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20. ABSTRACT (cont.)

up—to—date design procedures and performance prediction techniques were
to be used.~~~

After completion of the design , a contract was let for the constructi In
of a one—fifth scale model. Experiments with the model were conducted
in the waterjet loop facility of the 36—inch Variable Pressure Water Tunnel
(VPWT) at DTNSRDC. Measurements or observations were made of the drag
force, inlet pressure distribution, internal pressure loss, and
cavitation characteristics. The results of this evaluation are reported
here as they are compared with design predictions.

At water tunnel conditions simulating the cruise speed ,
the model demonstrated the ability to operate cavitation free. The
measured data are in agreement with the predictions. At off—design
model configurations (retracted centerbody), the data do not show a
good agreement with the predictions . At the simulated take—off condition
the model exhibited internal cavitation at an IVR corresponding to
about 95% of the required flow rate.
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NOMENCLATURE

A , A
1, 

A~ area, inlet area, inlet area (cruise) ft
2 

(in
2
)

C chord ft (in)

pressure coefficient dimensionless

pressure loss coefficient, C~ = dimensionless
L L , 2

D diameter ft (in)

DSI Developmental Sciences Inc.

AN head (pressure) losses psi (pascal)

IVR Inlet velocity ratio dimensionless

L length ft (in)

static pressure psi (pa)

head (pressure)loss psi (pa)

total pressure psi (pa)

Q volume flow rate ft3/sec (m
3
/sec)

Re Reynolds number dimensionless

2 2
S surface area ft (in )

t thickness ft (in)

tic thickness/chord ratio dimensionless

V velocity ft/sec (m/sec)

V~, free stream velocity ft/sec (m/sec)

0 cavitation number ~~~~ dimensionless

~ 
2

P density of water Lbf sec
2 (kg/rn3)

L ft4

A scale ratio (~!~) dimensionless
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kinematic viscosity ft
2
/sec (m

2
/sec)

eff ic iency dimensionless

Subscripts

free stream

i inlet

prototype

m model

m m  minimum

c cruise

V vapor
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ABSTRACT

The primary objective of this study was to assess the state—of—the—

art in waterjet inlet design capability for high—speed hydrofoil

applications. A contract was let for the design of a variable—area ,

strut—pod inlet for the waterjet propulsion system of a 200 ton, 100

knots hydrofoil ship. A basic requirement of the design was that

the inlet must provide cavitation—free operation for prescribed f low—

rates at both the 100 knots cruise and 35 knots take—off speed.

The most up—to—date design procedures and performance prediction

techniques were to be used .

After completion of the design, a contract was let for the

construction of a one—fifth scale model. Experiments with the model

were conducted in the waterjet loop facility of the 36—inch Variable

Pressure Water Tunnel (VPWT) at DTNSRDC. Measurements or observations

were made of the drag force, inlet pressure distribution, internal

pressure loss, and cavitation characteristics. The results of

this evaluation are reported here as they are compared with design

predictions.

At water tunnel conditions simulating the cruise speed ,

the model demonstrated the ability to operate cavitation free. The

measured data are in agreement with the predictions . At off—design

model configurations (retracted centerbody), the data do not show a

good agreement with the predictions. At the simulated ta~c—off

condition , the model exhibited internal cavitation at an IVR
corresponding to about 95% of the required flow rate.

ADMINISTRATIVE INFORMATION

The project was sponsored by the Naval Sea Systems Coon ..d , Code
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INTRODUCTION

The Navy has been involved in several programs to develop high

performance c ra f t  with wa te r j e t  propulsion . The c ra f t  concepts

include the S . .E . S . ,  the hydrofoi l , and the planing craft. In recent

years , numerous feasibility and advanced design studies were

conducted . Along with such studies , the Navy has had operational

experience with several waterjet propelled craft including the

hydrofoils:PGH—2 Tucumcari , and PHM—l Pegasus ; the surface effect

ships; XR— 1 and SES 100—A , and some planing boats . In addition to the

Navy ’s effor ts , numerous state—of—the—art and design reports are

now available in,the literature . Some of those which offer good

background on the subject are included as References 1 to 9.

The work, reported herein , addresses the feasibi l i ty of using

waterjet propulsion for very fast hydrofoil craft. The critical

problem is the availability of the required thrust  at both take—off

speed and cruise speed . In order to match the hydrofoil’s thrust

requirements , high flow rates are needed at both hump speed and top

speeds. Thus , a fixed—area inlet operates with a low IVR , (V /V )
in

< 1, at top speed and with a high IVR , IVR>>l , at the hump speed .

Such operation requires considerable variation of inflow angle with

the resultant susceptibility to cavitat ion (See Figure 1). The

principal fea ture of the inle t which influences the range of inlet

velocity ratios over which the inlet can operate is its thickness

near the leading edge. A thick leading edge of the inlet can be

used to provide cavitation free operation over a wide range of inlet

velocity ratios. But , a large part of the total Inlet drag is

2
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proportional to the leading edge thickness . The body characteristics ,

which lead to a minimal amount of external drag , require the inlet

and its leading edge to be of the smallest workable size. So, the

inlet design must be a compromise between its drag and cavitation

characteristics. For best performance, the inlet design taust

achieve a noncavitatirig inlet lip shape for the design value and

required off—design values of the inlet velocity ratio , dictated by

the craft operation schedule , while retaining a shape with favorable

external drag at the cruise condition.

