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NOTATION

a Distance between forward and aft shaft in., m
-~ I moment flexures

a1 Distance between aft shaft moment flexure In., in
and propeller hub center

BF Bearing force, the total force acting on lb , m
the shaft bearing, BE V’1{~

2 + V~
2

0 Propeller diameter ft, in

H Horizontal force in earth coordinate system. lb , Ne H is positive in the starboard directione

H~ Horizontal force (in the propel ler lb , N
• coordinate system)

J Advance coefficient, J = V/ nD

I
KBF Bearing force coefficient, KBF = BF/pn 2D~

KH Horizontal force coefficient (earth
e coordi nate system), KH = He/ Pfl 2D

~e

KH Coefficient of measured horizontal force
P (propeller coordinate system),

= H 2D~P

Horizontal moment coefficient
(propeller coord inate system)

~?4H 
= MH/pn2D5

Vertical moment coefficient
(propeller coordinate system)

MV/pn2D5
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• KQ Torque coefficient (propel ler coordinate
system), KQ 

= Q/pn2D5

KT Thrust coefficient, KT 
= I /pn 2D”

e e e

KT Coefficient of shaftline thrust,
P K _ T /pn 2D~P

Ky Vertical force coefficient (earth
e coordinate system), K~ 

= V /pn 2Dk
e e

Coefficient of measured vertical
P force (propeller coordinate system),

K~ 
= V~/~fl2D~

Mnx Shaft bending moment about the center in-lb , N.m
of the aft dynamometer flexure in the
plane of the pitched shaft

MAY Shaft bending moment about the center in-lb , N.m
of the aft dynamometer flexure in the
vertical plane

• MBX Shaft bending moment about the center in-lb , N.m
of the forward dynamometer flexure in
the plane of the pitched shaft

MBY Shaft bending moment about the center in-lb , N.m
of the forward dynamometer flexure in
the vertical plane

MH Moment in a horizontal plane passing in-lb , N.m
through the propeller . Moment is about
the center of the propeller hub.

MV Moment in a vertical pl ane passing in-lb , N.m
• through the propeller. Moment is about

the center of the propeller hub.
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F
n Shaft revolutions per second RPS

P Nominal propeller blade section pitch in., m

Q Shaft torque in-lb. N.m

• T Thrust or propulsive force ib, Ne (earth coordinate system)

Thrust measured along the shaft ib, N
(propeller coordinate system)

V Speed of advance ft/sec, ms
_i

V Vertical force or l ift force ib, N
e (earth coordinate system)

Vertical force (propeller Ib, N
coordinate system)

Angle of shaft pitch deg

Angle of shaft yaw deg

11 Efficiency in earth coordinate system,
e 

~e 
TeV/2WQfl 

a J Te
)’2T

~Q

e Bearing force angle measured from the deg
vertical , e = Arctan

p Mass density of water lb-sec 2/ft~, kg m 3

viii

I
• I



_ _ _ _

ABSTRACT

Model experiments were conducted to determine the performance

of model propeller 4407 in partially-submerged operation for a range

of shaft yaw angles. All experiments with the highly skewe d propeller

were conducted at 30 percent submergence and at 19.5 degrees shaft

inclination from the horizontal . The purpose of the experiments was

to determine the effects of shaft yaw angle on the propeller performance .

Test results showed that shaft yaw angle could yield a 15 percent

increase in efficiency based on forward thrust production .

ADMINISTRATIVE INFORMATION

The exp”erimcnts reported herein were funded under Task Area

Sf 4342170408, Task 17646, El ement~&27N, Nava l Sea Systems Command

(NAVSEA) Project Order No. 40002, Work Unit 15?O-llO . The analysis of

the resul ts was funded by PMS 304 , NAV SEA , Task Area S0308001, Tas k

19588, Fund Code A 7056, Work Unit 1532-304. 
‘



- — •

INTRODUCTION

The partially -submerged propeller arrangement has long been

recognized as being advantageous for special applications 1 . It

appears to be one of the most efficient systems for use as propulsors

on Surface Effects Ships (SES)2. A rather extensive program to

investigate the performance characteristics of partial ly-subme 1-ged

propellers has been conducted at the David W. Taylor Naval Ship Research

and Development Center (DTNSRDC). This program has included the

• investigation of the effect of number of blades, type of blades ,

blade skew, blade rake , propeller disc submergence , and many other

factors which would affect the performance of these propeller types.

Large transverse forces have been found to be produced by partially

submerged propellers . The results of experimental investigations

seem to indicate that these transverse forces may be substantially

reduced or transformed into useable forward thrust by orienting the

propeller shaft such that components of the forces act in the direction

of motion of the craft. The purpose of this report is to identify the

advantages , if any , that can be derived from yawing a 30 percent

partially -submerged propeller.

Hadler , J.B. and R. Hecker, ‘Performance of Partially-Submerged
Propellers ,” Seventh Symposium on Naval Hydrodynamics , Rome, Italy
(August 1968).

