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FOREWORD

The study reported here was carried out
in order to provide necessary Information for a
proposed experimental water tunnel program and
also to permit estimates of drag on full-scale
torpedoes when propellers are used as variable
drag devices.

The work was performed under the Exploratory
and Foundational Research fund title, "Propeller-
Stabilized and Controlled Torpedoes," NOTS Local
Project T7O1.

The analytical work presented in the report
has not been reviewed outslde the Guidance and
Control Division. It i1s hoped that an experil-
mental program in the near future will esfablish
the validity of the analysis.

A. J. TICKNER, Head
Guidance and Control
Division

Released under
the authority of:

D. W. STEEL, Head
Underwater Ordnance
Department
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ABSTRACT

A simplified method for obtaining the
characteristies of windmilling propellers is
presented. The equations are equally valid for
freewheeling propellers or propellers used as
power generators. Once the propeller geometry
i1s known, such characteristics as the drag,
torque, slip, horsepower output, and local blade
angles of attack can be calculated as outlined.
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INTRODUCTION

Water-tunnel torpedo models are sometimes fitted with wind-
milling propellers rather than powered propellers for economic
reasons. Windmilling propellers may also be used as power gen-
erators. In either case, it is necessary to evaluate such
characteristics as the drag, torque, slip, horsepower output, and
blade angles of attack. This report presents a quick method for
estimating these characteristics for engineering purposes.

SYMBOLS AND DEFINITIONS
The following notation 1s as consistent as possible with both
torpedo and ailrcraft nomenclature.
R Aspect ratio of two opposing blades, d/c
¢ Actual chord-length of blade, ft

Cy,_  Average 1lift coefficient derivative over
complete wing

CLax Lift coefilclent derivative at point X
Cq Drag coefficient of propeller blade
d Propeller diameter, ft
D Propeller drag of each propeller, 1b
Dg Drag due to propeller slip, 1b

Dgq Drag due to blade-section drag, 1b

v

J Advance ratio at zero slip, ;é%

K Torque (+) clockwise (looking forward),
ft-1b ;
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Bo

Torque due to propeller slip, ft-1b
Torque due to blade-sectlon drag, ft-1b

Torque coefficient of plane wing due to
unit rotatlon

Bearing friction torque (always +), ft-1b

Output torque (+) for positive output
power

Lift of a unit blade element at
Station X, 1b

Number of blades per propeller
Rotational speed at zero slip, rps

Free-stream dynamic pressure (p/evg),
1b/rt2

Dynamic pressure of blade at Station X,
1b/ft2

Propeller radius (d/2), £t
Ratio of loecal radius to propeller radius
Free stream velocity, fps

Local blade velocity at Station X, fps

Aingle of attack, rad

Local blade angle of attack, rad

Local blade-pitech angle at zero 1ift, rad
Effective average blade-pitch angle, rad
Density of the fluld medium, slugs/ft3
Change in rotational speed from the zero

slip condition (referred to as "slip"),
rad/sec
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« Rotational speed for the zero 8lip con-
dition where the propeller blade angle
of attack 1s zero degree, (rad/sec)

Slip ratio, ratio of change in rotation
to the rotational speed at the zero slip
advance ratio

Els:

EFFECT OF SLIP ON PROPELLER CHARACTERISTICS

To obtain the net propeller characteristies, it 1s convenient
to treat the slip effects and the viscous blade-drag effects sepa-
rately, and then superimpose the results. Consequently, the
frictionless case will be considered first, where a slip velocity
@ 1s applied to the propeller. The problem is to obtain the drag,
torque, and blade angle of attack as a function of slip.

It will be shown later that the propeller torque character-
1stics can be related to the wing-damping torque of a straight
rectangular wing. Since this problem is basic, the case of a
rotating straight wing (Fig. 1) will be considered first.

(+)K
/} ()0

le— XR —>|

R
e d =

End View Side View at Station X

FIG. 1. Veloclty Diagram of a Rotating Wing.

The loeal wing angle of attack in Fig. 1 is
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since

ay << 1

The local dynamic pressure 18 then
XRE\2
g = 1/2p(V§ + XCR2GP) = Q|1 +|—] [ (1 + qg)
Yo
where
qe = 1/2pV5

Therefore, qy =~ Qo Since ay <L 1. The local blade 1ift, Ly,
according to thin airfoil theory 1s

The total roll torque can be obtained by integratlon as follows:

I
Ksg = -N fo Cry, GxeROXGx - XR

Substituting and simplifying,

-NcR3q°¢ 1
0

2
K,so = Cluxx dx

Vo
The damping torque of rectangular wings has been shown to bel
Ner3qof («/8) R
0% v, |VYme/16+1 +1

lNational Advisory Cdmmittee on Aeronautics. A Simple Method

of Estimating the Subsonic Lift and Damping Roll of Sweptback
Wings, by Edward C. Polhamus. Washington, NACA, April 194T.
WACA Technleal Note 1862.) Nomenclature has been adapted to
this report.
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where

Therefore, the value of the integral is
(n/8) R

J ' ¢ ¥2ax =
2 La'x VRZ/16 + 1 + 1

Substituting R = 2R/c and simplifying,

P:tNRuVOS.J
© T B(VR/he2 5 1+ 1)

Kg

The damping torque of a propeller blade can be treated in a
similar menner. Figure 2 1s the simplified veloecity dlagram of a
rotating blade having a eonstant pitch where B 1s the local piteh

“angle of the zero-1lift chord line.

