orerating
in free air, Gleuert (in R.% . 1566) has developed a fairly accurate approximuté
formula for this increase in velocity. Glauert's formula has been used to compute
a correction for wind tunnel wall interference applicable to our conditions,
Tigure 8. shows this correction in terms of the thrust coefficient T0 ; Pigure 9.
shows the range of To used in the experiment. It is evident that this correction

can be safely neclected as it is well within the cxperimental error.

(10)
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Zxperimental Zrrors

“uantity Ranse of ..easurement
1ift, dreg 0 - 800 g,

Torque, Q -2 to + .7 Kg, M,
Blade ancle 12o to 560
Revolutions/sec, ,n 50 to 250 r.p.s.

Every effort was made to rerresent accurately the actual quantities meesured,

Discussion of Proneller Data:-

Probeble Error

,002
.005
0%1

002 rop-so

It must be noted that with the model's thrust line horizontal the

propeller was acting in front of a wing at a CL = 0,3,

Assuming elliptical

1ift distribution , (with no distortion due to slipstream), and an upwash

at the propeller ahead of the wing equal to .75 of the downwash at the wing,

(the value of .75 was estimated from Glauert's " Aerofoil and Airscrew Theory"

page 162), it can be seen that the oropeller was acting in an upwash of

c }
.?i;Z%_ x57.3 = 0068 This eorresponds to about a cruising at:itude,

level flight, for the normal airplane,

It must be noted also that the full length blade was used whereas in

practice the blade usually has some of the tip length removed. Figure 10,

shows the principal characteristics of the blade used.

Figures 11. & 12, are two and three bladed proveller, basie working

ciarts. It must be ermphasized that in computin~ Cs for entering the three

bladed propeller chart(Figzure 12.) that full power should be used,

Figures 13. - 18, present various comparisons of the data obtained,

In order to ascertsin the appropriateness of applying the model data to

full scale pronellers a considerable amount of data on full scale proneller

settings was obtained. The writers are indebted to the various airplane

manufac turine concerns for their kind and helpful cooveration in this study.

v
#hen workei up and plotted on the nro eller char cteristic charts, the f vs C,

(11)



points ~roup surtristi- ly well alon: t .« : & 0 best efTicierc. «s ieternined
by the odel tests (ef, icures 13 - 14 . * blede angles i{ffer con=ideradbly
from those of the model propeller but this miy be exnected from the differences
in blede design and the amount of the tip of the blade rewoved to meet desizn
conditions, The flight test data (cf. Tables 1 - 3) are included in this -aper
because they were carefully compiled and should furnish good design information,
It should be noted that blade angles, 3, are taken at the 42" station in many
cases instead of at the .75 radius as was domeé in the model experiment.

A study of the flight test data and commarison with Figures 13 & 14 will
show that many of the points are special cases. Examples are two pitch prop-
ellers at low pitch, and the same at high pitch where the propeller blade angle
has been given full throw against a stop.

Figure 15 compares the G,A,L.C.I,T. two bladed propeller results with
those obtained by the N.A.C.A, The ecomparison is made with the data from
Fuselage ‘6, (Figure 14), of N,A,C.A, Report # 350, which resembled our
configuration better than any of the other configurations used by the N,A.C.A.
in that it had a completely cowled engine, Unfortunately the fuselage is rect-
ansular in cross section and wing and tail surfaces are absent., The lower
envelope of effieiency curves from the 3.A.L.C.I.T. data can be attributed,
in the writers' opinion,to the presence of the wins, to different shape and
relative size of fuselage, and to scale effect, In Figure 16,(comparison of
two and three blad=d characteristics), it is interesting to note that diff-
erences are not so great as has been generally assumed,

Figure 17 shows that Weick's recommended 70% power absorption by a three
bladed proneller as against a two bladed propeller is a good average assumption,
but that at higher advance retios the three bladed is operating under improving
conditions.

"igure 18 ecom~ares G,A,L.C.I.T. and N,A.C.A, curves(fusslage 6 Fisure 14

Report /350) of Blade Angles vs Cq directly.

{12
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Design Propeller Characteri:ties