This problem becomes more acute as the ratio of top- speed/hump-

speed increases. For instance , a very fast  hy drofoi l  may have a top

speed of 100 ‘nt ~s while its take—off speed would still be in the 30

knots range. A fixed—area inlet would n~ t be able to perform

adequately at both speeds. Variable -area mechanism are being

investigated for these applications. The object of this scheme is

to vary the inlet flow area inversely with craft speed, holding the inlet

veloc ity ratio relatively constant , so as to accomodate the reauired

mass f l o w  rate at both speeds . Holding the

Inle t  ve loc i ty  rat io constant allows for  a very thin leading edge of

the inlet nose which should have favorable drag characteristics.

In order to assess the state—of—the—art of inlet design

technology for high speed hydrofoils , a contract was let for the

design of a variable—area Inlet—diffuser component of the waterjet

systetn of a 200 ton , 100 knot hydrofoil craft. The preHminary

powering and flow ra te  requirem ents wh ich  were provided to  the

3 
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contractor by DTNSRDC are given in Appendix A. The design was

performed under contract  No. N 00 600—73 — C— 0 964.  The work statement

and deliverable items are included in Appendix B. The final report

on the subjec t contrac t which descr ibes the inlet design and

performance predictions is included here as Reference 10.

Subsequent to the design, a one—fifth scale model of the inlet

was constructed under contract No. N00600—75—C—0425. This scale

ratio was selected to provide a model size suitable for experiments

with the waterjet flow—loop and six—component dynamometer

(Reference ll)at the DTNSRDC 36—inch VPWT (Reference 12).

The experiments described herein were conducted to (1)

evaluate the drag, pressure recovery , and cavitation charac teris tics

of the model at scaled conditions , representing the speed flow rate

operational envelope of the prototype inlet , and (2) validate the

design and performance prediction techniques .

DESCRIPTION OF THE MODEL

The o n e — f i f t h  scale (X=5)  model of the strut—pod inlet was

constructed under contract . The selection of this  scale ra t io

provided a conveniently sized model for the 36—inch water tunnel and

the waterjet flow loop with associated six—component dynamometer

(Reference 11) . Pod—s tru t  data inc lud ing  model d imension , table of

offset, etc. are included in Appendix C. Figures 2A and B present

photographs of the model and it ’s components. The distance from the

pod centerline to the dynamometer mating flange of the model (model strut

height) was selected to be 32.4 inch. This strut height places the center

of the model pod near the test section centerline , which minimizes

tunnel interference effects . As such , the models Interna l flow path

4

~

... . ~~~~~. .



in the strut represents only the lower 75Z of the 18 foot prototype

strut. Also , that part of the model strut ‘~ith the proper

external shape represents only the lower half of the

pro to type  s t r u t .

The model was const ruc ted primaril y of anodized aluminum

including the movable centerbody , the tu rn ing  vanes , the outer

shell , a removable lip with pressure taps , a faired boa t tail

section, and a solid nose piece . Other components of the model are

typically stainless steel including the flange for attachment to the

dynamometer , the pressure taps and tubing , and centerbody dr ive

components . An alternate lip made of lexan was also provided .

Features of the model include:

1. A movable centerbody

2 . A vaned turn within the pod

3 . A parabolic s t ru t , blunt based , t /c 12%

4. A faired , boat tail afterbody for the pod

5 . A blunt bas e conf iguration for the pod

6 . A solid nose p iece (no inlet)