\

(+)K Iy
(+)o + &

XR —] %

\) Dx B

"ﬁ
‘4‘
=
o

3
1

Side View

End View

FIG. 2. Rotation of a Set of Propeller Blades.
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Sincew 1s defined as the rotational velocity at zero slip,
the local blade angle of attack, oy, must then be a function of
the slip, @, as shown in Fig. 2.

XRZ sin (B - ax) @
Gy =~ 8in ayx= =—238in B cos B
XRw/cos B w

The local dynamic pressure is

1/2pV5 do

P o
qxﬂ—-v—;&: —~
2 sin2 (B - ay) 8in2 B

The local blade 1ift by thin airfoil theory 1s
Ly = Clﬁxgx - CRAXqy
The torgue 1ls therefore
1
Kg = =N C « ax + 6RAXgyRX sin
8 .J; Loy X Ax. B

Substituting in ay and qx:

o i 1 cos B
Ke = =-NeR< C X dX
g q°¢ J‘O I_u_x
since

Vo
tan g8 = —
XRw

Vo Vo cos B

= =

¥R tan B XR sin B
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Substituting w:

NeR3q J., | 3
Kg = ~————— [, Cp_ X° sin B dxX
Vo Ty

With the exception of the sin B term, this expression for Kg is
exactly equal to the integral expression for Kgg. Therefore, Kg
can be expressed as follows:

KS = Kgo 8in Bo

where By 1s some equivalent average blade-pltch angle, which for
engineering purposes 1s approximated as follows (from Fig. 2):

1
A (x2x2) /32

sin By =

In propeller equations, X = 0.7 is often used as a typical section.
Therefore,

i

V1 + (22)/232

8in By =~

The propeller drag caused by the slip, ﬁ, at each section is

st = 'cLax » ay + cRdXgy cos B

The net drag becomes

1
Dg = -Ng/; Cluquchx cos B dX
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Substituting a, and qy

fdfl cos2 g dx
D, = =NecRq [
s o L
© Tox wsinp
Since from Flg. 2,

cog B XRw 2

sin g Vo
80

NcR3qoéuJ 1
Dse-————f C;, X° sin p dxX
Ve ARy

By comparing this integral with that for K5, it is seen that

w
Dg = — X;
Vo
8ince
Jd =— = = —
nd w2R wR
then
LRt et
Vo JR
bi b1Y
Dg =a— K, =— K s8in B
8 5 80 )
JR
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BLADE VISCOUS DRAG EFFECTS

It 18 seen from Fig. 2 that the viscous drag component of the
blade forces at each section will contribute to the net propeller
torque and drag. Assuming a constant blade-drag coefficient of Cg,
the torque due to viscous drag becomes

1
Kg = -le; C4qeRdXqyXR cos B

or
1 X cos B
Kg = -chcReqobf =
° g§in@ B
Since, from Flg. 2,
RXw
cos B = sin B
Vo
and
Vo
sihp=s ————
Yv3 + X2R3,°
Substituting,
2
1 RXw
2 2,2 2
Kq = -NCqeR%qq J = Vva + x°R%w? ax
A5
or

chCRhwEQO
Ve

o

Kd=-
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Upon integration,

3

NC geR w2, f va V5 Ve

B 1/4 Al + - 14+ —

V§ R2we 8R2y2 RCw2

2

' s log | 1 1 o i 1 Yo
- og + + + og | —
BR%wu R%w® 8RM M Rw

Simplifying,
1/2
V2
2 0
3/2 Vgi1 +
NC4eR*,%a, V5 R%°
Kd = = 2 + .
8ve RAw? R%w?
Vg Rw Rew?
== e i=—1t + 1
Rl Vo V5

The propeller drag caused by the blade viscous drag is

!
Dg = NJ CqeRdXgy 5in B
[¢]

or

i Rw Vg o
D; = NCseRq, S — + X< ax
da 0
2 ° Vv, R%WP
Integrating,
NC,eRZ0q,| | V5 V5 Rw | R%?
Dg = +1 + log |— + + 1
2v, R2w? R%? Vo V3