TABL: 1

from Flisht Test Data

Alt, | BHP } Prop. v | Ho. ;Prop. 19 at f et % | v
Gompany': Adzmpleus £t, | P°T | oo’ ipH Blades Dia, 0,75R 42" | 8 | T
| Prop. | | i * l
Douglas  O-AB3A S.L.. 675 | 1750 | 190.8 3 |9'10" 24%° " 1,87 | .976
" C-29 | ™ | 575 | 2220  154,6 12 j9'O" 18%  l.s | .31
" 0-38L { » | 825 | 2000 k6 153.8 |3 [8'9" , 13.6  1.32 | ,773
" Y0-31C i m . 800 | 1750 ' 195 3 9tlo" | 24,2 1,75 | ,997
- Yic-26A4 ¢ " | 350 | 2005 137.3 2 9! = 15.2 1,27 | .841
" X0=35 t " . 800 | 1760 : 178,3 3 9'10" . 23,2 . 1,60 | .,907
" XB-7 [ "™ | 800 | 2410 ' 174,82 2 8'5 " 19 1,22 | ,754
" 025¢ " | 800 = 1756 . 181 .2 (10'o" ! 21.6 . 1,45 | ,750
" BT-2B " 450 | 2100 . 133,5 .2 ,9'3" . 14.3 1.18 605
" 0-32 poom 450 . 1920 133 2 {10 16,8 . 1,22 810
" X0-34 | = 800 | 1703 156,5 2 10'o" /- 22 ¢ 1,41 .752
" 0=-32A poow 410 ;| 1935 1l20,8 ‘2 9'10" 15.5 182 .600
" 0-22 5000 450 { 2095 @ 142,3 2 "l0*' " 15,5 1.23 .596
" 0=25 S.L. . 800 ! 1750 = 156,6 ,2 .10'9 "™ 22 1,39 <730
" X0-14 .m . 236 | 2020  121.4 2 .8'l0" 14.1 1,24 .599
" DClA(S.Z,) 6500 700 i 1440 ' 111 '3 1lwen . 237° 1,00 .590
" DC-1 ; 8100~ 710 | 1320 211,82 '3 .11'6" 24 1,95 = 1,225
" . i g ;
K%ﬁqzl 4100 . 720 ; 1300 202 '3 11t 25 1.95 1.245
! 822:2011 . 8500 700 . 1434 212 & 11'6" . 21% 1.84 1,129
" Agf-iir , 8100 710 1330  197.8 |3 illggn 2 Les | L
o gﬁ;iﬂn % 5000 g 400 | 2090 | 145,5 iz 9 ? 1B 1.32 681
" ' ’ [ 2800 750 | 1340 - 163,5 3 12'6" ' 19% 1,55 .595
o ' S.T. 885 1600 © 187.5 |3 {ll'6": 23.8 1.46 L8002
. Pan Am. : i : | ;
" ' Grace DC . 8020 675 1395 ( 131 C1% 3 11t 25 1p% 1,19 1 752
L " Poo. 700 . 1327 @ 208 3" 11 S44HP>* 1,03 1,255
" | Std.011 DC 7000 522 @ 1367 116 C1 3 1l'é" 21 IP 1.14 . 849
LI " " 650 1340 203 3 1l'6" 30,5 HP 1,91 1,18
n ! th?fg.a.) 4100 694 1416 117 3 11 25 1.08 .661
" | Std.01i1 DC 7000 451 1433 110 3 11's" 21 1,02 .37
" ¢ Am,Alr DC " 880 1362 129 3 11'é" 24,5 1.21 .73
Locichead| 1001 Hleot, 8500 373 2170 203 2 83" £2 1,79 . 99"
" 11010 ilect, 5000 400 2200 203.,7 2 9 20 1.76 915
" i 1010 Rlset, 7100 370 . 2180 115C€1 2 9° 14 IF 1,00 517
" 215 -ltair 5000 550 2230 215 2 g 2 1.7% 94
o " S.T. 429 2000 18350Cr*2 9! 20 1,55 .8
" " 3707 527 2200 123 C1 2 9 18 I | 1,00 47
¥ 1074 10C El, 6000 450 2080 & 208 2 9v 23 % Y8 457
;1004 10C =1, 8800 410 2100 £ 12001 2 9 : 1213 | 1.05 55
moo] 1012 1A 9500 300 = 2020 . 195 Cr 2 9! : 22 RO LI - T
" 179103 "™ 12000 28r . 1850 182 Cr 2 9' 25 bne . 98]
rmmf "3 ra.r.. !m, 2090 | 208 ’.a 9'7"88.9‘ rl. i e
" ‘e v400 ¢ 810 | 2180 | 215 2 le |z 1.7 | 8
" RT-1 5100 735 1920 . 215 i3 we" - 25 ! | 1.788 | 1.00"
; RAT-1 5200 738 1905 | 217 '3, 9'%" ¢ 25 1.75 1,00
v RT-1 13000 426 1750 | 183 3 9'8" 24,5 1.625 970
" B-G 7800 428 2040 @ 203 2 9 27,0 1.77 R
: B0 7800 438 2060 | 204 2 .9' 23,0 1.76 L9608
" ) 8 S SeLe 630 | 1915 : 200 2 9%" ! 24,5 1,700 960
i | H
N A I S.L. | 420 1 2000 165 r 2 19" : 19,5 3' I 1,505 ‘ «30Y
" 1D 8000 875 © 1950 ; 221,5 3 i 9te" ' 24,25 1.765 ' 1,053
. 1D 7000 671 . 1880 & 220 2 10! 25,25 1,785 1,080
‘ 1D-5 4000 719 1930 , 215.5 . 2 9'10" 25,25 1.74 1,000
" 1D-2 8500 714 1950 : 217,5 3 9'a" 24 1.695 1,033
" 1D-2 7400 - 703 1950 ' 219 2 10' 24,25 1.70 .983
" 2D 8OO0 689 1980 223 2 9rnom 25,75 1.745 1,020
)" 1D-3 3200 633 . 2040 , 201 2 9'w" 22 1.62 913
)
— t
* Cl = Climb, IP = Iow pitch, HP = High pitch, Cr = Crulsing.



sunss

i T

+T

s

i3

TP TR T

33 Sk

T

1]

maak o

T

‘L'”rf
=1

1

T

a

+

L

HTE

Hd

/S

Fr6URE




L

1

e

Taasaainaystadal

=
9

T
-

jus

e

'] -,‘,.g.»i'

1

—

T
L

sEps)

rens

R
b

=T

R
11

1
3
g

13

+i4
)
g

Ha

1

Fd

para &
H

i
i

-
I

7
y
n3 Pis

/
e

T

s

T

1

3

ta rRak s

ot

¥

e

S

+

T

2

rE /6

FrGgu



R na b

T

i

=+

AT
0

JEL

BTy MSaE Sans SEEEE

HE T e

i

TEan

4w

$34 43 EURS g

T

..F

THET

H

BER
]:;44 54

T

b
H
el

T
ani

FE ¥

rgang e

THHE

T

g

= B EREe

FreuRE (7.



