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NOTATION

A.. Internal cross-sectional area of the flexible rubber j6int, sq ft
J

CD Drag coefficient,
D

2
S

L -

Lift. coefficient,
i- - 2 -

V S
o

C Pressure coefficient, Iv22po

D Drag.of the model, lbs

Dg Drag sensed by the gage, assembly, lbs

D. Drag transmitted through the flexible joint, lbs

DM The momentum of the entering fluid at inlet, lbs

Froude number, v/gh

g Gravitational acceleration, ft/sec2

HD Head loss frörn inlet to strut exit, ft

h Submergence of the nacelle centerline, ft

L Lift of the model, lbs

Lg Lift sensed by the gage assembly, lbs

L. Lift transmitted through the flexible joint, lbs

LM The momentum of the leaving fluid at strut exit, lbs

P Local pressure, lb/sq ft

p. Internal pressure at the flexible j oint, lb/sq ft

Po Ambient pressure, lb/sq ft

Vapor pressure of water, lb/sq ft

R.V.11
R1 Inlet Reynolds number,

R. Radius. of inlet, ft
i . -

S Total plane area of the foil, sq ft

iii



Ve Average velocity at the strut exit, ft/sec

Y. Velocity at inlet, ft/sec

Vo Freestreajn velocity, ft/sec

Áig]e between vertical line and staticpressure tap on the
nacelle, deg

Kinematic viscosity of water, ft2/sec.
2 4..

p Mass density of water, lb-sec /ft.,

a
p- --

Freestream cavitátión number, -_ V

Yaw angle, deg

1:
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ABSTRACT

The Naval Ship Research and Development Center (NSRDC)
has established the capability for conducting hydrofoil
waterjet propulsion tests. A test rig was designed and
built, utilizing an existing planar-motion mechanism (PMM),
for use in the high-speed towing basin. An experimental
procedure and associated instrumentation were also
developed for these experiments. An experiment using an
existing nacelle-strut-foil hydrofoil model was made to
demonstrate this capability at the Center.

ADMINISTRATIVE INFORMATION

This work was supported by the Hydrofoil Development Program Office

under Task No. 01722, NSRDC Problem No. 526-188.

INTRODUCTION

A waterjet propulsion system can be attractive for propelling

high-speed marine vehicles such as hydrofoil craft. The advantages offered

by such a system are elimination of complex transmission machinery and

possible reduction of underwater radiated noise.

A satisfactory water.jet propulsion system should possess a

cavitation-free inlet, an efficient ducting system, and a lightweight pump

capable of sustaining high performance with nonuniform inflow and with

some blade cavitation. Only limited theoretical design methods exist for

these critical waterjet components, and the final practical design still

depends on experimental data. Furthermore, the mutual interference be-

tween system components and the performance of a complete waterjet system

are, at present, beyond the scope of theoretical evaluation. Therefore,

reliable experimental techniques for predicting the performance of water-

jet components and of the complete system are essential for the design of

optimized waterjet propulsion systems.

NSRDC has carried out a program to develop experimental techniques

for evaluating waterjet components as well as a complete waterjet pro-

pulsion system. The investigation reported herein is part of this pro-

grain. The primary purpose of this work is to design, build, and demon-

strate a waterjet propulsion test rig suitable for high-speed waterjet

experiments. A test rig, modified from an existing planar-motion

1



mechanism has been developed. The rig can be towed by Carriage 5 of the

high-speed basin at NSRDC. The test rig is capable of measuring static

force components experienced by the model with the waterjet inlet operating.

Control for varying angle of attack, yaw angle, and depth of the model is

available.

The developed test rig was used to perform a test on an existing

scaled hydrofoil model of nacelle-strut-foil configuration designed and

tested previously by Lockheed California Company.1 The model was tested

at Froude-scaled values of the prototype takeoff and cruise speeds. The

test program covered adequate ranges of inlet velocity ratio V/V0. Sub-

mergence h, and yaw angle p, for direct comparison with the Lockheed

results.

