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PROPELLER DESIGH.
PRACTICAL APPLICATICN OF THZ ELADE FLEMENT TEECRY - I.

Ry Fred Z. Weick.

Summary

This report is the first of a series of four on nroveller

-

desizn and contains a description of the blade element or mod-

13

ified Drzewiecke theory as used in the Burecau ol Aeronzutice,

U. S. Navy Department. Blade interference correctlons are uced

4

P

which wverc taken from R.& M. No. €39 of the British Advisory

)

Committee for Aeronautics. The girfoll cheracteristics used

o)
O

were obtained from tcsts of model propellsrs, not from tests
of mocel wings.

A short method is also shown 1a vhich the forces on only
one blade element are considered in order tc obtain the char-

acteristics of the whole propeller.

The methods described have proved satisfactory in ucsc.

Reproduced from
best available copy.

Introduction

.
noLis

The U. 8. Navy method of aircraft propellcr desig

based on data obtained from & combinztion of *he vlade slement

theory, model provsller ftests in 2 wind wunnsl, and iests of

_ -
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full scale propellers in flight. The data are plotted ag curves
for propellers of standard Havy form, making the actual oper-
ations in designing a propeller very short and simple. For the
anelysis or design of special vropellers not conforming O the
stendard, the modified blade element theory is used, with air-
foil gection characteristics which give resultant powers and
efficiencies checking the standard model data.

Although the blade element theory ig well xnown fo agronau-
tical engineers, the accuracy of the rcsults obtained through
its use depends upon corrections which can be ohtained only
through experience. It is the intention to present in this
report a nodified form of the theory with deta which makes 1ts

application sufficiently accurate for praciical use.

Discussion and Development of the Theor

In the simple blade clement or Drzewiocke theory the pro-
pellér blade is considered as made up of & nurber of emall elo-
ments-and the forces acting on each are found. From the surma-
tion of the forces on the elements the resultant forces on the
whole tlade are determined.

Yo account is token in the simple theory‘of the inflow or
increase in slip-strcem velocity which takes olace in front of
the propeller. The fach that the blades interfere with each

cther in a manner similar to the interference of the wings of a
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multinlane with backward stagrer ig also neglected. These fac-
tors are taken care of in this roport by blade interfercnce
corrections to the 1ift and dreg coefflclients of the airfoil
soctions ovtained from R.& M Yo. 839 of the Briticsh Advisory
Cormittec for fcronautics (Reférence 1).

Airfoil characteristics as found from tests on model wings
at low air velocities do not avoly to propeller sections wiich
are under entirelv different conditions. Propeller airfoil
section characteristics have been calculated from model provel-
1Ter tect data (Fig. 8), as will e explained in Technical Hote
Yo. 238. These are used in calculations of propeller periorm—-
ance and sive powers and efficiencies corregvonding to the tip
speed of the model propellers (about 3350 ft./sec.). The nHowers
are then modified according to the particular tip speed of
the full sized propeller (References ).

The svmbols used in the following development are glven in

o]

Table I. The 1ift in pounds on a section of the propeller

N

blade of length Ar and of width b is ogiven by the exores-—
=) & J -

2
b(VT> Clylr

“gioa P 3 , where Vy 1s the resultant velocity of the
. ( onn \ Reproduced from ‘
section (Fig. 5). best available copy.

The *otal force on the seciion due to both 1ift and dreg

. (V) KAr . L . e \
is P~ _E&EY ond ig in the direction of K in Filg. 5, where

3
o
K = ——2h ., As cosff—€) is in all cases betwzen .095 and

1. +the expression for the force on the blade element may e
3 i
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0 (V)® Gl AT

taken as
3

The thrust is the component of this force in the direction
of the propeller axis oTr

b(Ve)® €'p cos(@+Y) dr T
2.