T

Boa RS

H +




PART IO

Alrplane “harscteristics Power-On

Fower introduces another dimernsion into wind tunnel
calculations in that it is necessary to specify under what power
condition the model is acting. However, of the infinite samounts
of power input which might be investigated for every attitude of
the airplane, only certain ranges are of oractical importance.

In arder to obtein an estimate of the rance of nowers which it

was Tfelt desirable to investigate, a typical conventional airplane
corresponding to the model was camsidered, The uvper limit on
power was taken as that corresponding to the maximum power available
for such a plane as a function of its velocity at sea-level, The
lower limit was taken as that carresponding to the power required
for level flight at sea-level as a function of velocity, In

order that the results might be applicable to other normal planes
with somewhat different characteristics, the ranze of vpowers in-
vgatlgatod was considerably extended beyond these two limits, It

- should be explicitly pointed out that the characteristics assumed
far the full size airolane are used only to determine the limits of
power investicated and do not enter into the determination of the~
effects of power, In order to oresent the stability and pitching
moment results, it was also necessary to assume a center of gravity
location relative to the mean aerodynamic chord, This was chosen
from the fu1l scsle characteristics of the tyrical conventional

airplere mentioned above,

(13



The typical airplane was taken as the Lockheed
Vega since its geomstrical form, wing section, ete. correspond
fairly closely to those of the model. The following full scale
data were assumed: Weight, W = 5000 1lbs.; center of gravity at 36%
of the mean aerodynamic chord and four inches above the thrust
line, and maximum brake horsepower 550,
From model tests were taken:

Equivalent parasite area, p: 6.44 £t.2

Airplane efficiency factar, ©: ,89

Maximum propulsive efficieney, 7ma.x= .825

Blade angle at .75 radius, B 30.3°

Revolut ions per minute at maximum power, N: 1350
These data in combination with the physical dimensions of the model to
full scale gave, in Oswald's notation: (see NACA Report 7408)
lg = 3.23, 1p = 777, 1 = 11, (\ =8.5.

A table of thrust horsepowear required against velocity was
then made up using sinking speed due to parasite loading w,p,and
sinkin~ speed due to effective span loading wﬂmat various velocities.

Thrust horsepower available at velocity was determined
approximately by Ry = % ; =Ry and P to get Cg; =Cgs 74 to get Thpg.

The standard thrust horsepower available and thrust horse-
vower arsainst 7V curves were transmuted to a form suitable for wind
tunnel work, The erdinate, power, via B, 7V, and Cg, became J; and

the abacissa V via ly amnd Cy, became ;. (Gy = wind tunnel angle of

(14)



attack),

The conventional thrust horsepower avail-: le and required
curves are showvn in fizure 19, These two curves converted to a
form suitable far wind tunnel work are represented in figure 20,

The eppropriate wind tunnel "q" was determined by
examining data of Ty sgainst J from previous wind tunnel runs,

A vertical traverse was made across the power curves
using "n" as the controlled variable, as indicated in figure 20,
For example, at a wind tunnel angle of attack of +2° a wind tunnel
velocity corresponding to q = %}? = 10 grems per square centimeter,
was used, and the revolutions per second of the model propeller were
varied in seven equal increments from 69 to 112 r.p.s. It is
evident then that all power conditions, from that somewhat under
the power required for level flight, to that corresponding to
somevhat more than maximm power output, were covered. This was
the laboratory procedure for the power-on condition,

The effects of power on lift, drag, and pitching moment
were desired, in order to furnish informetion on free flight
performance stability, and control characteristics of high wing
monoplanes,

Iffect of Power on Lift, Drag, and Performance

In order to give a satisfectory discussion of this subject,
it is necessary to analyze the problem somewhat more closely than

is ecustomary, Vith this in view, let us‘consider an airplane in

(15)
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climbing (or glidin-' unaccelerated fliz *. The force- sactine
in the direction of the fligcht path may be sclit up irto = thmst,

a drag, and a gravity force as shown in the accormanyin- diacren

o~

Horizonts/

where
T = component of thrust‘in the direction of the flight path,
D = dreg,
8 = angle of climb,
¥ = welght,
V = velocity alons the flight path,
The equilibrium condition is
1) D + Wsein® = T
The precise definition of D and T has not yet been given,
However, before discussing this question, let us first transform 1)

to a more familiar and convenient form, «ultiplyins by V, expressing

T in terms of brake harsepower P, and & proreller efficiency ‘?',

(18)



and introducing the drag coefficient, Cp, we obtein:
2) Cp(a,J) g Sv + Wsein 9.7V = P 7'(a,.7)
where the variables upon which Cp and 7' may depend have been ex-
plicitly indicated, It will be noted that equation 2) is just
the usual performance equation,