A detailed description of the associated facilities, instrumentation,

and testing techniques employed in the investigation is also given in this

report.

MODEL SCALING LAWS

The purposes of conducting model tests on a hydrofoil nacelle-.

strut-foil configuration were:

To predict or verify the estimated lift-drag performance of a

complete hydrofoil nacelle-strut-foil system. The essential conditions

are cruise speed, hump speed, and rough-water performance which may be

estimated from off-design performance tests (varying yaw and angle of

attack from the design values).

To study the mutual hydrodynainic interference among the indi-

vidual components. The important factors are free-surface effects on

nacelle pressure distribution, effect of strut and foil on nacelle per-

formance, and effect of inlet velocity ratio on foil performance.

To investigate the cavitation characteristics of a nacelle. The

critical areas are external nacelle cavitation at cruise, internal

nacelle cavitation at hump, and effects of free surface and waves on

nacelle cavitation characteristics.

1References are listed on page 25.
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4. To provide hydrodynainic information for the design and

selection of a pump, i.e., duct loss and inflow velocity distribution to

the pump.

The model must not only be to geometric scale in all respects, but

must also be tested under conditions which comply as nearly as possible

with the laws of dynamic similitude. To satisfy Items i through 4

requires maintaining similarity in terms of Froude number, cavitation num-

ber, and Reynolds number simultaneously, which is not possible except by

going to a costly full-scale model. However, if the prime dynamic simi-

larity law can be maintained and the effects of the secondary similarity

laws can be estimated, then the smaller scale model is valuable.

The following procedure was developed at NSRDC for the hydrofoil

waterjet test:

(a) Items i and 2 were studied by means of Froude scaling laws.

The prediction of full-scale drag should be subject to the Reynolds

scaling law and the ITTC skin friction line may be used.

(b.) For Item 3 the pressure distribution on the critical area(s) of

the nacelle was measured. Froude scaling law should be used for the

pressure measurement. However, for deep submergence and high Froude num-

ber, the pressure coefficient measurement may be independent of Froude

number, and the model can be tested at the corresponding cavitation

numbers of the full-scale craft. The actual cavitation inception on the

nacelle can be studied by observation.

(c) For Item 4 the Reynolds scaling iaw was more important than the

Froude scaling law. However, it is. usually impossible to attain the full-

scale Reynolds numbers in model tests and attempts should be made to in-

crease the Reynolds number of the flow through the model duct to as high a
value as possible. The full-scale duct loss coefficient máy be extrapolated
from a plot of loss coefficient versus Reynolds number.

FACILITY, APPARATUS, AND MODEL

FACI LITY

The facility used for this study was the high-speed basin at
NSRDC.2 The high-speed basin is 2968 ft long, 21 ft wide, lO ft deep for
one-third of its length, and 16 ft deep for the remaining length. A

3



pneumatic wavemaker is also installed in this facility to permit the

generation of waves ofuniform length and height. Carriage 5 can be

operated at speeds up to 60 knots. The advantages of using the high-speed

basin for the high-speed waterjet propulsion tests are: (1) long constant

velocity run, (2) high-speed capability up to 60 knots, (3) sufficient

electrical power available for operating iarge pumps, and (4) option for

studying the effect of waves.

APPARATUS

The test rig modified from an existing planar-motion mechanism is

shown in Figures 1 and 2. A 185-horsepower pump manufactured by Curtiss-

Wright Corporation (Model M-185) was used in the test. The pump was

driven by a 200-horsepower motor. In operation, water flows into the

nacelle inlet, up the strut, and through a flexible rubber joint. From

this point, the water passes into the pump and through a 6-in, pipe. The

pipe straightens the flow before it enters the nozzle where the discharge

is measured. At the end, an elbow deflects the flow back to the basin.

The PMM Penthouse facility, with electronic depth and pitch con-

trols, was originally made for stability and control model tests. The

towing apparatus with mechanical yaw control was designed and manufactured

for the present work.