-t
—

aT=p

where tan Y 1s taken as tan ¢ plus D/L of the airfoil sec-
tion 8.t the corrected angle of attack &' . This is an approxi-

mation but is correct within the limits of accuracy of the de-
1

sind

“sign. Substituting V, = and expressing b and r in

terms of the diameter, equation (1) becomes

1
4T = p VPR x —Sh_ x D x cos(@+y) a (5). (2)
2 sin=d D D/
Gly %X D
Let Ky = ——2 and T, = %, cos(@+v).
® 'Bsiﬁ® x D

Then 4T = p VPD® T.¢ (%\ and the “otal thrust for the propel-
K /

ler (of B blades) is

2 - -
T = p szeBéj T4 (5‘\, (3)

In like menner the expression for torque is

— Y 7':3 3 1/2 r\ wrln S - I' . ‘
Q = VD Bof Qe d<5/- where Qg = Kp X 5 X sin(® +Y) .

%
. (4)
The horsepowers are then found from the expressions:
oo o AV o .8m Q¥ _ _QN _ T.HP.
T.HP. = g5 @HP = 50w 580 T Bass | Q.o

T, and Q¢ are found for each section, and the integrations in
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(O3]

equations (3) and (4) are performed graphically with the aid of

a planimeter.
Single Section Method of Analysis.

Tt was noticed that for wood pTOpéllers of Navy standard
blade form (Fig. 11) the torgue and thrust grading curves uscd
in the above graphical integration always reached their maxima
at apprgximately 75 per cent of the radius; also these curves
were approkimately similar for all pitch ratios and slips.
This suggested that if a constant relation could be found be~
tween the ordinate Qg, at the 75 ner cent radius and the to-

tal area, fy%QO d %}, it would be necessary to analyze for
o} A S

this onec station only and nultiply by a congtant factor to get

the value of fy%Qc a (L, and fl/gTC a (l\ could be found in
. 0 \D s 0 D/
a simllar manner.

The torque and thrust grading curves for 2 serics of stand-
ard wood propellers were therefore calculated by means of “he
full blade element theory using plade interference corrections
and airfoil characteristics as found in the McCook Field high
speed wind tunnel. The series included various pitch ratios,
slins, blade widths and thicknesses. As the curves are all ap-
llproximately horizontal at the 75 per cent station, any slight
shifting of the peak has practicaily no effect on the value of

the ordinnte.

The actual ratios of Qg for 75 per cent radius divided
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bydf”%QZ d <%> have a constant value of .273 within +2%. For
thrust, the retio is constant within the same 1imits at .260.

Tf the torgue and thrust coefficients at 75 per cent radius
are designated as. Q; and T'; respectively, the expressions

for horsepower become
273wy \
3720 VBRI ¥

JHP. =
° E255
up, o 2208P ‘\TS—D?B T's
550
T.HP. v T
N o= AtEE = (158 X g X gre
g5, © X WD Y Qi

As- T', = Kp cos(0+Y) end QL = .375 Ky sin@+Y), the expres-
sion for efficiency can be further reduced to

v
'n — L.
tan (@ +Y)
This short method of analyzing the 75 per cent radius station
only can be applied with good results to any conventional wood
propeller having a plan form tapering toward the tip, and 20—

proximately uniform pitch, but is strictly applicable to none

put standard Mavy wood propellers.

Application

Blade Element Theory:

The application of the plade element theory can best e
shown by means of an example. Consider a propeller 10 ft. in
diameter with a uniform geometric pitch of 7 £t. and bladce

widths and thicknesses as shown in Table II, revolving at 1800
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R.P.M. on an airplane having forward speced of 129 M.P.H.
For the section at 75 per cent of the radius the blade width

. o~ Dy
is .88 f4. and the camber OT T& is .107.

i o _ Piteh _ 7 o
ton blade angle @B ST 8ﬂ><5-75'"'2975
Hence the blade angle, %5 = 16.8°.
For 129 M.P.H., V = lﬁ@féwﬁ— -~ 129 ft./sec.
PR S 189 ;
tand = T n T 3T Y 2.75 X 30 .867
Hence the path angle, © = 15.0°

The apparent angle of attack,
o =0g - ¢ = 16.8° - 15.0° = 1.6°.