We have just steted that the precise significence of
Dand T in 1) had not yet been given, This means that in 2),
Cp and 7' have not yet been exactly defined, Actually we may de-
fine either one in a rather arbitrary fashion, the othe'r is then
determined by fhe fact that the foreces must be in equilibrium, i.e,
equation 2) must be satisfied,

It has been customery in the past to define CD(G.,J)
by equating it to Cp,(a) which is the dreg coefficient of the air-
plane without propeller, Then in order that 2) may be satisfied,
the propeller efficiency 7'(a,J) should be replaced by a propulsive
efficiency 7((1, J) determined from wind tunnel tests on an airplane
or model with propeller running, and for all pertinent values of

J and Q, 2) would then take the form

3) Cpol@) @8-V + Wsin 0 . V = P?(G.J‘)

Practically all propulsive efficiency investizations in
the past have been restricted to the case of zero inclination of the
thrust axis, so that the dependence of 7 on J is well known, while
its dependence on a has been very little discussed, It was one of

the essential aims of the present series of tests to furnish data on,

(17)



this variation of propulsive efficieney with thrust axis inclination.
The data so obtained could be presented in the form of a series of
normal propulsive efficiency charts each corresponding to a definite
value of a or thrust axis inclination. Iowever, the complications
introduced into normel performance calculations, through the neces-
gity of using such a family of propulsive efficiency charts, would
be so overwhelming that it is very doubtful whether the data would
be of eny practical service., An entirely different method of pre-
senting the results, based on a rather different point of view with
respect to the performance equation has been suggested by Dr, Clark
B, Millikan, and.gives the data in such a form that the designer
can use them in performance estimation without any essential modi-
fication to the normal calculation procedure,

In introducing this new method we return to equation 2)
and replace 7'((1,3) by a propulsive efficiency ?O(J‘) Ih:lgh is
determined from measurements at zero inclination of the thrust
axis, 1i,e, 70 is just the propulsive efficiency which is customarily
given in the standard propeller charts, Then in order that 2)
may be sati sfied, we must replace Cp by an effective drag coefficient,

CDgs 0 that the performence equation now takes the form:
4) cD’(a,:) qS'V + Wein® -V = P 70(:)

(Note that at zero inclination of the thrust axis,
equations 3) and 4) ere identical, 1.e. 7 - 70 and CDe - cDO),
With this equation, performance is calculated in exactly the normal

manner, using the standard propulsive efficiency charts, the only

(18)



modification being that Cpg is used instead of Cp,. We shall re-
twrn later to the discussion of how this modification is accom-
plished and shall see that no considerable additional labor 1aA
required, We must first, however, investigate the manner in whiech
Cpe may be determined from our wind tunnel tests.

In the accompanying diagram, the forces in the direction
of the relative wind which act on the model mounted in the wind
tunnel are indicated. R 1s the resultant force exerted by the model

LLLLLLLL L LIPS S f 77070 p e d! on the drag rigeging,

taken as positive in
_V_> ‘._'Lqﬁg_D_,. the direction of the drag
force, Hence the external

force which the drag

VTSI TT 777 7777 77777777777:
rigging exerts on the model is R, takem as positive in the direction

of the thrust, The diagram, which has been drawn with all forces

positive, is exactly analogous to the previous free-flight diagram

except that the wind-tunnel diagram .corresponds to a case in which

T £ D, i.e. to an airplane in gliding rather than elimbing flight.

The condition that the forces be in equilibrium leads to the equation
D = T+ R,

or multiplying by V and defining the drag coefficient and pro-

pulsive efficiency exactly as in 4):

5) Cpe(®,J) ¢ SV =-RV = P 70(3)

Comparing with 4), we see that the wind tunnel and free-flight

equations are identical if

6) R = W sin ©

(19)



This means thet the resultant force exerted by the dreg balance on
the model plays exactly the same role in the wind tunnel as does
the camponent of the gravity force alon:; the flight path in un-
accelerated free flicht, If we deter-.ine values of Cpg in the wind
tunnel for a series of values of R, the former are identical with
the velues of CDe in free flight for the corresponding values of
W sin 6,

- It appeers now that we must detemine Cpe as a function of
three independent parameters ¢, J, and R, However, it is easy to
see that only two are independent., Dividing 5) by q S V and intro-

ducing the coefficient of resultant force CRr = R/qS we obtain

P 7o
Cp.({a,T) = CRp + =——
Dol 7) R TSV
But, at a given @, Cr 1s a function only of 7, i.,e., J = J(,Cg).