7. A l ip, i n s t rumen ted  with s ta t ic  pressure tap holes

~~~. A eransparant lip, (Ilexan) for cavitation observation

The centerbody was controlled from outside the water tunnel

through a series of mechanical linkages . The cen terbody dr ive

components include :

1. A high pitch hall—screw within the pod

5
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2. A right—angle drive at the base of the pod

3. A long vertical shaft extending from the angle drive of
the strut

4. An offset drive ; connecting the shaft at the strut to the
sealed driver through the tunnel shell, consisting of shaft-
ing, universal angle drives , and sliding torque linkage (no
thrust—torque only).

5. The main driver, located on the tunnel shell , consis ting of
the shaft  through the tunnel shell (sealed from the tunnel)
coupled to a stepper motor , with clutch , and a handwheel
override for manual positioning.

6. A magnetic disc , pickup , and counter were attached to the
main driver for a digital display of the centerbody posi-
tion. This magnetic pick—up/counter system , used to moni-
tor the centerbody , was capable of accurate centerbody
position measurement to within 0.005 inch (0.135 mm).

The model was instrumented with numerous pressure taps for the

various measurements as listed in the following table and shown in

Figure 3.

TABLE 1 — Model Pressure Measurements

Tap Nos. Location/Measurement

1—4 Centerbody , axial static pressure distribution
5—8 Inlet lip, internal peripheral static pressure distribution
9—13 Inlet lip , external axial static pressure distribution
11, 14—16 Inlet lip, external peripheral static pressure distribution
17—20 Lower strut wall, strut internal longtitudinal static

pressure distribution
21—25 Lower strut flow centerline , strut flow total pressure

distribution
26—28 Upper strut wall, strut internal longitudinal static

pressure distribution
29—35 Upper strut flow centerline , s trut flow total pressure

distribution

Note: Pressure taps #29—35 each were capable of being indexed across
the width of the strut internal flow area and as such could
have provided a rather complete flow map , but , because of the
ex tensive tes t agenda , only the centerline measurements were
taken.

6
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Other pod—strut  data including model dimension , table of

o f f s e t s , etc.  are included in Appendix C.

DESCRIPTION OF THE FACILITY AND APPARATUS

The experiments were conducted at DTNSRDC ’s 36—inch VPWT

(described in Reference 12) utilizing the waterjet flow—loop

fac ili ty with the associated six—component dynamometer (descr ibed in

Reference 11). The flow—loop facility was modif ied for these

experiments . The dynamometer ’s mounting base had to be enlarged to

fit, the piping circuit was re—arranged , and the dynamometer

inverted such that the model inlet flow passes down through the

bottom of the test section (See Figure 4A). This modification

insures that the minimum pressure of the manometer (pressure

measurement) system and of the model—p iping flow loop is located at

the model. In the original flow—loop arrangement , the

mounting—base/piping and manometer tubes were located atop the test

section. Thus, the minimum pressure point of the manometers and

flow circuit was also atop the test section . At conditions of

extremely low pressure there could be problems of water vapor in the

manometer lines and possible insufficient pressure to force water

through the flow circuit or flow circuit choking . The now modified

flow circuit allows for better pressure measuremen t capability and

better identification of inlet choking conditions . The

six—component dynamometer (Figure 4B) was found to work equally as

well in this layout (upside down) as it was in the original layout.

The data—acquisition system consisted of eighteen transducer

7
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elements with associated signal conditioning units, analog to

digital converter, an Interdata model computer with 36K bytes of

memory capacity , a Tn —data cartrifile continuous loop tape

recorder, a strip—chart recorder, an oscilloscope , and a Printec

high speed line printer. The 18 transducer elements include: 6

force “block” gages in the dynamometer , a “Ronningen—Petter” static

pressure sensor installed in the flow loop just outside the tunnel ,

an “Annubar” flow—meter with differential pressure gage Installed

ahead of the pump, a mag—pickup for pump rpm , a “Bailey”flow—meter

(orifice type) with the pressure gage installed downstream of the

pump, the water tunnel pressure and velocity sensors , and 6

differential pressure gages with a “Scanivalve” pressure switching

device. Most of the instrumentation has been described previously

(Reference 11). The 6 pressure gages were of the variable

reluctance, differential pressure types , (“Validyne ”) with ±20 psid

diaphragms installed . All gages had one port counnected to a

manifold which was exposed to atmospheric pressure . Thus, a

constant reference pressure is available to each gage . The other

side of each gage is exposed to the collector part of the

Scanivalve . The scanivalve can collect data from any one of the

twelve measurement ports which are in turn connected to pressure

sensors within the model. The total number of pressure measurements

taken during a run was 42. With the use of the scanivalve , these

pressures were sequentially recorded through the 6 gages , 6 at a

t ime for 7 times. Along with the scanivalve , gages , and plumbing an

appropriate fresh water bleed system was installed in the pressure

measurement system t~ insure the plumbing would he free of entrapped air.

8
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EXPERIMENTAL PROCEDURE

This experimental investigation was undertaken to achieve

certain goals; these are:

1. To quantify the drag characteristics of the model and

relate them to performance predictions ; and to compare the

performance of the pod with Inlet operating to that of a simple pod

without inlet.

2. To establish the cavitation characteristics of the pod and

compare these to the predictions.

3. To quantify the internal pressure losses.

4. To quantif y the effect of changing inlet operating

conditions on the pressure distributions of the centerbody and the

inlet lip.

5. To determine whether or not the pod inlet provides the

performance required of it in a waterjet  propulsion system for the

200 ton, 100 knot Hydrofoil.

The matrix of test conditions used for this experimental

program is presented in the following table.

TABLE 2 — Matrix of Experimental Conditions

I. Model configuration : instrumented lip, faired boat tail

Centerbody Position Simulated Tunnel Tunnel
Full Scale Speed Pressure Velocity

(Knots)(ft. submergence) (PSIA) (ft/sec)

Fully Retracted 0 15 0

full scale reference 20 (18) 10 22.05

position 0.0 35 (18) 10 38.59

model • —1.3 in. from 35 (4) 4 27.6
inlet lip

0 4 o

9
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Centerbod y Pos i t ion  Simulated Tunnel Tunnel
Full Scale Speed Pressure Velocity

(Knots) (ft. submergence) (PSIA) (ft/sec)

Intermediate Deployment 35 (4) 4 27.6

full scale reference 60 (4) 2.99 40

position = 15 In. extended 60 (4) 1.89 30

model = +1.455 In. from 80 (4) 1.89 40
inlet lip

Intermed iate Deployment 35 (4) 4 27.6

f u l l  scale reference 60 (4)  1.89 30

pos i t ion  = 24.44 In. extended 80 (4) 1.89 40

model = +3.34 inch from lip

In t e rm ed ia t e  Dep loyment 35 (4) 4 2 7 . 6

full scale reference 50 (4) 1.89 30

position = 30.73 inch extended 80 (4) 1.89 40

model = +4.6 Inch from Inlet
lip

Fully Extended Deployment 35 (4) 4 27.0

full scale reference 50 (6) 1.89 30

posi t ion = 34.73 inch extended 80 (4) 1.89 40

model = +5.4 inch from lip 100 (4) 1.39 40

10
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II. Model Configuration: Lexan Inlet Lip for cavitation observation ,
blunt based pod

Centerbody Position Simulated Tunnel Tunnel
Full Scale Speed Pressure Velocity

Fully Retracted 0 15 0

full scale reference 10 (18) 8.35 10

position = 0.0 inch extendei 20 (18) 10 22.05

model = —1.3 inch from lip 35 (18) 10 38.59

35 (4) 4 27.6

0 4 0

Intermediate Deployment 40 (4) 2.70 25

full scale reference 40 (4) 3.68 30

position = 15 inch extended 40 (4) 4.84 35

model = +1.455 inch from 40 (4) 2.73 25
inlet lip

35 (4) 4.00 27.6

40 (4) 1.90 20

50 (4) 1.90 25

60 (4) 1.90 30

Intermediate Deployment 40 (4) 2.70 25

full scale reference 40 (4) 3.86 30

position 24.44 inch 40 (4) 4.84 35

model • +3.34 inch from 35 (4) 4.00 27.6
inlet lip

11 

- —  - . — - -~~~~*— .- —~~~~~~ ,-- , —- . ~~~~~~~~~~~~~~~~~~~~~~~



- --
~

- .. -
~ ,— -..-- , - . -
~ - .- -- - . -
~