2 Shields , C.F., “Performance Characteristics of Several Partially-
Submerged Supercavitating Propellers ,” NSRDC Report 2723 (July 1968).2
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APPARAT US AND PROCEDURE

Experiments were conducted using the supercavitating propeller

• model 4407 shown in Figures 1 and 2. It is an eight-bladed propeller ,

highly skewed (450) and highly pitched (pitch ratio = 1.8), wi th a

skew-induced tip rake of 19.5 degrees. Propeller 4407 was selected

because it is representative of the type of propeller that would be

used on a surface effects ship.

The DTNSRDC towing tank at Langley Field , Virginia was used

to conduct the experiments . A small flat-bottomed hull was rigidly

attached to the carriage to provide a platform from which the

propeller could operate (Figure 3). When towed by the carriage , the

flat bottom of the hull generated a flat smooth water surface into

which the propeller could operate.

Propel l er side forces and shaft bending moments were measured by

a four component dynamometer (Figure 4). The maximum side force on

the dynamometer was 150 lb (667 N) with an accuracy of + 0.8 lb (+3.6 N).

The dynaniometer was constructed to measure two bendin g moments in the

vertical plane of the shaft and two bending moments were measured in

the horizontal plane of the shaft. Side forces were computed using

the distance between the bendin g moment measurements in the respective

horizontal and vertical planes of the shaft. Shaft thrust and torque

were measured separately by a standard 100 in-lb (+ 0.5 in-lb) 0

(11.3 N.m + 0.06 N.m) torque and 100 lb (+ 0.5 ib), (445 N + 2.2 
N)3



thrust dynamometer used by DTNSRDC .

Experiments were conducted with the propel ler at 30 percent

diameter submergence which corresponds to a condition in which the

water surface is tangent to the propeller hub. The shaft was inclined

19.5 degrees from the horizonta l for all yaw experiments . The

propeller shaft was yawed to the five separate angles as indicated

in Table 1. The yaw angle was taken to be positive with the propeller

on the centerl i ne of the barge and the upstream shaft of the propeller

• angled to the port side as defined in Figure 5.

Experiments were conducted at a model speed of 7.5 knots wi th

the exception of the zero degree yow condition which was conducted

at a model speed of 10 knots. An approximate range of advance

coefficient , J , from 0.6 to 2.0 was obtained for each yaw condition by

vary ing the shaft revolution rate. !Inderwater photographs were taken

of the cavitating propeller at selected conditions. Shaft thrust ,

torque, bend i ng moment and side force data were collected for each

y~w angle and advance condition with the aid of an Interdata mini-compu ter

which averaged the data for approximately 15 seconds.

DATA ANALY SIS

The experimental data were obta i ned by using dynamometers

aligned to the coordinate system of the propeller . This coordinate

system as defined in Figure 5 has the thrust vector along the

propeller shaft which is positive in the forward direction . The

4
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measured vertical and horizontal forces were in the plane of the

propeller. In order to determine effec tive propel ler performance ,

it is necessary to resolve these forces into an earth coordinate

system. The analysis was further complicated by the design of the

s ide force dynamometer which measured bend ing moments at two se parate

stations along the shaft. In order to obtain side forces an algebraic

transformation was necessary .

• The dynamometer as shown in Figure 4 measured bending moments

about the horizonta l and vertical axes in the planes A and B. Planes

A and B are perpendicular to the shaft at points A and B and are

separated by a distance “a” which for this dynamometer was 2.16 in. (5.49 cm)

Point A is separated from the center of the propeller disc by a

distance of “a1 ” equal to 4.0 inches (10.16 cm).

• The moment produced on a propeller operating partially submerged

can be represented by a pure moment and force applied to the shaft

about the propeller center. This moment and force can be measured

as a moment and force in the vertical plane (MV and V~ ) and a moment

and force in the horizontal plane (MH and Hr). The bending moments

generated at Planes A and B in the vertical plane are, respectively:

- MAY = MV - V 1, a1

_ M
8~~=MV

_ V~, (a1 +a) = MV 
_ V

~~a1 
_ V

~~a

5
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From these equations , the “vertical” force and moment are

= (M8~ - MAY )/a

- MV = [(a + a1) MAY 
- a 1 MBY ]/a

• Similarly, the horizontal force and moment coefficients can be obtained :

= (M 8x 
- MAX )/a

- MH = [(a + a1 ) MAX - a1 MBY ]/a

The dynamometers used in the experiments were mounted along the

propeller shaft, the thrust was measured and side forces were determined

in a coordinate system aligned parallel and perpendicular to the shaft.

In order to present the results in an earth or (ship referenced )

coordinate system , the iiieasured forces were resolved into the horizontal

and vertical planes as shown in Figure 5.