Hence, introducing torque and revolutions per second,

CDe(Q,CR) = Cp -|-.......§... v 70
It is convenient to replace the variable « by the 1lift coefficient
Cr, since the latter is the essential peremeter in the free fligsht case.
If we define the lift as the resultant aerodvnamic force perpendicular
to V (ineluding any contribution froam ineclined thrust) them the wind
tunnel measurements zive « = a(Cr), (e¢f. Fig., 22). Hence we obtain

the final equation for the determination of Cpy:

7) Cpe(Crs CR) = Cgr

(20)



-

Crs, Cry 2 q, 8nd@ J are measured in the wind tunnel, Diz, and S
are Xnown, and 770(3) is obtained from propulsive efficiency charts
correspondinz to zero thrust inclination,

It now only remains to express CR in temms of a parameter
having a significance in free flicht, If we follow the definition
given above and teke L as the resultant aerodynamic forece perpendicular
to the relative wind (flight path) then we see from the first dia-
gram of this section that for unaccelerated, rectilinear flicht

L = Wcos®,
Combining with 8)

% = - tan @,
or finally .
8) CR = = Cp tan @,

Hence our wind tunnel observations finally zive
9) cDe = CDe(CL,G)

The complete results may then be expressed in the form of a family

of polars of Cpg Vs. C1, each polaf correspondinz to a constant angle
of climb (or glide) 8. These polars will have somewhat the character
" of those in the accompenying sketch, possessing a common intersection

at the Cp corresponding to zero thrust axis inclination, which will

normally be near the high spebd attitude of the airplane,

(21)



; ) Te returr finally to the
question of how such data can most easily

be used in performance analyses, Tol-

lowing Oswald we may define the airplane

rﬁg,f 8x/3 _along

Hght Farth
e efficiency factor e by the equation
D
C 2
10) Cp. = L + C
De e « T AR Dp

(AR = aspect ratio = bz/s, and cnp = parasite drag coefficient)
where e is cho-sen so as to detemine as nearly a constant value of
Cnp as is possible over the flying range, lNow since all of the polars
will normally intersect close to the axis, Cy =0, CDp will be
ractically the same far all, and the effect of variations in © ecan
be taken into account by varying e anly. | This means that we may
mesent all of the wind tunnel data pertinent to normal performance
calculations by ziving

11) e = @(8).

Performance calculations may then be carried out in the 90nventional
mamner except that for any particuler ansle of ¢limdb the appropriate
value of e, and hence of span loading, must be taken,

Before proceeding to a discussion of the experimental results
in the light of the nbove considerations, it micsht be vointed out that
tre anzle of climb a3 introduced above arpears to be the most satis-
factory dimensionless parameter which can be found for describing the
cadition of power cutrut under which an airrlane is operating, Yot

only the performance characteristics of this section, but also the

(22)



stability and cecontrol resilts of the next are »resented in terns of
tnis convenient paraneter ©.

The experimental 1lift and drag results are siven in “igs, 21
and 22, "ig, 21 ghows that the addition of npower has made verv little
chante in the conventional vroler curve ot low 1ift coefficient, There
is, as we mi:ht expect, an extension‘to hizher 1ift cocefficients due
to (1) liftwise force renereted by the propellsr when inclined to the
free air stream veloeity, and (2) the effect of the increase in velocity
of the air stream over the center of the winz in delaying the break
down of flow, (This may be considered as due to the scouring action
of the accelerated flow on regions of incipient break down of flow
as in the interference drag region at the intersection of wing and
fuselage). In Fig. 21, power conditions other than that for level
flight ere omitted for clarity, They coincide, practically iden-
tically with the level flight curve gziven, up to the point where the
power-on polar deperts from the power-off {no propeller) polar,

" Beyond this point increasinz deficiencies in vower corresponding to
increasingly steeper gliding paths, cause the power-on polar to ap-
proach the power-off polar more and more closely.

Fi~, 22 shows the effect of power on the 1lift azainst angle
of attack curve, The velocity curve for the equilibrium condition of
£lizht is superimposed and it is interestinc to note that the velocity
at stallins, and also for landinz at a ziven attitude, is reduced by
about 4 miles per hour in the power-on condition,

The mractical results of this portion of the investigation

are, then, that for hizh

(23)
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wing monoplanes similar to that investicated, power-on increases
Cr quite noticeably, while e, power-on, may be taken as identical
with e, power-off, for performance calculations.

Effect of Power on Pitching lioment, Static Longitudinal Stability,

and Zlevator “ffectiveness

Pitehing moment coefficients about the assumed c.z., position
were determmined in the usual manner from the observed pitching
moment about the axis of rotation of the model, the 1lift force, and
the resultant drag force R, Fig. 23 shows the effect of powsr on the
pitehing manent vs, 1lift curve, The definite destabilizing effect
is apparent, In the case of the wing and fuselage‘alone. as well as
that of the complete model, the slope of the moment curve has been
given a nositive increment by the addi tion of power, The effect of
varvinz degrees of power is shown in the curve for the complete model, -
contours are drawn in for tan & = 1,05, 1,10, ete., in egual 1hcre-
ments, It appears desirable to extend the study to the case of the
idlingz vpropeller where the power is negative, i.e. a brakinz power,
which would involve developing a negative torque equal to the friection
forque of the idling engine (itself a rather variable quantity).
Developins and recording a negative torque was quite feasible with
our appraratus but involved operatin~ celays whiech would have dram
out further an already extended investigation.