Setting V/wR = J/x, the final expressions for the torque and
drag become

10
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ei——mlogili="aa\l ==l

8 J 32

NCgeRq 2 j2 1t 72
D= R e Ol = el = ]
23 © e J Je

The drag coefflclent, C4, can generally be assumed equal to 0.015,
unless the local blade angles of attack are greater than 5 degrees.
The net torgue and drag is

K = Kg +Kg

and

D=D5+Dd

The local blade angles of attack are

g

Ay =u731n B cos B

substituting

Vo XRw

8in f a3 —————— and ¢08 B =  —————
Nx2R%® + V3 Vx2R2,2 + v2

11
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and
W
J = —
wR
Qe becomes
ﬁ Xn/J

C!.x =
w1+ (x2x2)/32

HORSEPOWER AND BLADE ANGLE OF ATTACK OF POWER-GENERATING,
- WINDMILLING PROPELLERS

The horsepower output of fluid-driven propellers is absorbed
by bearing friction and useful horsepower. In the case of free-
windmilling propellers, the power output is completely absorbed
by the bearing friction, so that the net useful torque is zero.
Therefore 1t 1s seen that the useful power output of a Windmilling
propeller is proportional to (K - KB) where Ky 1s the bearing
friction torque. The useful horsepower output is

(K - &3)(w + &)

HP =
550

where w + @ 1s the net rotational speed. Since energy is obtained
from the fluid, ¥ in all cases will be negative. The term
(K - Kg) = Kg + Kp - Kp and 1s caléulated as in the previous section.

SOLUTION OF EQUATIONS

The method of solution is actually simpler than it might
appear. It is seen from the equations that the basic parameters in
all the equations arew, Vo, p, ¢, R, and N. The advance ratio,

J, 1s 2nVo/wd, and Cq 1s assumed to equal 0.015.

12
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Knowipg these parameters for a given propeller design, Dg,
Kq, and Kg@ can be computed from the following equations:

NCgeRqox 2 J2 n 72
e e l+—+ —log|—+ 4|—+ 1
27 2 e J Je

2
NC4cR%qon 22 e J2
o e e S
832 i 72 %2
H x o [e2
2l G e e e B
nh J J2

e pANRHV,,
KS B — = -
84 +1 +1|Ah + —
Le2 2J2

n
D‘-“-Dd'l'—Ks
JR

¢ ( Xn/J

w \1 + (x2x2)/3°
If the propeller 1s windmilling, the net torque, K, is set
equal to the bearing torque, Kg, so that the slip # can be found.
Substituting this ¢ value into the drag equation, the net pro-
peller drag, D, 1s obtained. The angle of attack, oy, at each ,
blade sectlon can then be calculated since ay 18 & function of @,
‘W, and J for each Station X.

13
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If the propeller 1s used to provide useful power, the re-
quired power output 1s set equal to horsepower, HP. Knowing the
propeller parameters, and the bearing-friction torque, K - Kg €an
be expressed as a function of ¥ as follows:

K - Kg = Kg - K + Kgoif

The horsepower output is then

(g - Kg + o) (w+ #)
520

HP

Simplifying,

2 Kd_Kb+K"°W>§y-550HP=o
Ks o Ksop

This equation can be solved for ﬁ, and in & manner similar to
the preceding case, the propeller drag, D, and the loeal blade
angles of attack can be obtained.

To illustrate the use of this theory, a special case may be
considered where it 1s desired to know the propeller drag, slip,
and local blade angles of attack as a function of the bearing
friction. This example 1s a water-tunnel model which is to be
fitted with four different windmilling propellers having the
followlng characteristics:

N = four blades
J =2 and 3
¢ = 1/2 inch and 1 inch
d = 2 Inches
Vo = 30 fps
Cq = 0.015

Several types of bearings cen be used, each having a different
frictlon torque. Thils study 1s made to determine whether the pro-
pellers will windmill adequately, and 1f so, which bearing is best
to adopt.

The free-stream dynamic pressure is q, = 1/2pVS = 900 psf,
since p =2 2.0.

1k
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The rotational speed w is

565 rad/sec éJ =2)
e ;E" = 1376 rad/sec (J = 3)

The frictional propeller drag component is

NC4eRq Jete e oo
Dg=— |1+ —=+—1log|—+|—+1
GBo, 2 J J2

L - 0.015 - 1/12 - 900x ¢
Ddz . — g(J)
2 J

SR
Pa = T=05 [2.21 EJ = 3{!