From Fig. 6, CL = B30 for %y = ,107 and « = 1.6°.

Fig. 7 shows the blade snterference correction to the 1Lift
coefficient. The correction depends on the angle &, Cp, the
radius, blade width, and number of blades. The last throe 2%C

. s ; ‘s 3
used in the form of a coefficient 8, where & = :é%ﬁ, For

our example S.= 2g § BéEB - 17.8. From Fig. 7, the correction

4o the 1ift coefficient o0y, 1is .088, where ¢ = 159,
0 = .530, and § = 15. When S = 20, 9Cp = .033. Using
linear interpolation, when' 8 = 17.8,

30, = 058 - (.088 - .033) (AL =IO Lous.
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The corrected 1ift cocfficient is then

Cty = Op - 9Cp = 530 - .044 = .4G6.
In like wanncr, from Fig. 8, the correctiomn to the angle of at-

tack is found to be ¢ = -64 - (.64 - .40) (13§%~:—%%> = .5%.
) e .0

The corrected angle of attack

o = g-¢ = 1.8°0 - .5% = 1.19.

From Fig. 6, the 1/D for a standard propeller section of
M- 107 0% 1410 e 16.8.

tany = % + tame = .0505 + .0087 = .0682 and Y = 3.9°

b 1 L4868 X .86 X 1
- 0L X 2 x = .239
p L 7D " 3 sired 10 X 2 X .2588° 83

13

— v I o Y . 230 ..5_..:.:,7_:5 ad 0
Qe = Kp ¥ 5 X sin(@ +Y) 339 x 2L % sin 18.9
= .239 %X .375 % .3239

= .03920

i

T, = K, cos (@-Y)

P
The valucs of Qg and Tg are sound for each scction (Table I1)

239 % .9481 = .236.

end olotted agalnst r/D (Fig. 10). These are called the
torque and thrust grading curves. The area under the torque

. /2 » T\
~rading curve 1is Q. 4 (%)= .C081.
g 0/ o] (D/

rrom equation (4) the torque 18

12
Q= p VB d (§)
o] /

-~ 00237 x 18%F x 10fF x 2 ,x .00805 = 1365 £5.10.

QN 1383 ¥ 1800 _ a7,

53565 5355

Q. HP.
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From equation (3) the thrust is

m o o veEB /I
T pvaJ %dWD/
- 00237 x 189% x 1B x 2 x .0630 = 1050 1b.
. TV _ 1080 x 182 _ «
TOHP- - 550 - 550 — p610
The efficiency n = I.EP. = %§l = 773

B.EP. 67

The torque horsepower found above 1s the power which the pTro-
peller would absorb if it were oﬁerating alone (without body
interference) at a tip speed of about 2350 ft./sec. In this
case the propeller being 10 ft. in diameter and revolving at
1800 R.P.M., the tip speed ~

mD = .0524 ND = .0524 x 1800 x 10

il

944 ft./sec.

If it is operating in front of an average fuselage at 944 4./
sbo., tip speed, the Q.HP. should be increased by about 15 per
cent to give the actual power absorbed by the propcller (Refer—
ence 8) or B.HP. = 1.15 X 4867 = 537.

Single Section Method:

In the short method Qg is found for the section at 75

per cent radius only and called Q'g: Then since the ratlo

1/2 Sl
/ ch@;. |
& Y </ has a constant value of .373,
A
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Q:
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Q'.IE.

E’HPn

and

The efficiency =

Wood., R. lMcKinnon
Breaficld, B. ¢
Barker, M.

hn
Lo

Weick,

s

Fred E.

- 1/2 7 N\
v ' (X
o D‘*BC‘/ Qo @ KD/\

Ko. 255 10
/Ex = 9292 ! = L 97¢ DO = e
5) 2ra X Qt, = 372 % 039 . 0072
= 00337 X 1888 x 10 X 3 % .0079 = 1342
_ QN _ 1343 % 1800 _

5255 © 5555 = 460
= .15 ¥ 480 = 530
v ¥ n _As9
C41B Y 410 X =3TIn
tan¢p+W) ten 18.9°
418 %83 _
REEEET) 765
References

Multiplene Interference Applicd to
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ar
Ble

B39 .