The gage system and associated recording equipment are shown in

Figure 3. It is essentially the same as that used in the basic NSRDC

hydrofoil lift-drag experimental rig.3 Three gage assemblies were mounted

between the two ends of the flexible rubber joint which allowed the flow

to pass through and transmit negligible load. Each gage assembly con-

sisted of two modular force gages connected in series and oriented to

measure vertical.and horizontal forces, together with either a single- or

double-hinged pivot. The hinged pivots permitted movement to eliminate

all misalignment and unwanted moments about their own individual axis.

However, collectively, they provided restraint to all the motions of the

model. The flexible rubber joint, whose stiffness varied slightly with

pressure in the internal duct system, necessitated calibrations to obtain

appropriate corrections for the lift and drag forces. The outputs of the

force gages were displayed on a digital recording system. The shaft rpm

of the motor was sensed and read out by a magnetic pickup and frequency

counter. 4



-
--

..,
--

--
.-

--'i

r'

Fi
gu

re
 1

- 
H

yd
ro

fo
il 

W
at

er
je

t P
ro

pu
ls

io
n 

T
es

t R
ig

V



Fi
gu

re
 2

 -
 S

ke
tc

h 
of

 H
yd

ro
fo

il 
W

at
er

je
t T

es
t R

ig

N
w

th
er

0e
sc

j1
pV

j9
9.

--
tio

n
D

es
cr

ip
tio

n

29 30

O
rif

ic
e

C
aN

t P
ai

rin
g

pi
vo

t B
ea

m
15

M
ot

or
 8

ae
 P

la
te

4

P
iv

ot
 B

ea
m

 S
tu

b 
S

ha
ft

T
ilt

 B
ea

m
G

ui
de

 R
ol

le
r 

A
ss

m
nb

ly

16 17 18

M
ot

or
 B

au
e 

P
lu

to
 C

le
i,

G
ea

r 
B

oo

G
ea

r 
B

oo
 B

en
e 

P
la

te
 C

la
m

p

31 32 33

P
im

lp
 M

au
et

 A
ss

m
ith

ly
 C

la
m

p

P
ua

np
 M

ou
nt

 A
ss

ea
d,

ly

A
da

pt
ar

 P
la

to

T
ilt

 h
al

f P
iv

ot
 (

ha
le

)
19

20
0.

H
P

 m
ot

or
 B

au
e

34
F

la
og

ed
 O

uc
t

6
B

lo
ck

 S
op

po
rt

20
C

ou
pl

iu
g

35
F

le
oi

bl
e 

Jo
in

t

8 9 IO 11 12 13

Y
ew

 B
ea

n

C
la

m
p

C
am

 R
ol

le
rs

C
la

m
p 

B
as

e

P
la

na
r 

M
ot

te
s 

B
ea

m

W
as

 h
er

Lo
ck

 N
ut

21 22 23 24 25 26 27 28

U
ni

ve
rs

al
S

ha
ft

U
ni

ve
rs

al

N
IB

S
 P

w
np

N
oz

zl
e

F
le

tib
le

 J
oi

nt
B

ut
te

rf
ly

 V
al

ve
 w

ith
 P

,1
ai

aa
tiC

 C
on

tr
ol

R
oc

tin
g

36 37 38 39 40 41 42

G
ag

e 
M

ou
nt

H
yd

ro
fo

il 
A

da
pt

er
 P

la
te

H
yd

ro
fo

Il
la

de
t

B
lo

ck
 G

ag
e 

B
ra

ck
et

B
lo

ck
 G

ag
e 

4"
 o

 4
"

4"

D
ou

bl
a 

P
in

ot
S

in
gl

e 
P

iv
ot

14
S

tu
d 

P
la

te



-4

F
i
g
u
r
e
 
3
 
-
 
G
a
g
e
 
A
s
s
e
m
b
l
y



All pressure measurements were taken by trarsducers with strairi-

gaged diaphragms (Dynisco PT 25-10). A digital data thgging system was

used to collect the large amount of the pressure measurement.