- ~~~~~~~~~~~~~ ~~~--—
.
~~~~~~~~ -- 

40 (4) 1.90 20

50 (4) 1.90 25

60 (4) 1.90 30

70 (4) 1.90 35

80 (4) 1.90 40

Intermediate Dep loyment 35 (4)  4 .0  27 .6

fu l l  scale reference 40 (4) 1.90 20

posi tion = 20.73 inch extended 50 (4) 1.90 25

model +4.6 inch from inlet lip 60 (4) 1.90 30

70 (4) 1.90 35

80 (4) 1.90 40

Fully Extended Deployment 40 (4) 1.90 20

fu l l  scale reference 50 (4) 1.90 25

position = 34 .73 inch extended 60 (4) 1.90 30

model = +5.4 inch from inlet lip 70 (4) 1.90 35

80 (4) 1.90 40

90 (4) 1.90 45

100 (4) 1.90 40

III. Model Configuration : Solid nose piece (no in le t )  wi th  blun t base pod

(no—inlet) 100 (4) 1.39 40

80 (4) 1.89 40

90 (4)  1.89 45

70 (4) 1.89 35

~ 
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60 (4) 1.89 30

50 (4) 1.89 25

40 (4) 1.89 20

40 (4) 2.70 25

40 (4) 3.68 30

40 (4) 4.84 35

35 (4) 4 27 .6

35 (18) 10 38.59

20 (18) 10 22.05

10 (18) 8.35 10.0

0 14.54 0

Water tunnel—start—up and testing procedures were followed as

described in Reference 11. The procedure to establish the

experimental test condition is described below.

Free stream speed and inlet flow rate  were simultaneously

brought up to the predetermined tunne l speed and a typical

non—cavitating IVR . The free stream pressure was reduced to a

predetermined value to establish a water tunnel free stream

cavitation number (simulated speed). Inlet flow was reduced to near

or slightly cavitating condition on the exterior of the inlet lip.

Free stream pressure was re—adjusted to attain the free stream

cavitation number. Inlet flow was again varied to estabish (1)

external cavitation inception , (2) 1/2 to 1 inch external

cav i t a t i on , and (3) 1 to 2 inch external cavitation at the lip .

After taking data at these conditions , the  in le t  f l o w  was

increased in 100 gpm increments with re—adjustment of tunnel

13
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pressure to hold the free stream cavitation number for each

condition . Data was taken at each successive increase in flow rate.

Then , inlet flow was adjusted to establish internal cavitation

inception. Inlet flow was again increased for 2 or 3 internal

cavitating conditions up to the choked flow condition. This

procedure was repeated for several different simulated speed

conditions to establish cavitation boundaries as a function of

cavitation number (simulated speed) and IVR for a particular

centerbody position. The centerbody position was then changed and a

new set of cavitation boundaries established for it.

Several calibrations of the measurement systems were

performed. Before the experiment, the force block—gages were

calibrated individually on the bench, installed in the dynamometer,

which was then calibrated for six components of loading, including

multip le loading in the test—calibration stand , and then calibrated

once again for drag , l if t , and pitch while in the water tunnel.

Also, before the experiments, the pressure gages were calibrated

first in air then in water. During the experiments , pressure gage

calibrations were re—checked several times using the water tunnel as

a reference. After the experiments, dynamometer and pressure gage

calibrations were re—checked. Both pressure and force gage

calibrations were quite linear. Accuracy for both pressure an~

force gages is typically ±0.5% of the full scale deflection . This

is interpreted as an error band of ±.l psi for pressure and ±2 lbs.

for force measurements.

14
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DATA REDUCTION AND ANALYSIS

This section presents a brief discussion of the methods

employed to evaluate the experimental data. Items covered are the

measurements that were made, the analysis of force data , the

analysis of pressure data and the calculation of the model pressure

recovery.

The measurements made include:

the water tunnel test section velocity

the water tunnel test section ambient pressure

the shaft speed of the pump

the flow rate through the model

the drag, lift, and side forces acting on the model

the yaw, pitch , and roll moments acting on the model

the external axial static pressure distribution on the inlet lip

the external peripheral static pressure distribution on the
inlet lip

the static pressure profile in the lower strut after the vaned
turn

the total pressure profile in the lower strut after the vaned
turn

the static pressure profile at the top of the strut

the total pressure profile at the top of the strut

the static pressures at the transition piece .

The calculated quantities from the data reduction program used

for analysis of pressure data (Appendix D) are :

1. inlet velocity , V
IN

, based on actual Inlet area

15
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2. the inlet velocity ratio , IVR, based on actual area
and also based on the cruise configuration inlet are a

3. the pressure coefficient , C , from measurements.

C~ = (P - P ) /  ( l / 2 ) p ( V ) 2

4. the pressure coefficient , C , for internal pressure
measurements P

C~ = (P - I ) / ( l/  2 ) P ( V i
) 2

5. the average static pressure after the vaned turn

6. the average total pressure after the vaned turn

7. the average static pressure at the strut exit

8. the average total pressure at the strut extit

9. the free stream total pressure

= P~9+ (l/2)p (V )
2

10. the local inlet pressure from Bernoulli’s equa tion

P = P — (l/2) p (V ) 2
(in) T0, in

11. the local cavitation number

P — p

(i/2) P(V )
2

12. the inlet Reynolds number
V Diameter

R = in
e(i) Y

13. the pressure loss coef f ic ien t , computed by the area
average method ; based on free stream speed

P
T (strut exit)

(l/2)p (V) 2

and based on inlet velocity

- P
T (strut exit)

(l/2)p(V1)
2

where P is the area—average total pressure
T (strut exit)

at the s t ru t  exit.

16
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The forces and moments acting on the model are analyzed in the

following manner. The response of the dynamotueter ’s six block gages

is multiplied by the six by six matrix of calibration coefficients .

This produces the combination of forces and moments that act on the

model. The matrix of calibratir’~t coefficients accounts for the

response of all the gages due to any loading . It accounts for both

the response of the primary loaded gage or gages and the response of

a gage under interaction loading. This interaction type of loading

is usually caused by mechanical interference and the deflection of

components within the dynamotneter .

The force and moment are then further reduced in the usual

manner. Forces are expressed in coefficient form , i.e., Force

Coefficient, C = Force/(l/1)pSV 2

The reference area , 5, is the estimated total wetted area of

the strut—pod model. More precisely , the wetted area S refers  to

the sum of 1) the pod external wetted area from the lip to the blunt