The formulae for resolving the measured forces into forces of the

ship coordinate system are:

• Te 
= (T~ cosc~ - V~ sino~) cos~ + H~ sin e

• V = T~ sinci + V~ coscte

He 
= H~ cose 

- (T~ cosci - V~ sinci ) sine

BF= v’V 2 + H ~

26



RESULTS AND DISCUSSION

The propeller performance data were reduced to standard

nondimensional coefficient form. Force data were divided by pn 2D~

and moment data were divided by pn 2D5. These coefficients are presented

in Figures 6 to 14. Figures 6 to 9 present force coefficients K.1. , KH 4
and torque coefficient ~ in propeller coordinate system versus

p
propeller advance coefficient. Figure 9 also presents efficiency which

is computed from the thrust , Te O resolved into the ship coordinate system .

The torque data for the 9~~750 yaw condition were defective and therefore

neither the torque nor efficiency has been presented for that condition.

Figures 10, 11 , and 12 present the forces Te’ Heo Ve o in the earth or

ship coordinate system. Figure 13 presents the bearing force coefficients

(based on measured horizonta l and vertical forces in the propel l er plane).

Figure 14 presents the bending moments about the center of the propeller

hub and Figure 15 presents the underwater photographs (at various

advance conditions and yaw angles).

Trends were noted in the data as shown in Figures 6 and 7. An

increase in yaw angle from -9.75° to 19.5° resulted in a decrease

in measured shaftl i ne thrust. Measured horizontal side force in the

propeller plane and shaft torque decreased with an increase in

shaft yaw angle as shown in Figures 7 and 9. Propeller efficiency ,

based on resultant thrust in the direction of craft motion , i ncreased

with increasing yaw angle. Peak propeller efficiencies observed at

7
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5.0 and 19.5 degree shaft yaw angle were 15 percent hig her than

that at zero yaw angle. The 19.5 degree shaft yaw angle condition

achieves peak efficiency at a lower advance coeff ic ient than for

other yawed cond it ions. There appear to be no pronounced trends in the

vertical force data of Figure 8 indicating that vertical forces are

relatively insensitive to yaw angle changes . This may be due to the

fact that the vertical forces are of such small magnitude that the

dynarnometer cannot measure them accurately.

• Figures 10 and 11 present resultant (ship coordinate system) thrust

-

~~ 

- and horizonta l side force coefficients as functions of yaw angle.

Horizontal side force is reduced throughout the range of advance coefficient

for increasing yaw angle. Below an advance coefficient of 1.2 , thrust

is qenerally higher for increasing positive yaw angle. The horizonta l

side fnrce in the ship coordinate system approaches zero throughout

the J range as the propeller is yawed to positive angles. The 19.5°

yaw position has the lowest horizonta l force. This decline is the

result of the decl i ne in the measured horizontal side force as noted

earlier; however , it is more emphasized in the ship coordinate system

because the measured horizontal vector is directed forward contributing

less to the ship ’s horizontal force.