The flow rate through the waterjet system was measured by a nozzle

located at the end of the 6-in, pipe. Two nozzÎes were used alternately

to cover the large range Of flow rate. One was a 2.4-in, diameter

orifice4 and the other was a long radius nozzle5 of 4.2-in. di:ameter.

MODEL

A one-tenth linear scale model of a füll-scale nacelle-strut-foil

subcavitating hydrofoil configuration was used. This model,representing

a waterjet propulsion intake system for a 50knot hydrodoil bOat, Was

designed and built by Lockheed California Company.' The model is shown in

Figure 4 and the pertinent geometrical characteristics are shöwn in

Figure 5 in terms of model dimensions. The flow characteristics o this

model were measured by the following instrumentation:

Static pressure taps were distributed over the eritical region

of the inlet nose so that the cavitation inception could be ascertained

and compared to the predicted data.

A total head rake was installed in the inlet to determine the

magnitude of the total pressure distortion at various angles of attack

and yaw.

Total heads were measured at the strut exit to determine the

overall pressure. recove.ry characteristics

All pressure measurements erê taken using strain-gaged transducers.

The gages were located as close as possible to the pressure sampling

points, and allowed all lines to lead upward to a pressure manifold which

provided an air-bleeding system for all the lines. The locations of the

pressure taps and total head tubes are shown in Figure 6.

TEST PROCEDURE AND ACCURACY

Prior to cnducting the test program in the high-speed basin, all

the instruments were carefully calibrated. Each pressure transducer was

calibrated over the anticipated range of loading by applying pressures by

means of columns of water at sevèral heights. Withinthe rangé tested,

8
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Rear View

Figure- 4 - Hydrofoil Model
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of Strut

Top of Strut 8.220"

Base

Foil at Centerline
of Nacelle

14. 100"

Diffusion Section

23.741"

Figure 5 - Details of the Model
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all calibration curves for the transducers were linear. The calibration

of the modular force gages is very critical because of the presence of a

flexible rubber joint. The flexible joint may be considered as a spring

which transmits only a small part of the loading. The following procedure

was used to make the appropriate corrections.

The modular force gages were individually calibrated with

standardized weights to obtain their sensitivity factors in a controlled

environment.

The gages were installed in a gage assembly which was connected

to a top plate attached to the pump housing and to a bottom plate which

was attached to the model. During this operation, the tension of the

mounting bolt was carefully adjusted to ensure that the drag gage read

zero and the lift gage read only a force which was compatible to the

weight of the bottom plate. This served as a check to eliminate unwanted

initial moments about the gage axes.

The internal duct system was then sealed and a pressure was

applied to the duct system. The complete gage assembly was calibrated by

applying known drag and lift forces as shown in Figure 3. The flexible

rubber joint was considered as a spring, as shown in Figure 7. The

applied lift and drag forces (Lg Dg) were sensed mostly by the gage

assembly, and a small part of the förces, i.e., L., D., was transmitted

through the flexible joint. Disregarding the internal flow, the following

relationships hold:

/ L.

L - p.A. = L + L. = t 1 + Lj j g j Lg) g

and

/

D = D + D. = (1 + D
g J

\
DgJg

During calibration, external lift and drag forces L and D were applied by

using known weights, and forces Lg and Dg were read from the gages. PA
was derived from the internal pressure at the flexible joint p. measured

by a pressure transducer, and the internal cross sectional area of the

flexible joint A.. For all expected lift, drag, and internal pressure

values (p. < 15 psi), it was found that Lj/Lg = 0.03 and Dj/Dg = 0.13.

12
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Figure 7 - Sketch of Force Measurements with the
Presence of Flexible Joint



After completing all the calibrations, the test rig was attached to

the towing carriage. At selected times during the tests, all the pressure

lines were bled and the digital readout systems were balanced and adjusted

to read zero for the modular gages and the pressure transducers. Then,

for a given model setting of yaw angle, depth of submergence, and angle of

attack, the model was brought up to a predetermined carriage speed

corresponding to the Froude scale value of the full-scale takeoff or cruise

speed. At the saine time the pump rpm in the propulsion system was adjusted

to a given inlet velocity which was determined from the pressure reading

of the calibrated nozzles.4'5 When steady conditions were reached, the

run was maintained for at least 20 seconds while the lift, drag, and

pressure data were measured.