base , base area not included, and 2) the strut external wetted area

from leading edge to the blunt base and from the strut—pod

intersection up to a strut height selected to be the upper bound of

the strut which was in the presence of the tunnel flow stream .

Other calculated values include :

the inlet momentum MO = p Q V
in

the inlet momentum drag coefficient

0 Q V
CD 

= in
mo 

(l/2)pS V

17
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I

the external drag, Drag , ~~ Measured Drag—(Momentum Drag+Inlet Pressure)Drag
the external drag coefficient , C

D 
(ex) 

2(ex) (1/2) p S V

the inlet pressure force, P. force =(P~ — P)x

the inlet pressure drag coefficient, C
D 

= 
(P
1 — 

P,,)x Ai

(l/2)pS V 2

and , similar quantities for the model lift forces.

A listing of the data reduction computer program used for the

force analysis is given in Appendix E.

18 
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PRESENTATION AND DISCUSSION OF EXPERIMENTAL RESULTS

PRESSURE MEASURE MENTS

Cen terbody Ax ial l’ressure Dis t r ibut ion:

The nondimensiona]. pressure coefficients were plotted versus

axial distance along the centerbody . The full complement of such data

for all experimental conditions are to be presented in an addendum

to this report. Some of the data have been extracted and are included

here for comparative purposes.

Figure 5 presents the comparison of measured data with the

prediction for: prototype velocity of 80.45 knots, IVR (Q/A ..V) 0.71,

and centerbody f u l l y  extended . The exper imental da ta are in

relatively good agreement wIth the prediction.  Data for  o ther  IVR

values are not shown because, as expected , changing IVR has no

significant effect on the centerbody pressure distribution for the

fully extended centerbody .

Figure 6 presents the comparison of measured data with the

pred iction for: prototype velocity 9.85 knots, IVR (Q/A ..V) = 3.34,

and centerbody fully retracted . Experimental data are given for

IVR = 2 . 8, 3.2, and 3.4. The comparison shows that  the pred ic ted

C~ for  IVR = 3.34 is approximately equal to that  measured fo r  IVR = 3 . 2 .

This indicates tha t , if the measurements  are correct , the a n a l y t i c a l

technique underpred ic t s  the minimum pressure  c o e f f i c i e n t  on the

cen terbody for the fully retracted position . Note that , as expected ,

fo r  the fully retracted centerhody, Its pressure dlstrltution is

s e n s i tiv e  to IVR changes.

19 
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Inle t Lip — External Axial Pressure Distribution

Pressure coeff icients, computed from experimental data , are

plotted versus axial distance along the exterior surface of the

inlet lip. Again the bulk of this data will be included in the

addendum to this report.

Figure 7 presents the measured C~ pressure distribution versus

axial distance from the leading edge of the inlet lip for conditions

of: simulated speed = 100 knots, centerbody fully extended , and

several IVRs. The typical change in external pressure distribution

with varying IVR is shown; i.e., the reduction of C~ with
mm

decreasing IVR. Also shown is that , when C~ = — o (local pressure
mm

coefficient  equal to the negative value of the ambient cavitation

number) then cavitation occurs and C~ cannot be reduced further.
mm

This was verified by observation during the experiment; i.e., no

cavitation was observed for runs 197 through 200, whereas f or run

201 a cavity (approx. 2 inches long) was observed as is indicated

by the data.

Strut Internal Pressure Distribution:

Internal flow pressure distributions (presented as measured

pressure in psia versus distance from the leading edge of the strut

internal flow area) are shown in Figures 8A and B for the upper

and lower strut measurement planes respectively . (See F igure 3

for location of the measurement planes.) Both figures are for

test conditions of: fully retracted centerbody, simulated

20



pre—take—off (35 knots/ 18 ft submersion), and several IVRs

(IVR = Q/A i VOO). Figure 8A indicates 1) a fairly uniform total

pressure distribution with a non—uniform static pressure distribution

along the length (low static pressure in the forward portion

of the flow area), 2) the general decrease in pressure with high IVR

(high flow rate), and 3) the very low pressures and non—uniform

profiles associated with internal cavitating conditions (runs 121

and 122). Figure 8B (measurement plane just beyond the vaned turn)

indicates non—uniform total and static pressure distributions ,

and, similar to 8A, the general decrease in pressure with high

IVR and the low , non—uniform pressure profiles associated with

cavitating conditions.

The flow velocity is related to the difference in total and

static pressure, \L/2(PT~_~5~~ 
As such , the flow velocity distribution

p
within the strut could be deduced from an extensive pressure

survey . It was felt by the investigators that the pressure survey

taken was inadequate for the performance of velocity calculations

but that qualitative information about the velocity prof ile can be

deduced.

For moderate IVRs , Figure 8B indicates (qualitatively) a

region of relatively high velocity for 1 inch < X < 4 inches ,

relatively low veloc ity for 4 < X < 6, high velocity for 6 < X < 12 ,

and low velocity or possibly reverse flow for X > 12 inches. At the

top of the strut , Figure 8A indicates high velocity in the forward

region and moderate to low velocity in the rearward region of the flow

_ _ _ _  
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area. In general, a poor flow distribution is indicated , probably

due to the centerbody/vaned turn system . For cavitating conditions ,

regions of high velocity far forward and far rearward are indi’ated

in the flow area jus t  beyond the vaned turn .  Also , high velocity

is indicated in the rearward portion of the flow area at the top

of the strut .

PRESSURE RECOVERY PERFORMANCE

The pressure recovery performance of the inlet—diffuser

presented as a pressure loss coefficient is shown in Figure 9 for

centerbody positions of 30.73 and 34.73 inch extensions and simulated

speeds of 80 and 100 knots. At the design IVR = 0.85, the pressure

loss coefficient is approximately C~ = 0.25. This value, scaled
L

up to a value for  the prototype would become C~ .. 0.23 to 0.24 .
L

This value compares to the predicted CF = 0 .242.  As such , the
L

prediction and model data are in good agreement. Also , as indicated

in the design report (Reference 10) , this value satisfies the pressure

recovery requirements for the inlet at its high speed operating

condition.

The sharp upward trend of the pressure loss coeff ic ient , at high

IVR , is indicative of Inlet internal cavitating conditions .

Note that the above loss coefficients do not represent the

pressure loss up to the pump inlet but only the loss up to about