The results of yawing can be seen in the efficiency curves of

Figure 9. It Is the added component of the horizontal force in the

F direction of motion that improves the efficiency . This observation

is emphasized by the fact that a constant ratio is mainta i ned between

measured hor izontal

A

_ _  

~~~~~~~~~~~~~~~~~~~ .
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force and shaftline thrust wi th yaw angle change. A more detailed

explanation of this will be given later.

In the shi p coordinate system the vert ical s ide force is

derived from the measured vertical force and the measured shaftline

thrust. The magnitude of the vertical side force in the ship

coordinate system is larger than the measured vertical force because

of the contributions made by the shaftline thrust. The magnitude

of the vertical force, Ve~ 
presented in Figure 12 is significant

when compared to the other forces in the ship coordinate system.

Comparing vertical force, Ve~ 
to thrust, TeO on a percentage basis

the lowest percentage of Ve to Te is 40 percent. From Figure 12 it

is evident that the vertical force, Ve~ 
is not significantly influenced

by yaw angle.

The bearing force coefficients are presented in Figure 13. The

curves show that the bearing force decreased as the yaw angle increased H
to higher positive angles. Bearing forces are similar to the

horizontal forces of Figure 7 because the vertical forces are generally

of smaller magnitude.

Vertical and horizontal shaft bending moment coefficients are

presented in Figure 14. The vertical bending moment has no clear

trend wi th yaw angle variation. This is to be expected from the

previous observations of vertical forces. The trends of the horizontal

bending moment are not clearly defined but in general the horizontal

bending moment increases as the yaw angl e becomes more pos iti ve.

9



Cavitation results are displayed in Figure 15. Underwater

photographs were taken for a yaw angle range of 0 to 19.5 degrees

and an advance condition from 0.6 to 1.6. The propeller was not

fully ventilated at two of the displayed conditions. They are the

yaw angle of 5 degrees and advance of 1.4 and the yaw angle of 19.5

degrees and advance of 1.6.

Table 2 of this report contains a listing of the unfaired

experimental values measured in the propeller coordinate system .

These are the actual data collected during the experiment with

adjustment made for zero (no load) conditions. A water density

of 1.9905 lb—sec 2/ft~ (1025.86 Kg/ni3) was used in computing the

dimensionless coefficients .

Sumarizing the results , it appears that the shaftline thrust,

torque, and measured horizontal forces decrease with increasing shaft

yaw angle. However , it is also noted that the ratios between shaftline

thrust , torque, and measured horizontal force remain relatively constant

below an advance condition of 1.4. The result of these two observations

is that the efficiency in the earth coordinate system necessarily

increases with increasing yaw angle. Mathematically stated 
~e is

proportional to (J/211)/(KT 1K,,) (assuming Ky constant) and KT is
q e ” P e

approximately equal to K,. cosg + K~ sine . Solving for the maximum
p

efficiency and applying the fact that K,. /K~ and K~ / K~ are constant
‘P ‘~ “P “1

with yaw angle, then the peak efficiency occurs when a yaw angle of

= Tan ’ KH / K is achieved . For this propeller the angle is
p T~

10
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37 degrees . There is no reason to bel ieve that these resul ts would
• apply to other propel lers and exper iments were not conducted at the

relatively large yaw angle of 37 degrees . The propeller performance

may degrade significantly at such a large yaw angle thereby eliminating

the cons tant ratios of K / K and K / KH~ Q T~ Q

The change in hydrodynamic performance of the propeller is

evidenced by the change in the K /K and K /K ratios above a J ofH~ Q T~ Q
1.4. It is al so evidenced by the steady decline in magnitude of

KH and K,, with yaw angle increase. These changes are the result
p P

of many factors which influence the propeller . A rev iew of the propeller

geometry would be beneficial in understanding some of the physical mechanisms

which influence the propeller. Definition of rake angle is made by running

a line from the center of the propel l er hub to the blade tip. This

angle is 19.5° for propeller 4407. Wi th the 30 percent submergence a more

appropriate rake angle would be defined by the line running from the

blade root to the blade tip which is approximately 30°. This means that

the propeller radius as defined from hub center is not fully presented

to the flow until a shaft angle of 30° is achieved . The effective

radius of the propeller over the wetted portion of the disc is therefore

changing wi th yaw angle (and pitch angle).

As the propeller is yawed the effective pitch of the blade

changes and because of the propel l er rake the effective pitch is not the