Advisory Com.

11913)

Propeller Scrlo Tffect and 3ody Inter-

ence. N
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o 925)
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TABLE I.

(o}

S vmbols

D -~ Diamcter of propeller in feet.

P - Ccometrical vitch of propcller in feet.

r - Radius of any cection of propecller, in feet (Fig.
b - Blade width at any section, in feet (Fig. 1).

¢ - MNaximum blade width, in fecet (Fig. 1).

—~  Numbér of blades in propcller.

propeller, in focot pounds.

Hh

B

Q@ - Torgue o
T -~ Tarust of propeller, in pounds.

Qc - Torgue coefficient of any sectlon of propeller.
T, - Thrust cceffioient of any section of propeller.
Vv -~ Velocity of advance in T+t./secc.

M.P.He - Velocity of advance in mi./hr.

n = Revolutiers of propeller per éeoon&.

¥ = Revolutions of propeller per minute.

B.HP. - Brake horsepower of engine.
T.HP. - Thrust horsgepower. Reproduead
uced . :
- , best availa b’erocno]py 2
Q+hEP. - Torque horsepower. : %%%

N - LEfficiency
¢g - FEladc angle in degrees (Fig. 3).

O

1

=1
Ao

)

$ - iAngle which path of blade makes with planc perpendic-
)

ular to propeller axis.

- = a0 tan L m (Fig. 3).
=il
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a -~ dAvpparent angle of attack of section = @B - &  (Fig. 3).
¢ - Interfercnce correction for angle of attack (Fig. 5).
o' - Corrected angle of attack =a - ¢ (Fig. 5).

G, — Abscluve 1ift ccefficient of airfoll at argle of attack
a (Fig. 6). oo

'30L~. Interference correction for 1ift coefficient (Fig. 7).

C'y- Corrected 1ift coefficient = Cp - 3C; (Fig. 5).

L/D- Ratio of 1ift to drag for the airfoil scetion.

by - Uaximum upper camber ol section (Fig. 4).

hU/hL -~ Standard blade ratios (Fig. 9).

L

d trom E-
Reproductl o “cony.

h/ - Cember ratio of any section.

Y - Angle between resultant force on blade element and a
line perpendicular to V..

o - lass density of air. This may be taken as .002337 for
sea level and standard atmosphere.

Tip speed - The distance traveled by the tip of the vropeller
in vnit time in plane of rotation.

Tip sneed - = wnD = .0534 YD ft./sec.
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TABLE II.
Analysis of Standard Navy Woed Propeller.
Dianeter = 10 f%. R.P.M. = 1800 M.PLHL = 139
Piteh = 7 ft. n = 30 r.p.5. v = 189 ft./sec.
R .30 45 . 60 .75 .90
b (7t.) 738 .833 .788 . 660 . 450
by /b .200 .167 . 133 . 107 090
Ty /b .058 . 007
r (ft.) i,5 3.25 3.0 3.75 4.5
2 T 9.42 | 14.13 | 18.84 | 23.55 | 38.25
2T 283 434 565 707 348
g = 80X & 8.5 12 17.8 21,4
B3b
tandp=s— 743 495 372 2075 | .248
o8 36.68° | 26.4° | 20.4° 1 18.6° 3.9°
tanq>~2TyT5 868 448 L 334 . 267 .223
o 23.8° 24.0° 18.5° 15.0° 12.8°
o = ®B‘” & 2.8° 2.4° 1.9° 1.69 1.3°
0y, 760 .8032 L6568 530 . 430
a0, .100 . 096 - 066 .044 .024
¢y, = Cp - 30y . 860 706 . 590 . 486 408
€ .40 1.8° 1.00 .5° 2
o' =a - ¢ .4° i .9° 1.1° 1.1°
L/D (a') 14.5 | 15.4 1163 | 15.8 16.5
D/L {a') 0630 L0649 L0813 .0525 L0808
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Table II (Cont.)
Analysistof Standard Favy Wood Propeller. A
Dismeter = 10 ft. R.P.M. = 1800 M.P.H. = 1239