75% of the total s t ru t  he ight .  For an est imate of loss up to the

pump inlet, one would have to increase C~ by 0.1 to 0.3 depending
L

on duc t length, number of flow turns , and pump position .

22
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To scale the pressure loss up to a prototype value , one should

account for both the form and friction losses. Typically, the form

loss coefficient depends on the shape or the goemetry of the duct

and it is assumed that model C (form) — prototype C (form) for  a

geometrically similar model. The friction loss coefficient does

depend on the actual size, velocity and ambient turbulence level;

that is, the friction loss coefficient is Reynolds number dependent.

The scaling of friction loss coefficient should account for the

change in Reynolds number from model to prototype. For this in-

vestigation , the accurate d i f fe ren t ia t ion  between f r i c t ion  and form
I

,

losses of the inlet—diffuser is a near impossible task. As such,

the sealed prototype C should be considered as an estimate.

The pressure loss coefficients for the model at low speed

conditions (i.e., centerbody fully retracted and simulated speeds of

20 and 35 knots full scale) are presented in Figure 10. Rather high

losses are indicated. At the hump—speed design IVR — 2.35 (based

on cruise inlet area) or IVR = 0.89 (based on actual inlet area),

the value of the model pressure loss coefficient, C~, , is 1.60.
L

Such losses are indicative of internal cavitating conditions. Also ,

this value greatly exceeds the predicted C = 0.282. From this

data, we may conclude that the inlet design will not provide the

required performance at the hump speed .

One should now examine the internal performance of the inlet model

throughout it ’s variable—area range. This Is presented in Figure 11

as pressure loss coefficient versus IVR for each centerbody position

as tested. All data Is for the water tunnel test condition which

23
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simulates the 35 knot post take—off. Note that there are two IVR

definitions used. These are; IVR based on cruise inlet area for the

left hand graph, and IVR based on actual inlet area for the right

hand graph. Since all the data are at one test condition (one value

of free stream velocity), the IVR (left hand graph) is proportional to

flow rate ingested and the IVR (right hand graph) is proportiona l to

the inlet velocity .

The left hand figure shows that as the centerbody is retracted

the inlet flow limit (the sharp upward trend) does move to higher

IVR (flow rate). Certainly , this is expected .

The right hand figure shows that the flow limiting IVR or

maximum inlet velocity also varies with centerbody position . For

the centerbody fully extended 34.73 inch, the flow limiting IVR

is approximately 1.1 (i.e. inlet velocity = 1102 free stream).

For intermediate centerbody positions, the flow limiting IVR is rather

high; 130% to 150% of the free stream. But for the fully retracted

centerbody , the limiting inlet velocity is only 80% of the free

stream. This indicates a poor ability to accomodate high inlet

velocities for the centerbody—retracted configuration of the inlet

design.

CAVITATION PERFORMANCE

The inlet cavitation inception boundaries for the cruise

configuration (centerbody fully extended) are shown in Figure 12. For

this configuration , cavitation was found to occur on the inner and
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outer surfaces of the inlet lip near the leading edge; no cavitation

was observed on the centerbody. The data indicate that the inlet

design meets its flow rate requirement at 100 knots. The t~IVR margin

to cavitation is respectable. The experimental data and prediction

for external cavitation are in good agreement. The data for internal

cavitation indicate a higher IVR attainable than predicted .

At simulated high speeds, 80 knots or better , cavitation was

observed at the strut—pod intersection. Refinement of the strut—pod

fairing shape will be required .

Photographs of representative cavitating conditions for the

inlet’s cruise configuration are shown in Figure 13.

The inlet cavitation inception boundaries for the centerbody

extension of 24.44 inch full scale are presented in Figure 14. For this

configuration, inception of external cavitation occurred at the lip

leading edge, while internal cavitation occurred at the minimum area

or throat region on either the centerbody or the inner surface of the

inlet lip. Agreement between data and the predictions is poor .

Photographs of typical inlet cavitating conditions for centerbody

extension of 24.44 inch full scale are shown in Figure 15.

The inlet cavitation inception boundaries for the centerbody

extension of 15.0 inch full scale are presented in Figure 16.

External cavitation inception was observed at the inlet lip leading

edge. Internal cavitation was located at the minimum area (throat)

region. Again, internal cavitation was observed on either the centerbody

or lip surfaces. Agreement between data and the prediction is lacking.

The inlet, in this configuration , cannot operate cavitation free at
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speeds in excess of 65 knots.

The inlet cavitation inception boundaries for the centerbody

fully retracted configuratIon are presented in Figure 17. Cavitation

inception, both internal and external, did occur at the inlet lip

leading edge. At conditions simulating 35 knots — 18 ft. submersion ,

the model data indicate internal cavitation inception at an IVR 2.32

and maximum or choked flow at an IVR = 2.42. At conditions simulating

35 knots — 4 ft. submergence, the model data indicate internal

cavitation inception at an IVR = 2.15 and choked flow at an IVR 2.20.

These values are significantly less than those predicted . Also ,

they are such that the IVR = 2.35 required to accelerate the craft

through hump would probably not be sustained as the craft rises.

Photographs of typical inlet cavitating conditions for the

cent’rbody fully retracted configuration are shown in Figure 18.

Further development of the inlet lip shape or possible further

retraction of the centerbody might improve the resistance to

internal cavitation.

DRAG PERFORMANCE

Figure 19 presents the typical inlet drag performance for a range

of IVR values. Two sets of data are shown; 19A is for the inlet with

centerbody fully retrac ted at a — 2.833 simulating 20 knots full scale ,

19B is for the Inlet with centerbody fully extended at a — 0 . 0 8 2

simulating 100 knots full scale. Shown are the total measured drag ,

the inlet momentum drag, the inlet pressure drag , and the computed

external drag. Total measured drag is equal to the sum of x — direction

forces acting on the model reacted by the dvnamometer. inlet momentum