same over the entire disc area with even the smallest yaw angle. The

change in effective pitch will influence the hydrodynamic performance

of the propeller .

11



~ .
~~~~~~

-
~~~-~~• _ •~~~-,-. ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

As the propeller is yawed a transverse flow is created across

the propeller disc. This flow velocity vector is a function of the

forward velocity of the craft and the shaft yaw angle. The resul t of

this flow is to change the effective blade section angles of attack,

thereby influencing the hydrodynamic performance of the propeller.

CONCLUSIONS

1. The most enlightening results of the data were the steady

increases in propeller efficiency as the propeller was yawed from

-9.75° to 19.5 °. There was an increase in peak efficiency of

approximately 15 percent from the zero yawed condition to the 19.5°

yawed condition . For this propeller the increase is the direct result

of orienting the propeller plane horizontal force to a more forward

position by yawing the propeller.

2. There was a general reduction of shaftline thrust , measured

horizontal force, and torque with increase in yaw angle.

3. A relatively constant ratio of T~/Q and H~/Q was mainta i ned

for each yaw angle condition of this propeller below an advance

condition of 1.4.

4. The resultant hor izonta l force He was reduced throughout the

• J range with increasing yaw angle.

5. The vertical force in the ship coordinate system was a large

positive force of significant magnitude. Its minimum size was

40 percent of the thrust in the ship coordinate system . The vertical

12
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force was insensitive to yaw angle changes.

6. With the magnitude of the vertical force in the ship

coordinate system , consideration should be given to utilizing this

force in high speed craft by midship placement of propellers. This

could improve the total craft dynamic lift.

7. Further experiments are recormiended to:

a. Fully explore yaw angle change effects of smaller

incremental changes and over a wider range of angles .

b. Generate detailed underwater photography to determine

fully ventilated conditions .

c. More accurately define the water surface entering the

propeller disc.
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TABLE 1 - EXPERIMENTAL PROG RAM

Yaw Inclination Model Advance
Angle , ~ Angle , a Speed , V Coefficient , J

(Degrees) (Degrees) (ft /sec )

—9.75 19.5 12.66 0.55 - 2.2

0 19.5 16.88 0.80 - 2.0

5.00 19.5 12.66 0.45 - 2.0

9.75 19.5 12.66 0.60 - 1.9

lg .50 19.5 12.66 0.60 - 1.9

1.0 ft/sec 0.3048 rn/s
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TABLE 2 - EXPERIMENTAL DATA MEASURED IN PROPELLER COORDINATE SYSTEM

Yaw Angle • -9.75 Degrees
VERTICAL #I O RS ZO NT AL

SPEED T~IU$T TORQUE R PM FO RCE FORCE
(ET/SEC) (Le) ( IN— IS) (18) (LB)

— . 4 0 1 3 2 3 R . U 1  4 . 1 6 3 8 7  4 1 2 .8 4 3  3 . 4 2 l 7~~ 5 . 3 7 0 1 2

• t 2 .4 ~I2 • . 906323 E- .  U 3 . 9 3 6  ~~~~~~~~~~~~~ 
3 .4 / ’. 2 1 . 3  )t~~ 5

13.06 16 — .9 24 1 4 9 E —~~ 3 . 61 37 1 2  ‘. 3 1. 1 . 5~~ ~~~~~

12 . 6 25 1.073 94  6 . 9 8 3 3 - .  ‘.U~. 2 .  .3 3 . 2 i , ,

12.6~..94 1 . 1 4 2 9 7  6 .8 3 ~~~6t. - .- 9 . 1 .~~ ~~~~~~~ 2 . 5~~~03

12.6  b- ~ 
1.0 9 9 6 6  5.81269 4 4 ’ i. 75 1 . 2 . 3 1  2 . 6 3 2 1 3 8

12 .6 9 58  3 . 7 8 02 5  12 . 5 9 1  ~~~~~~~~ 2 .2~~- 7 3  . . 8 67 55

12 . 51 61  3 . 7 1 3 9 3 8  1 2 . 7 t ’ .~ i 5 .. 2 . 2 . . 2 . 2 - . 3~ . .  - . . 8 3 1 5

12.59 .3 3 3 .7 4 4 5 , 13 .~~~63 ~.2. ’~
) J  2 . 2  o S ,  4 . 8 , 9 5 2

1 2 . 3 8 5 ~ 6 .3 3 8 8 - )  l 6 . 7 3 5  5~~~ . 7 3 3  1 . 2 . 7 8  6 . 5 9 8 2 4

1 2 . 5 8 3 7  6 . 2 5 3 0 2  19 . 322  5 6 1 . ’ 3 5  1 . 3 3 3 6 2  6 . 6 1 6 2 7

1 2 . 6 3 6 4  6 . 3 5 8 6 8  19.~~~7uI 51 .4 . 5  l . 3 :I~1)7 6 . 6 3 4 3

1 2 .5 00 4  9 . 3  8 9 3  2 6 .6 U 3 3  -, ‘. T . ~~8)  .3 8 6 U 4 ? 7 .6 9 7 9 5

1 2 . 5 7 3 8  9 .2 49 2’.- .6 1 35 ‘. . 2 ’ • 38~~,.- , 7 7 . 6 9 7 9 5

12 . 59 3 6  9 . 3 6 5 1  26 . T - . 2 6  6 4 6 . 1 9  . 4 2 1 1 4 3  7 . 7 1 5 9 8

1 2 .7 4 5 2  11 . 88 06  3 4 . 2 3 6  15 2 . 7 8 9  . 7 1 9 4 5 2  9 . 2 4 8 3 6

1 2 . 8 1 0 1  1 2 .8 . 3  3 4 . 0 3 6 9  7 5 6 . .’86  . 7 3 7  9 . 3 0 2 44

1 2 . 6 7 2 7  1 1 .8 2 2 5  3 4 . 2 3 . 3 5  7 5 6 . .~ 45 . 7 7 2 . 9 5  9 . 3 . 3 24 4 .

12 .88c .2  15 .4 3 7 9  4 5 . 708 9 2 3 . 7 1 3  • 3 8 6 t 4 7  1 2 . 24 1

12 . 64 3  15 . 4 2 1 1  4 5 . 2 9 15  3 . 1 . 1’. . 36- I .- I c .

12 . 6 5 2 9  1 5 . 4 2 0 3  4 5 . 3 7 9 7  9~’ 4 . 4 . 5  . 3Ci ’~~ 1 2 . 2 . 1

I Z . 44 8 6  19 .8o27  5 9 . 7 2 3 3  ~~~~~~~ 
— . 7 u ’ c ~~ 3

12 . 6 3 64  20 .183~ 6 0 .18 4 8  5 1 3 5 .  - 1~~ .9 - . 6 3

1 4 3 2 1  1 9 . 0 1% 3  5 9 . 1 3 0 .  1 1 4 3 . 3 ’ , — . ~946~.3

2 3 . 7 ) 40 3  12 .8963  1 5 1 2 . 5 3  — 1 . 1 2 3 . ’~ i l .’ ’ ’.,

2 3 . 9 ) 4 14  1 3. 2 )5 1 3 O, . 5 t ~ — 1 . 2 ~~~2C 1 5 .  . . i~~

1, . ’, ’.) 2 3 . 0 5 7 6  7 3 . 1 2 2 9  5 Ø I . 1 ~~ 1 J 3 53

1 .‘.L’~58 24 . 3 6 1 1  1 6 . 82 36  1 7 05 . 9  
~~~~~~~~ 3 3  1~~.2 1 7 ,