J
0.25 1b EJ = 2.0 ¢ = 1/2 ineh)
D. = |0:22 1b (J =3.0 ¢ = 1/2 inch)
d~ 10,50 1b (J =2.0 ¢ =1 inch)
0.43 1b (J =3.0 ¢ =1 inch)
The frictional torque component is
3/2
NCgeR2qon® 32 32 32
Kg =t s ——— [2(1 + — - — 1 + —
832 %2 7 "2
i 5 [x2
s log| —+Al— + 1
b1 d.’ J

Substituting,

Ky = ~0.462 Jie[r(J)]

15



NAVORD REPORT 5252

where
£(2.0) = 2.65 and £(3.0) = 3.26
Therefore,
-0.0127 ft-1b (J = 2.0 ¢ = 1/2 inch)
oy ~0.0070 ft-1b (J = 3.0 ¢ = 1/2 inch)
-0.025% ft-1b (J = 2.0 ¢ = 1 inch)
-0.,0139 ft-1b (J = 3.0 ¢ = 1 inch)
The basic 8lip torque coefficient is
pHNRhVO
Ksoff = - Tre
8 [~ +1+1
be2

Substituting,

o -0.00187 (¢ = 1/2 inch)
30 = | -0.00213 (¢ = 1 inech)

1
067 J = 2-0
8in B, = = [? i ]
° " AL+ (nooys (08 EJ 3'03

The slip torque coefficlent 1s

ng = Ksoﬁ sin B8,

Substituting,
-0.00125 (J = 2, ¢ = 1/2 inch) (case 1)
. _ |=0.00152 (J = 3, ¢ =1/2 inch) (ease 2)
Keg = | .0.00142 (7 =2, ¢ =1 inch) (case 3)
-0.00173 (J = 3, ¢ = 1 inch) (case 4)
The slip drag 1is
E 37.6
Dsf = — Kep = — Kgp

16
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Substituting,

-0.0236 (case 1)

Daff = -0.0190 (case 2)
3 -0.0268 (case 3)
-0.0217 (case 4)

Summarizing the equations and setting K = K = Kq + ngﬁ as
follows:

-0.0127 - 0.00125 @ (case 1)

Kn = | ~0+0070 = 0.00152 # (case 2)
b = 1.0.0254 - 0.001k2 # (case 3)
-0.0139 = 0.00173 ¢ (case 4)

Solving for @,

-10.2 - 800 Kp (case 1)
Gin -4.6 - 657 Ky, (case 2)
-17.9 - TOk Kp (case 3)
-8.0 - 578 Ky, (case k)

So
-0.0181 - 1.4k2 Ky, (case 1)
$/w = | 0:0122 - 1.75 Kp (case 2)
-0.0317 - 1.24 Ky (case 3)
-0.0213 - 1.54 Ky, (case k)

The net propeller drag is

D =Dy + Dgjsff

0.25 -~ 0.0236 ¢ (case 1)
D =|0-22 - 0.0190 ¢ (case 2)
0.50 - 0.0268 ¢ (case 3)
0.43 - 0.0217 @ (case 4)

Substituting for é

0.49 + 18.9 K, (case 1)

p = | 0-31 + 12.5 Ky, (case 2)
~ 1 0.98 + 18.9 Ky (case 3)
0.60 + 12.5 Ky, (case 4)

17
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The angle of attack at X = 0.7, is

n
. 0.7 — (57.3)
g J

R N T R 0 R - )
G 2 w [27-2 (J = 3.0J

1l +—
232
Then
-0.51 - 40.0 Ky (case 1)
= | 2033 = k7.6 Ky (case 2)
% deg * | -0.90 - 35.0 Ky (case 3)
-0.58 - 41.9 K, (case k)

The characteristics, D, %7 deg’ and ﬁﬂu are plotted as
functlions of Ky in Fig. 3 and 4.

It can be seen that the bearing friction torque, Ky, should
be less than 1 inch-pound 1if the slip ratio @/w and blade angles
of attack are to be reascnable. The drag 1s plotted so that its
effeet on the bearing friction torque can be obtalned.

This i1llustrative example is necessarily lengthy because four
different propellers were used. However, if the characteristics
of a single propeller were desired, the calculations would be much
simpler and only one quarter as long. The example has merit,
however, since the relative effects of advance ratio and chord
length on propeller drag, slip ratio, and blade angles of attack
¢an be obtained.

18
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3.0

o
(]

Propeller Drag, 1b
'—l
o)

Vo = 30 fps
d = 2.0 in.

FIIG - 3 L]

Case 1 J =2.0 ¢ = 1/2 1in.
Case 2 J =3.0 ¢ =1/2 in.
Case 3 J =2.0 ¢ =1 in.
Case 4 J =3.0 ¢ =1 1in.

|

1.0

Bearing Friction, Kp, in-1b

Drag of One Windmilling Propeller.

2.0

~0.301
-8
0,20~
-0.10F
ok 0

Vo = 30 fps
d = 2.0 ino

1

FIG. 4.

1'0

Propeller 81ip and Angle of Attack.

2.0
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