The test program covered the variation of the following parameters:

(1) freestreain velocity V0 corresponding to the prototype takeoff and

cruise speeds of 30 and 50 knots, respectively; (2) inlet velocity ratio

V./V from 0.75 to 1.2 for takeoff runs and V./V from O to 0,0 for cruisei o i o
runs; C3) yaw angle iJ.i of O and 4 deg; (4) submergence h for model-scaled

prototype values of 8.4 and 5.5 ft for the cruise runs, and 16.4 and 8.4 ft

for the takeoff runs; and (5) no flap at cruise and ten-deg flap angle at

takeoff.
No attempt was made to obtain a complete error analysis for this

test. However, the test accuracy of the instrumentation can be evaluated

from the calibrations of the complete system and variations of the instru-

ment outputs during a given test.

The instrument error was estimated as follows:

Pressure measurement
Force measurements
Carriage speed
Inlet velocity
Angle of attack
Submergence

1 percent
3 percent
0.01 fps

+ 2 percent

0.2 deg

0.1 in.

14
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REDUCTION OF DATA

The methods used to reduce the data are typical of current practices

followed at NSRDC in connection with captive model lift, drag, and pressure

measuring techniques for hydrofoil waterjet propulsion systems. The pro-

cedural steps were as follows:

1. The lift and drag forces measured as reactions at the gage

assembly by each of the six modular gages were added vectorially to obtain

the total model lift and drag forces.

2. The outputs of pressure transducers were accepted by the digital

logging system and were converted to pressure readings (psf) using the

calibration curves. The pressure coefficients were then computed, i.e.,

p-p0C-
p

1 2'pV

where p is the measured local static pressure on the body,

Po is the ambient pressure,

p is the mass density of the water, and

V0 is the free stream velocity.

When the local static pressure on the body, is equal to the vapor pressure,

then the cavitation inception is assumed to occur. Under this condition,

Po - P Po -
=a

1 2-p V
2 0 0

where a is the freestreani cavitation number.

3. The total forces measured by the modular gages were corrected to

account for the tare of the flexible joint and the momentum of the fluid

at the inlet and strut exit. As shown in Figure 7, the momentum of the

entering fluid DM was in the same direction as the.model drag and since
this component was included in the g.age reading Dg the actual mo4el drag

D was obtained from

D=D + DM = (i+) Dg - DM

15



where D is the drag force transmitted by the flexible joint,

Dj/Dg = 0.13 (by calibration),

y. 2

DM = QV
= VA1, and

Q is measured by the nozzle.

The momentum of the fluid leaving the model, LM, was in the direction

opposite to the model lift L, and was added to the gage reading Lg to

obtain the actual model lift from

i L.

L = p .A. + L + L. - L = p.A. + t i + -- L
jj g M Lg/ g

where L. is the lift force transmitted by the flexible joint,

Lj/Lg = 0.03 (by calibration),

p. is the internal pressure inside the flexible joint measured by
a transducer,

A. is the interñal cross section of the joint.,

LM = QV, and

Ve is the average velocity at the strut exit (L. is small compared
with P.A.).

J i

The corrected force coefficients were then computed, i.e ,

L D

CL= , and CD=

i V2 1 2- S -pV S0 2 o

The reference area S is the total area of the foil and was 2.25 sq ft.

RESULTS AND DISCUSSION

The measured lift and drag forces at takeoff are shown in Figure 8,

while Figure 9 shows the measured forces at cruise speed. The results of

the present study compare well with that of Lockheed. It may be noted

that the effect of inlet velocity ratio on the overall lift and drag

characteristics of the hydrofoil tested is rather small. The lift-drag

ratio of this model is about 9.5 at cruise speed and at takeoff speed.

16
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.

The effect of inlet velocity and depth of submergence on the ex-

ternal nacelle pressure distribution at cruise speed is shown in Figure lO.