1 . 5 1 4  24 . 1 7 0 4  1 6 . 3 14  1 7 07 . 4 i’ 3 3  1 . ~~~ 9i

24 .4 .81 76 .  ‘~2i 1 6 96 . 8  — . 7 ~~~o 4 3

1 ft/sec • 0.3048 rn/s
1 lb • 4.4482 N
1 in-lb • 0.1129 N.m
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Yaw Angle • 0 Degrees
V E R T I C A L  HORIZONTAL

SPEED T HRUST TO R QUE R P M FORCE FORC E

~FT/SEC ) (IS) (IN—IS ) (ID) (LB)

F 16 .940 — A , 5 2 ~~1i3 •~~e 4 . J 3 8  6 0 2 . 2 3 1  3 . 8  ‘ 22 . 1 l 1 1 1~~ L .  I

I b . ’ 2 9 9  — 1 . 4 7 1 2 9  . 1 8 14 7 4  5 9 6.3 1  5 . 7 3 29 7  ~~~~~~~ 12_-~

I . l 3 . ’ i 1.4532 .!003.-97 598.20 2 5 • 7 7 3 1 ~~ — . 1 2 1 1 1  ‘ [ - . 1

1 6 . 1 2 9  3 .07312 12 .0 8 1 9  670 . 3 3  ~~~~~~~~~~~~

1 2. 55 5 2  3 . 3/ 8 ) 12 . 7 i024 56 8. 16 9  5 . 1 2 3 9  4 . 5 61 0 9

1 6. 7 8 9 3  3 . 2 1 2 5 2  11 . 8 7 7 7  670. 0 4 . 3 0 6 6 ,

1 6.9 0 8 !  7 . 76 9 92  2 3 . 6 5 0 1  7 5 4 . 2 5 4  4 . 0 5 3 5  8 . 1  -.7

1 7 . 3 4 3  1.73295 23.8707 75 8 . 6 5  4 . 1 5 ) 1 5

16 . ’ ) ? ! ?  7 . 9 64 -6 2 3 . 9 / 9  7 5 6 . 0 8 6  3 . 9 8 3 3  ~ .22~~75

1 6 . 4 5 . 3  1 3 . 6 1 4 4 8  3 8 .4 9 9 2  8 6 5 .9 8 2  2 .5  68 5  1 1 . 5 7 3 9

1 6 . 7 ( 6 1  1 3 . 1 4 8 3  3 8 . 9 . 3 8 3  86 3 .” l ’ 2 . 3 5 1 . 8  1 1 . 5 5 5 )

12 . ) ! ’ ,’ 13.7 140 ’ )  3 8 . 4 2 9 1  8 6 3 .7 8 4  2 . 4 - 1 5 7  1 1 . 5 5 5 ~

1 6 . 7 5 6 ,  1 9.5 6 6 2  5 5 . 4 2 3  10 2 3 . 8 6  2 . 9 6 5 5 4  1 4 . 7 6 9

1 6 . / 3 3 2  19 . 2 61  5 5 . 1 ) 8 9 3  102 .3..1 2 . 98 30 9  14 .4 6 2

5 4 . 8 1 3  10 19 .4 1  2 . 9 6 55 4  14 .6 22

2 3 . 1 3 3 1 .’ 7 5 . 8 0 1 3  ‘ 2 0 3 . 7  4 . 3 8 ó 9  1 8 .8 7 5 3

1 . (u6 2 5 . 7 3 5  7 5 . 2  2 7  12 0 4 . 8 2  4 . 0 7 1  , 1 6 . 82 1 2

5 6 . 4 1 4 1 3  2 3 . / - 2 8  7 5 . 5 3 6 9  12 0 2 .9 9  4 . 2 2 8 9 7  18 .8 0 3 1

1 6 . 5 3 84  34 .3 3 5 2  1 01 . 39 5  152 0 .9 6  3 .2 9 8 9 4  2 5 .0 94 ;

16.~ / 2  3 4 . 4 9 3 5  182. 904 1 503 . 0 !  3 . 7 0 2 5 4  2 5 . 3 - . ?

1 4 , . ’ , !’ . 3 4 . 1 3 1 6 8  1 . 3 1 . 1  1 5 14 . 3 1  3 . 3 6 9 1 3  2 5 . 1 3 1
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Yaw Angle • 5.0 Degrees
V E R T I C A L  HOR IZO .NTAL

SPEED THRUST TOR Q UE RPM FORCE FORCE
(FT/SEc) (IS) (IN—IS) (La ) (La)
1 2 . 5 3 4 3  — 1 2 7 8 3 7 1  —2. 52013 5 451 .307 3.63235 — .23436’.

1 2 .55 0 7  — 1 . 7 0 5 3 5  —2.36068 . 452 .Acs 3.61465 — .25239 .