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drag is the x — direction force equal to the actual pressure at the

inlet plane less the ambient pressure multiplied by the inlet area.

It is the pressure or suction force at the inlet due to pre—diffusion

or pre—contraction of the ingested flow. The computed external drag

is equal to the measured d~ag less the flow related forces of inlet

momentum and inlet pressure. It is thus a measure of the external

friction and form drag acting on the pod—strut body . As shown in Figure

19, the strut—pod external drag is relatively insensitive to changes

in IVR. The significant drag forces associated with an operating

inlet are the inlet momentum drag and the inlet pressure drag; the

change in the external drag force associated with an operating inlet

is of secondary importance.

Strut—pod drag performance versus cavitation number is presented

in Figure 20. Shown are drag coefficients for the strut—pod with

solid noseplece fairing over the inlet compared with coefficients

of calculated external drag for the strut pod (inlet operating) of

both fully extended and fully retracted centerbody configurations . The

data indicate that the external drag of the strut—pod with operating

inlet is approximately equal to the external drag of the strut—pod

with solid noseplece.

No comparisons of predicted drag with experimental results have

been made. The predictions that were made had only accounted for

friction drag on the axisymmetric pod for several different tail

options. A first effort has been made to reduce the strut—pod drag

into components of strut friction drag , s trut pressure drag , pod

fric tion drag, pod pressure drag, and strut—pod interference. This
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first analysis was halted because of some complications and no results

are available for presentation in this report. Further analysis

of the strut—pod drag is underway . The results of which will be

published in a follow— on report.

CONCLUSIONS

1. The model experiments demonstrated that the variable—area inlet

in its cruise configuration at 00 yaw and 0° pitch is capable of 100

knots (51.44 m/s) cavitation free operation , in undisturbed flow.

2. Predicted pressure distribution and cavitation boundaries for

the inlet in the cruise configuration are In good agreement with the

data. The prediction for the inception of internal cavitation is

conservative.

3. At simulated take—off conditions , the model with centerbody fully

retracted could not accomodate the required flow rate without cavitation .

At a simulated 35 knots (18 m/s) and 18 ft. (5.5 in) submergence , the

inlet operates with partial ca.ritation at the required flow rate. At

a simulated 35 knots (18 is/s) and 4 ft. (1.22 m) submergence, the

inlet chokes at IVR = 2.20 and the required flow rate cannot be attained .

The prediction of a cavitation—margin AIVR = 0.2 for the required

IVR = 2.35 was not realized .

4. The prediction of cavitation inception boundaries for all off—design

centerbody positions are not in agreement with the mode]. data.

5. At off—design centerbody positions of 15 inch (0.38 m) and

24.44 inch (0.62 in) extension (full scale), the internal cavitation
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was found to occur at the minimum—area (throat) region . This is in

contrast with the prediction that internal cavitation would be located

at the inlet lip leading edge for all centerbody positions.

6. Pressure recovery performance of the model for the centerbody

f u l l y  extended configuration agree with the prediction . For the

centerbody retracted configuration, the performance is relat ively

poor and does not agree with predictions.

7. The drag performance of the operating waterjet inlet is found

to be highly dependent on the ingested flow related forces of inlet

momentum and inlet pressure. Variations in the external (form and

friction) drag of the pod—strut body due to the operating inlet are

small.

RECOMMENDATIONS

1. Other analytical techniques for the prediction of inlet

pressure distribution and cavitation inception boundaries should be

investigated . The capability of the presently used technique to predict

inlet performance, particularly f or off—design centerbody deployments,

is limited.

2. To improve the cavitation performance of the variable—area

inlet design , it is recommended to; (a) reduce the constriction at

the inlet minimum area (throat) region, (b) increase the inlet lip

nose radius, and (c) reconsider the limits of travel of the centerbody

to assure minimal interference of the centerbody with the inlet flow

during full retracted operation. The effects of these suggested

design changes should be evaluated on an analytical basis with the

use of available design and performance prediction techniques. If
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I

the results appear promising, an experimental evaluation of the

modif ied design should be conducted .

3. Redesign of the centerbod y— turning vane should improve internal

pressure recovery performance.

~ 
A comparison of the performance of this variable—area inlet

and a fixed—area inlet is currently underway . Drag , cavitation , and

pressure recovery performance of the inlets  for a given f low—rate/ speed

schedule will be compared .

5. Due to funding limitations~ the sensitivity of this design to pitch

or Yaw angle was not investigated . This aspect would be important to explore.

The ab-ility to deliver the required thrust in a turn, during maneuvers ,

or in a seaway is an essential aspect for satisfactory prototype

ship performance.
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FIg. 5 Comparison of Experimental Data With Prediction of Centerbody
Pressure Distribution.
V= 80.45 kts, IVR= 0.71, Centerbody Fully Extended
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Fig. 6 Comparison of Experimental Data With Prediction of Centerbody
Pressure Distribution.
V= 9.85 kts, IVR = 334, Centerbody Fully Retracted 
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Figure 9 . Internal Pressure Loss Performance—High Speed

Conditions.
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Figure tO. Internal Pressure Loss Performance—Low Speed
Conditions.

44



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

1 I 

1
~3 .LN3OIJ4300 SSO1 3~flSS3~d 

I I

o~ 
0

U ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

H ~V~\ - ~L - • 
~I~ ±L~~~~ I ~~~d .~~~~~~~~ - I ~~~~~~ I~~~~~~~N 0 ~ •O ~ N 0

— — — - - 0 0 0 0

~ IN3I)H~~3(fl SSO ’ ~W1SS 3&1 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ —-~~~~~~ - - - . A



----__- _ ------- - --- _~------ .

I I I I I

CENTERBODY FULLY EXTENDED

120.0 
34.73 INCHES (FULL SCALE)

100.0 c p .

I ~~
~ 80.0 O~ Q\

EXTERNAL / I\\ INTERNAL
CAVITATION o ~b\\ CAVITATION

I t
U I
> 60.0 0 MAXIMUM POWER-

::: / ~~~~~~~EQUlL~~RiUM 

2~5
IVR - 