Fig. 24 shows the effect of power on the effectiveness of
the elevator. It is seen that the effectiveness of this control at

all "up” engles, and at the larger "down" ancles, is enhanced by the

(24)
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presence of the slipstream,

In woke of }"’ape//t’r’-'—
AV, Ac< | hence Al, Ag

)
A AV,
F\( hence AL,

The addition of the operatincg propeller to an airplane
in flight introduces forces and manents as shown in the sketch,

The normal farce, "F", is caused by the anzle of piteh,

It exists whenever the nropeller is deliverins (or absorbing)
torque and when the thrust axis and the velocity vector of air
throush the nropeller are not coincident, It has been evaluated

in various British "Reports and Memoranda", and the evaluations
have been clearly summarized by Dr, C, 3. Millikan whose summary

is appended to t'iis report, "F" is a relatively small force but

in this tyme of airplane acts at a relatively large distance from
the center of sravity, hence may exert considerable moment in pitech,

Thrust, T, is a larze force but acts at a2 small distance from
the center of zravity, The aerodynamic moment of the propeller,

Mp, 1s amall and transfers directly to the center of gravity.

Ve have an accelerated flow over the center section of
the wine and a change in the effective angle of attacic, Ilence the
1ift distribution and the dovmwash must change.

¥hen this accelerated and redirected flow arrives at the
tail surfaces a change in 1ift of the tail results. Upon this 1lift

at the tail we depend, in normal desis:, for proper longitudinal
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stability.

Nothing thus far has been said of the rotating character
of the flow behind the propeller, Unfortunately difficulties in
technigue and laek of time prevented an investigation in this
direction;

An effort was made to unearth some satisfactory method
of predictinz the slipstream effect on longitudinal static stability,

The technical staff of the Curtiss Company some years ago
combined contemporary theory and some ampirical propeller formulae,
in order to express the change in angle of attack at the tail
surface for various power conditions., Xnowinsg the chancge in effec-
tive angle of attack at the talil and the increase in velocity due
to slipstream, the chanre in 1lift on the horizontal surface can
be estimated and hence the chanze in pitching moment., (See Curtiss
Renort #2721 "Slipstream Effect on Wings and Tailplane", ™m. i, !iller).

.In applying this method, some assumption as to the portion
of the horizontal tail surfaces effectively within the slipstream
should certainly be incorporated., ZIZstimated chances in moment by
this method when =applied to the model tests of this report showed a
rather generous margin of conservatism,

A second method suggests itself. A tall effectiveness
énalysis suich as that siven by Dr., C, B. Millikan in his course in
Aerodynamics of the Airplane, can be used with an arbitrary cor-
rection to the tail efficiency factar, 7t, to allow for slipstreamn,

The srbitrary correction can be found by reference to standard tests,

(26)



vower-on, in the wind tunnel for the tvve of nlane under desi 2 e
This appears a very anoroximate method of correetin~ for elipstream
effect, but it can be used to zive the desismer =t least some idea
of the truth,

The method of tail moment estimation may be summarized
as follows:

Consider the difference of an=le of attack for zero 1lift of tail and

wing,
g = £ between Cp, = 0 for wing
—~~ Wiing alone and Cp, = O for tail slone,
S
) =~ Herigental Tail
|4 N ~ Surface
S e e e —_ — _
= \ﬁ‘:’_\_ T
e
~ - L
Gy = Oy + g = O % = O - O
O
E = = downwash at tail due to tail .
t T ARg
€ = downwash at tail due to wing

Ew - ”U.:I:R = downwash at wing due to wing

Now the effective ansle of attacic of the tall is it-= ceomotrical
anzle of attack from zero 1lift minus do'mwash due to its own finite AR
and minmus downwash die to the winz operating ahead of it., This last we

assume in mractice to be twice the dowmrash of the wing at the wing,

Daffirin: 2o s the slope ~f the 1ift curve for infi-ite AR, which may be

co lered as a univers=l conetent “or all normal =irfoils,

(27)



Then clt = a9 x effective angle of attack of the tail

agsumption above,

CL Cry Assuming elliptic
O14 = 8% - %o = %o Fir, " "™ 11t atstribution

r AR
for wing and tail
surface

8o
v

R l+
7 ARy AR,

Now the pitching moment of the complete airplane is made up of that
of tail and of another term primarily that of wing and fuselage but

includinz all other factors.

Me=Mp+M = Mp-1L 2 where £ = tail length

Mt vtz ﬂ’st
Cy = . whe = = - - —— C
M = Cyr + Oy re Opy =3 = It

Using cLt above

) -
Cy --leggt. i_:-_ﬂ. c ao agq
v ots |, & " j el
U'ARLt 7ARg ]
But write
£ St : .
O '

and 7t will account far effective velocity at the tail, and other

errors such as that of the assumption of wing downwash at the tail,
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It will be noted that the term containing g in the
expression derived above for pitching mament due to tail is econ- -
trolled by the pilot with a stabilizer or trimming tab adjustment,
but that the multiplicative factors, — the tail volume coefficient,
—Iiité' » and,within narrowelimits, tail efficiency, 7 ¢» — BTE controlled
by the designer,

Differentiasting the tail moment expression with respect to

Cy we get: .
ag
dCyr, tS
14+ 20
™ ARy,

7 ¢ can then be determined by graphical solution on Cy vs, Cy, curves
for any operating range desired. This can be done for the ordinary
wind tunnel model without propeller and then an appropriate correction
applied for power-on for the type of plane and position of tail,
The correction can be estimated by reference to power-on tests of
models of similar type.