12.61 —1.879 18 —2.27123 454.237 3.66145 —.270419

12 .6958 .542401 3.52808 508 .453 3.52707 1.15379

12 .6/93 .551~ 99 3.52808 5w8 .453 3.509)2 1 .17182

1 2 .7 3 6 6  . 43 8 13 1  3 .54 6 7 9  5 0 9 . 9 18  3 .5 9 72 6  1 .1 3 5 76

1. .6 .  3~ 3.42505 1 1 4.202 1  5 6 4 . 1 3 4  2 . 63 2 1 4  3 . 6 7 7 7

1 - , 3 . 1 3 1 5 5  1 1 4 . 35 1  5 5 0 . 63 7  2 .6 3 2 1 4

1. .~~4 c • 3 .2 1 6 8j  11~.0 O3 3  5 5 9 .3 7 2  2 .6 1 4 5’ )  3 .5 1 3 7 . 7

i . . 9 . - 6 (  7 . 3 4 6 5 3  2 ’ .3 o28  6 5 1 . 9 12  1.50 90)  6 . 39 9 93

L . 5 9 6 ’ 7 . 5 4 6 1 6  2 0 .5 95 5  6 5 3 . 1 5  1 .2 2 8 3 3  6 . 4 1 7 9 ,

1 ~ .5 ’ c 1  7.34596 2 1 4 . 3 4 63  6 5 1 . 3 1 0  1 . 24 5 88  6 . 3 8 1 91

12 . 6 6 9 4 11 . 2 4 9 8  2 8.  ‘ 104  760 . 46 2  . 7 0 1 9,4  8 .13 06 2

12 . 6 . 9- , 1 1 . 5 1 1 6  28 . 5 6 97  7 5 9 .3 8 3  .6 8 4 3 5 6

12 .6 .9 8  11.11 94 28.4993 7 5 9 . 0 16  . 7 0 1 9~~4 8 . 1 3 06 2

12 . 31 .4 14 .7816 39 .7235 901.743 1.42135 1I~.7 e 6

12 . 53 97 14 .799) 39 .014 909.208 1.403 5)1 10.6913

12.7 9 8  14 .13077 39 .8719 ‘507.3/7 1 .361471 10.6725

L c . 9 ( 9 3 20.0493 56 .8881 1145.12 .2 62285 14 .8911

u . S  32 21 .0145 55 .868 1144.3 4) ./72149 5 1 4.855

11.75 51 19.979; 55.6478 1140.35 .657 33 14 .355

1.. ’, 3 3 1  2 3 . 7’18 69.2075 1516 .5 ’ - .o8,357 17. 743 6

1,.,28~ 23 .O’i66 69.7405 1508 .14 •75~~547 1 7 . , 1 7

23 .9123 69.5989 151 1.44 ~~~~~~~~ 17.8 657

12 .5’#58 21.91416 90.3699 2211 .84 1.52664

27.81459 iO.3008 22 11 .!’ 1 .45645 19.7767

12. 1, 6.14 2 1 .7 53 ’  90.0132 2207 .81 1 .541 7 3 1-1 .7226

34

_ _  5 - —-
~ -~~~~~~~~~~~



Yaw Angle • 9.75 Degrees
VERTICAL HORIZONTAL

SPEED TN IU $T RPM FORCE FORCE
(FT!scc) 1LS~ (La)  ( L I )
12 .70514 —1.75~~39 -74 .1.09 3.43435 — .3 , 7 1 4 3
12.8474 —1 .76199 812102  3.3 , , ’.! — . 4 ” 5 / 55
12 .7782 —3 .54413 .77.539 3 •3 ’.~~)
11.1683 — 1 .55305 478.637 3.36 95 ,  —. 5 - 8 5 9
12.5307 — .464125 448 .179 3.228 /14 .112 2~~12.6266 . 5 3 4 2 5 5  ,c’O.t,l 5 . 2 . , - ~~1 . 1 . 2 2 3
1 2 . 3 7 2 ’ )  — .2338-’3 4 9 1 . 4 3 5  

~~~~~~~~ . 2 1 ’ ~ U
1 2 . 1 3 5  — . 5 7 4 3 9 5  4,14 .272  3 . 2 ’ u 9 ~ . 1 4  ,2 .’ 3
12 .  .12 2 . 66 694  962. 3 . ,  ~ - /0. 2 . 19.~ , .
12.’. -2 ! 2 .6342 4 1.2. 533

12. 2 2 . 6 8 6 15  5 6 3 . 3 , 4  2.57~~S12. 4 . 1 6  2 .711 6 -1 .b.~~2 B 2.6496)
14. 1, .1 - 4 6 .2566’ 649.~~ 2
1 , . 4 8 1~ 5. 20o ’, 1 6 4 5 . 2 6 3  • 4

6. 196o5 ( .49. 53  ~~~~~23 , i 6 . 3 ) 1 5 1

L L . c ~76 6. 2 111 .2  6 5 1 . 9 0 9  • ‘.1, 6 .4 1  4 3

1 2 . 9 27 7  9 . 8 2 12 7  7 9 9 . 1 3 1 4 1
1 6 . 1 3 3 8 7  4’~~k~.~~5 5  1 . 2 8 . 9 4  0 . 92 3 8 5
16 .0299 7 5 4 . 5 2 1  1 . 2 2 - 3 -  8 .8~~/ 2

1 2 . 5 7 / i  1 .94 16  1 5 1 . 5 5 5  1 . 2 8 - 9 7  8 . 8 3 3 7 1
1,2 . 3  54 i .9 7 )9 à  (( . /  .62 1.26 145 8 . 9 ’ .’ ; ,
1 4 .4  .2/ 12 .369  917. 36 2 . 1 9 14 5  11 .  3 5 1 4
1 4 . 6 - 4 5  13 .4 2 9 3  4 . 2 9 . 3 3 1  2 .17 1- 9 1 1 . I . ’.2