Pitch - 7 ft. n =30 r.p.s. vV = 189 ftu/seog
tane 0419 0314 .0175 . 0087 L0035
tany = D/L + tane¢| 1109 .0963 .0788 .0€83 | ,0€41
Y 6.3 5.5° 4,59 %.9° %,7°
&+ Y 40.1° 29.5° 23.0° 8.9° 18.5°
gin ¢ 5563i 4067 3173 .2588 .2181
b/D 07883 .0833 . 0788 0860 .04E0
o'y . 660 .708 . 590 . 488 . 408
Kp:G'LX%X%E%ZEE- 041l 1805 3310 | 2890 | 1020
sin(o+n) . 6441 L4924 ; . 3907 . 3239 . 2807
r/D .15 .225 | .30 375 45
QGfK@X%Ksin(©+w) .0081 .0200 L0271 0390 }0242
cos{P+Y) . 7649 .8704 .92C5 9461 9598
To=¥n cos (@ +Y) .0843 L1573 .21.30 2260 1880
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Fig.5 theory.
Diagrams used in the developasnt of tie modified blade element
- S5
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Fig.6 L/D and Op curves f



I'-L&cl

20°

N.A.C.A. Technical Note No.2335

g
— 3
o il g f
r_.m_ \\\\ 2 _.f% %. \\
i /R z S/
¥ o 7 27,
L T N— A
ﬂ A\ﬂWVv\\\ o T o
, mw. rﬁ §§
5 2 7/
V\ . o " mv kﬁw
.,...\\\M: 3 o | Hl L 27
- e AL
/] x o | )
5 Zinnmt
i Ve *
BWMB _ 7 \\\\ / OO.. o \\ﬂ
o |z /]I i Y/
o \\ /7 \ \ \ o o Pt il
e < \.\ / 7 4 : = i o \\\\\.\5
b it & .
A IR
SN . T
& ¢ 8 § 8 ° § ¢ § § g °
CL N.UL
O e

100

10° 20° 10°

30°0

20°

@

Fig.7 Lift correction,d Cp

—17-



N.A.C.A.-

Tech. Not¢ \ by f= 110 \{31,::1.10 Fig.8
No.2%5 \ =
- go N .
NAN e
50 \\ N S=§~%¥ 5 \ \ §=FTTLq ¢
N\ ¥ \\ \\ '9\ \\ 0
NANANN WY
SN NS \ \\\
¢ 20 ™ \\-:’ \\?\\\\\\
°7N\\ B :/ "12\\\ \\ ‘
20 et I \\\\\\ \\ .
Enne=S R R ENNNS)
10 4 --~*‘““’“j il .5~\~>§““"’ -
I R R e s e
> e
Y05 o5 500 300 400 4 0° 109 200 300
5 = STr 1§ \CL:l.lc S= .Eﬁ??;-ﬂo S|= 80Tz
| BS \ Bb | - BY
- A i
1] o100 T\ ¢, =1.10
g | Y
1) IR \\
i\ \ \
"\;\\‘\ \\\ )
BN S\ A
.6 B\_\\\\ ) \}\\\\ 7\\\\\
SN SN AN
N ¥ - : S TR
SN N\
jaSSS=aN PSS i
0° 10° 20°  30%° 10 4 80°%_ . 0° 10° 20°



’!7! -

k- Max. camber =1.0
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Fig.9 Navy standard blade ‘section.R.A.F.No.8 Modified, flat face.
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1/2 |
/\ { = 5,30 gqg.in. =.063
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0
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o Qg d(r/D) = 0,001 x8,05 sq.;n.=.00805
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0 .1 3 .3 .4 .5
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Fig.10 Thrust and torque grading curves.
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