In our experiment the slopes of the tail moment curves
against Cy for various conditions were determined graphically, and

the tail efficiencies computed, For our model

d S/
Mo, mmzeoe [1-%%rser)
T - "7t 7.3 %303 55/, o] Tt
- T4a°
-a
CMt/ch

or =
T+ 286
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Condi tion T TacL Mt ATl
Power-on, Cy renge for normal flight 244 .916 ;_045
Power-off, " " " " " .256 .962
Power-on, entire range of C;, mean value, «232 872 -,038
Power-off, " v " = " " . .249 .898

\

‘Hence if 74 were determined from an ordinary wind tunnel
model of the airplsne type used in this experiment, it should be re=-
duced 0,04 in order to anmroximate power-on effectiveness,

A comparison of the individual contributions of the wing
and fuselaze as a unit, and bf the tail, to the destebilized condition,

power-on, is of interest.

Ot = Crtgp *+ Crgy

doy _ iy | 9O
acy acy, acy,
Power-on -.059 = ,185 - ,344
Power-of £ -.086 = ,170 - .256
Change 027 = ,015 + ,012

which indicates that the win-c and fuselage, and the tail, have shared
almost equally in reducing the longitudinal static stability.

The writers feel that in this reaearch problem of power
effects on a hizh wing monoplane, the field of power-on investigation
has been barely touched. The model used can be readily converted to
low wing, aﬁd there is, in process of manufacture, = tail on which the

horizontal surface ean be displaced vertically as well as having

(30)



adjustable stabilizer incidence, elevator an-le, and tab anzle.‘

It is hoped that the next class of graduate students in asronautics
at the California Institute of Technology will be able to extend
the glimpse we have had of power effects on the airplane,

Grateful acknowledgmont is made to the staff of assistants
in the wind tumnel, to Dr, i, L. Klein for his able desizn of our
apnaratus, to Dr, C. B. }Millikan for his direction of our research
schedule and valuable assistance with many ‘motty vroblems, and to
the head of the Department of Aeronautics, Dr, Theodor von Karman,

for his inspiring interest and elarifying suggestions,
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TABLE 0T NATATIONS

aspert r=tio of wing
asnect retio of to:l1 surfaces
dray coefficlent = i

q-}

drag coefficient, pover-on, defined as in text

l1ift coefficient = J%

gqo
pitching moment coefficient -.451
qts
coefficient of resultant forece dragwise, power-on =.§§
qQ

torque speed coefficient
thrust coefficient = T

o] naD4
tornue coefficient = _ 0

) n?Do

‘ 1/5

A
speed nower coefficient = 575 Pl 3
n

velocity of sound

vropeller diemeter

drar, foree in direction of air velocity

parasite drag

dres, force power-off and Q = 0

drae, fbrc? power-on, defined as in text

airnlane efficiercy fretor*

equivalent varasite areg*

force developed by a propeller normel to its axis of rotation

altitude shove sea-level

prope ller advance ratio -t

np
a constant

1ift, force normal to air velocity

t211 lencth, c.=, to elevator hinge
paragsite loading performance marameter =.; *

emn loadir. ~erformance parameter = __ % *

y ‘3
R D)

-

weifvtt - - - * THYTe N rome C e - 4
j“nr'a 7 a

b4



<4 <

NS 3 oD ™ £ 3

w

wing loading = -
S

pitching moment of model about c.p.

pitching moment of prope!ler about
rotation and plane of the blades

revolutions per minmute

revolutions per cecond
power (normally brake horsepower)

torgue develored in propeller shaft

2

torque coefficient m __ 2 =
p 72 2qD°

ratio T to design T
ratio N to design meximum N

retio V to design meximm V
dynarmic pressure = 9.21.2.

resultant dragwise force, power-on
wing aresa

chord length

thrust

effective thrust

thrust horsepower available
thrust horsepower required

air velocity

air veloci{y in slipstream

weizght of airplane
doenwash velocity

intersection of its axis of

ancle of attack (measured from thrust axis in this experiment)

blade angle of propeller

tndicates "inerement in"

total linear deflection
downwash angle

TeV
propulsive efficiency = wmm 2t @ = 0

propulsive efficiency at 's other than zaro

g



= tail efficiency

angle of e¢limb (negative values indicate zlide)

> e o3
i

= gairplane verforrence parameter*
P = air density
= air density reletive to standard density at sea=level

total enzular deflection

e

= "corresponds to"

= "implies and is implied by"

N U
"

"ansla®

*et. M,..0,4, Tecnhnicel Renort 408,

349

- p/c”o



SIDE FORCE Ol A YAWSD PROPELLER®

Avpendix by C, 3., Millilzan

Let a thrust loading per unit lensth of span alon~ a blade
b = torque force loadin~ ver unit lensth of span alons a blade

adr = thrust on a blade element dr

rbdr

torque on a tlade element dr

X,Y,2

forces on propeller

X thrust, Y = side force

The relative wind strilkine the propeller has components U, v.
In general v <K V, i.e. we consider small an~les of vaw.

®* ¢f. R. G. Harris "Porces on a Propeller Due to Sideslip", R & M Yo. Wo7;
and H, Glauert "The Statility Derivatives of an Airscrew", R & ¥ No. 642.