1 2 . 73 2 2  1 3 .3 7u 5  ‘.5. 37 2 .15.13 1 1 .2 - 9 2
1 2 .5 /4  1 3 . 4 3 9 !  9 . 1 4 . 3 7 2  ? . 1 9 3 4 ~ 5 1 . 72
1 2 . 6 - 3 - 3  16 .596 1 1 3 3 . 1 2  2 . 5 2 6 8 3  1 5 . 2 1 5 6
1 2 . 6 . 11 11, . 5 2 -0 2 1 1 3 2 . 3 2  2 . 5  ( O s  1 5 . 5 ~~59
1 2 . 5 -  ~~‘, 16 .4 1 6 !  1 1 2 , . 3 9  2 . 49 1 16  15 .~~~~ ,1 2 .6 2 6 6  16 .4 8 4 5  1 1 2 / . 9 3  2 . 5 2 6 8 5

14.6’91 22.6408 1510.25 2 .93045 19 .73 4,6
12.5121 22 .3184 14 15.38 2 .07701
12.6(6 22 .5094 1 502.9-’ 2 .9129
12.613 4 22.588 1512.03 2.877 1 19 .3.1

Yaw Angle • 19.5 Degrees
V E R T I C A L  HORIZONTAL

SPEED THRUST TORQUE RPM FO RCE FORCE

(FTISEC} (La ) (IN—La) (La) (La)

12.6298 — 1 .93346 —1 .350-1 ) 477.905 3.83573 —1.00956

12.6732 — 1.93366 —1 .81915 477.539 3.05328 — .991539

12.7353 — 1.93107 —1 .87939 402.299 3 .12347 — 1 . 0 0 9 5 6

12.877 —1.98066 —1 .4719 487.06 3.15857 —1.8 8956

12 .8639 — 1 .02204 .492794 506.469 2.96554 —1.08956

12.7647 — 1 .10172 .544668 503.906 2.988
12.66. - S  — 1 .1482  .28 306 ‘.9 8 . 41 3  2 . 0 9 5 3 5  _ • 9 3 7 4 5 5
12.7979 — 1 .04063 .339225 504.272 2 .949 —.95 942 7
12.6298 1.84549 7.984 565.429 2.9129 1.6.1449
12 .1535 1.83139 7.84674 51.6.528 2.98309 5.56843

1 2 . 52 5 5  1.88599 7.51854 559.936 2.8602~ 1.58646

12.537’. 1 .86129 7.79283 562 .5 2.$502~ 1.64.25,

12 .4782 5.56291 16.9167 644 .531 2 .19345 4.7-,l7o
1 2 .53- /3 5 .60522 17.0095 646.3142 2.2’854 4 .71353

12.6696 5 .47302 16.8816 649.2,2 2.2811 4 .7053

12.6~~~6 5.57884 16.4582 648 .193 2.31628 4.63319

52 .6335 9.59002 27.1694 757.324 1.63192 7 .42755
12.6620 9.44996 26.8066 756.225 1.68457 1.3)345
12 .65u1 9.40701 26.7529 756.958 1.68457 7 .31345
12 .5414 9.49405 27.1606 756.950 1.64947 i 3’)!’
12.4113 12.7099 31.451-3 911 .865 2 .65214 9.93342
12.6620 12.7199 37.4451 910.766 2.70233 9 .8973’
12.5705 12 .8231 37 .4363 911.49’) 2.68478 9.933..
1~~.5I70 12.0067 37.1468 909.301 2.73233 9.99737
11 .7858 57.6206 53.0894 1130 .12 3 .4393 3 13 .719 3
12 .8052 17 .6284 52 .7651 1121 .93 3.45688 13.7012
12.6661 17.6204 52.6923 1129.76 3 .50952 13 .1193
12.1459 21.4932 66.7616 1514.28 4.7554 1 6 . 9 3 8 1
12 .6892 21 .3198 66.3645 1512.45 4.77295 16.8201
12-7584 21.5265 66.6 1506.22 4.82559 16.9462
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DTNSRDC ISSUES THREE TYPES OF REPORTS

(1) DTNSRDC REPORTS , A FORMAL SERI ES PUBLISHING INFORMATION OF
PERMANENT TECHNICAL VALUE , DESIGNATED BY A SERIAL REPORT NUMBrR .

(2) DEPARTMENTA L REPORTS , A SEMIFORMAL SERIES , RECORDING INFORMA-
TION OF A PRELIMINAR Y OR TEMPORAR Y NATURE , OR OF LIMITED INTEREST OR
SIGNIFICANCE . CARRYING A DEPARTMENTAL AL PHANUMERIC IDENTIFICATION .

(3) TECHNICAL MEMORANDA , AN INFORMAL SERIES , USUALL Y INT ERNAL

WORKING PAPERS OR DIRECT REPORTS TO SPONSORS, NUMBERED AS TM SERIES
REPORTS; NOT FOR GENERAL DISTRIBUTION.

~~~~~ .~~1 -