At a cruise speed of 50 knots and a submefgence of 8.4 ft, the freestream

cavitatiön number a is 0.37 (based on V). Therefore, iniet velocity

ratios less than V/V0 = 0.5 are predicted to result in external cavi-

tation. Likewise, for a submergence of 5.5 ft, i.e., a = 0.34, inlet

velocity ratios less than V/V0 = 0.6 are predicted to result in external

cavitation.

Figure 11 shows a plot of pressure coefficients for the design

cruise conditions (V1/V0 .7, V0 = 50 knots) aid two values of submergence.

As can be seen there is a slight decrease in C as the submergence. is

decreased. It is found from Figure 11 that the nacelle is free from cavi-

tation at design conditions. Similar trends were found at Lockheed. How-

ever, considerable discrepancy in the magnìitude of the measured pressure

coefficients between the NSRDC and Lockheed results is noted.. The NSRDC

data are considered more rêliáble since its facility allows ]onger time of

constant speed for collecting the pesSure data.

Yaw angles of O añd 4 deg were tested at the cruise velocity of

50 knots and four inlet velocity ratios. Four static probes were located

aft of the inlet lip on the top, bottom, port, and starboard sides of the

nacelle and are defind by the angle O, measuring clockwise looking into

the inlet. Figure 12 shows the data obtained from these probes with the

mädel yawed to the port side. The pressures on the starboard side aie

increased while those On the part side have decreased. It should be noted

that at 4deg yaw the nacelle cavitation should occur even at V./V0 0.7.

Thus, nacelle cavitation may occur in rough seas when the effective yaw

angle or angle of attack exçeeds the design values of 4 deg.

Internal nacelle cavitation at takeoff w3s not predicted within the

range of inlet velocity ratios tested. No further study was attempted.

The inlet velocity profile and total head profile at the strut

exit were found to be quite uniform fr aU cases tested, and these data

are not presented.

Basêd on the tests, the nacelle is predicted to be cavitation-free

at design cruise speed of 50 knots and at. design inlet velocity ratio

(V/V0) of 0.. 7. However, slight cavitation may occur for rough seas at the

19
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design conditions. Cavitation inception is predicted for V/V0 < 0.5. At

takeoff speed of 30 knots, no cavitation is predicted for O < VS/V < 1.2.

This nacelle is considered satisfactory from the cavitation viewpoint.

The total head loss from the inlet to the strut exit (HD) is

plotted against Reynolds number in Figure 13. The total head loss co-

efficient for the full-scale system may be extrapolated from the measured

data as indicated in Figure 13.

CONCLUS IONS

The capability for conducting hydrofoil waterjet propulsion tests

at NSRDC has been established. The test rig for this work has been

designed and built. The developed experimental procedure and the

associated instrumentation have been demonstrated and performed satis-

fact ori ly.

The nacelle tested demonstrates satisfactory cavitation inception

performance at takeoff and design cruise conditions.

NSRDC measured lift and drag forces compare well with those ob-

tained by Lockheed. However, a comparison of measured pressure co-

efficients shows considerable discrepancies. The NSRDC data are con-

sidered the more reliable since the test facility permits a longer run

time at constant speed for collection of pressure data.

RBCOMMENDATIONS

To improve the procedure for conducting hydrofoil waterjet

propulsion tests, the following are recommended:

A potential flow, computation or a wind tunnel test (no free

surface effect) for predicting the location of the minimum pressure

should be made before the experiments at the high-speed basin. The

results may be used as a guide to locate the static pressure taps. Three

to five taps in the vicinity of the minimum pressure point are sufficient

to determine the effect of the free surface on the cavitation inception

at the nacelle.

A careful calibration of gage assembly together with the flexi-

ble rubber joint should be performed. A pressure above 15 psi in the

present flexible joint is not recommended.
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A control valve at a proper location of the ducting system

should be used to regulate larger ranges of the flow rate through the

propulsion system.

Force on the deflection elbow may be used to check the flow rate

discharged from the nozzle.
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