At 2 riven instant let 8 “efine the nosition of a

nroneller blade. 2 indicates summation over all (2) nroveller

ZE ‘Iﬂgdr
8 o

Consider the propeller acting in a vurely axial velocity

btlades. P

Y = ZE,[ sin .9 dr
8

o

5 X

U and at a ~iven J = . Then the emilibrium conditions are:

R

nD
I =31, = 0, and X = X

Ve ask for the chan-~ed X,Y due to a2 side wind v. If v

is small, we assume

u

X=X+§_}c_v Xo-f-xvv

v
Y = Y, +2L v

vY
ov ¥

low 2 and b are vroportional to the local u? (u = circumferential

.

velocity) and to a function of the local J = JY, i.e, n,b sﬂ'uzf(J) '

vhere
Jr = U - r U
2nr u
rite a = x®f(J'). Let & corressond to an increment

at a given blade element due to a chanse in co.ditions at the elcment.

Sa = m2.8() . 28u + e @3f 8¢

u aJd' f
- Su D A
= a s« 2 == & '
= + aJ,SJ



g& - E(ail.: .}.a_‘q‘. 6,”?

Stv o(x Su 1 @ §:n)

™ 2 an
But Jr = TE RTINS Su - =8 Su
L u ho § w
.. 8a = Sy a-L'22
& = 2B la-g o5l

§v = 28u (v -JI'2L)
2 od!

u

and u = 2 7 nr, §u=-v sin © .'.. 5u=_vsin§
u 2mnr
e §a = -Y¥sin$ o
nr
nr
= U
J 2 ~ n(2R)
a()=0-%2%3 ()

Here we have replaced the local J' = —U— by J=_1U

2wnr 2 rnk

This is justified bty the followins argument:

aJ

£
nR ap'__
nR

sos(r) _ U Bf
oJ nr U
nr



lNlow consider a riven blade element, i.e. r = const. Then we cet

the variation in f by varring g keeving r constant
_ n

e 3 2F

U2
-2 g n 5

+y
LY
Hy

1]
oy

o I [==]
Q
Cy

But our partial derivative in & means just this, i.e. we consider th
variation in force on a r~iven tlade element as the aerodimamic con-

ditions chance.

o 33_3' = J -aa—J .". A is indenendent of r.

Mow

X

- R
X, = S;jadr= ZfSa.dr
] B M
"
SY = Zijsinedr
B “

Iere the intesration and variation are interchrn-entle since the ex-

»ressions are linear in a2 and b,

Z —vsine jAQ
B

Sy = Z—vsinee Jab_@_g
B n .r.

o
=]

.8 X

" I

Now since 4L is independent of r we may interchnanse its mosition
with that of the intesral sisn. We are interested only in the
averase force which means we must intesrate over 8 from Q0 —= 27

and divide ty 2™ . This will £ive the averase force nar blade.



"For the whole nropeller we mast multiply *; the number of btlades, B,

This rives
E§X =0
W) -
27Tn s r

Hence the thrust due to side-slip is zero for small side-slivps.

In discussing the integral in 14) it is convenient to

define a dimensionless torque loadins factor 5 -

= 3 b8° . D =g 2
fG Q pﬁz
R R
5 & = - rdr
Q Bjobrdr QJF—P-E-
= 12 — @ -
5) (6’-133?({- : ;-% ..j?;df—l
R

low, in the I & ¥'s (loc. cit), 1t is assumed thet

|
6) P 1nd :
—g—- = = universal co-stant independent of J,
o

1.e. all torque ~rading curves for all provellers are similar and have



a shape independent of J.

. 81 =7 ¥kdo = 21 0 a0
- 2

v
& 3= 32 St
Qw from R. & M, B4
Qe = toraque coefficient

Deternination of K

In R. & M. 427 it is assumed:
og—_gés. 2 @=0 Ferel 2 B0
.'.k=ﬂﬂj'i;- = (3. log -;’-s
But f@;d; j fa‘}i .y R R

£ 1s taken as 0.175 .". T:%ET 22,06 .*. K =2.061lor, 5.72 = 3.6 Q.E.D.

!

Hence the side force F on a vropeller inclined at angle 8 to the airflow



n = 2KQ
r g F—Di(].-kQ)-e
8)
Ng = 1 XK
7 Y% A

F is in the sanc dircction as the side vector v,

In R, & K. O42, it is assumed that

) Q@ = Agla - AD)
’ T, = Ap(l = A9)

vhere A = J/Jo; Jog®* To = 0, i.e. J for zero thrust’

. A - o 1 AQ (‘Jhe) A, >\3
2 2 A(a - AD) 2 a- A3
: = 2k oJ a°
e T -~ D(1+;2ia-7t§)'6
b = i . = U
out ? 21 nQ ' ¢ ?ﬁ";?
sy = 2kT2 a+3A¥




The mamerical values for a and K are those ~iven in the
R. & M.'s, Ye have alread; discussed the mimerical value

of K. Consider a

J{o =0 3
ez B

Hence a = 1,325 correspronds to the assummtion

J(g = 0) 2 ¥ -
T = 0) (1.325) 1.10

In Fig. 26 are vlotted quadratic and cubic ap-
nroximations to Cp and CQa It is seen thet thssq'approxi-
mations nay be determined so as to fit the experimental
noints very well indeed. However, we have here

J 0 |

=
J(n = ,\'.) = 1.(32.10 i.e.

‘a = 1.12 From ZALCIT measurements
2 tladed »romeller;

g = 30.3°,
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