~~~~
Figure 12— Inlet Cavitation Boundaries Measured

and Predicted, for the 34.73 Inch (O.882m)
Centerbody Extension (Fully Extended).
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Figure 13—Photographs of Typical Inlet Cav itat ing Condition s for the
34 .73 Inch (Ful l Scale) Centerbody Extension (Full y Exte nded )
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Figure 14—Inlet Cavitation Boundaries Measured and

Predicted, for the 24.44 Inch (O.621m)
Centerbody Extension .

48 - 

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



EXTERNAL CAVITATION
cT=0.2275 (60 KNOTS)

INTERNAL CAVITATION
cT=o.2275 (60 KNOTS)

EXTERNAL CAVITATION
0 =O.5150 (40 KNOTS)

INTERNAL CAVITATION
0 =O.5150 (40 KNOTS)

Figure 15— Photographs of Typical Inlet Cavltating Conditions
for the 24.44 Inch (Full Scale) Centerbody
Extension.
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Figure 16—Inlet Cavitation Boundaries Measured and
Predicted, for the 15.00 Inch (0.381 m)
Centerbody Extension.
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Figure 17—Inlet Cavitation Boundaries, Measured and Predicted,
for the 0.0 Inch Centerbody Extension (Full y
Retracted).
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Figure 18— Photographs of Typ ical Inlet Cavitating Conditions
for the 0.0 Inch (Full Scale) Cenferbod y
Extension (Ful ly Retracted).
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APPENDIX A

PRELIMINARY POWERING REQUIREMENTS FOR THE PROPULSION SYSTEM

OF A 200 TON, 100 KNOT HYDROFOIL SHIP
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Hydrof oil Power ing :

170 long tons

Take—off Speed = 35 knots
Cruise Speed = 100 knots

Thrust and Powering Required :

V (knots) Thrust (ib) Power (hp)

10 7,506 3,381
20 30 ,031 13,083
30 , 67 ,617 29 ,070
35 91,981 39 ,701
40 85 ,959 37 ,315
50 76 ,929 34 ,184
60 70,258 32 ,427

70 64 ,983 31,591
80 60,830 31,561
90 57 ,349 32 ,200

100 54 ,400 33 , 509

Preliminary Pump CharacteriStiCs

Cruise: v=lOO Knots Hump : V=35 Knots

head = 1100 f t head = 1265 f t
r i=O .85 

~ 
r~~= O.8

Q = 222 f t /sec * Q 215.5 ft /sec

*Two Inlets

58

.—

~

-—. =———— _ -_— ..— -._— .——-. —.-. , -— .. -.——. ,.— ———.- __ — , — . .  — ——--—-.—.—_ ,,—- .———. ...-_ ..—.-— — _ — ~~~~~~~~~~~~



- ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

APPENDIX B

PROPOSED RESEARCH ,
WORK STATEMENT ,

LIST OF DELIVERABLES FOR CONTRACT NO. N00600—73—2- 0964

“Design of a Pod Inlet for a 200 Ton , 100 Knot Hydrofoil”
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PROPOSED RESEARCH (prepared by contractor)

Theoretical Design & Analysis

The previous section has pointed out some of the pitfalls and

difficulties of high speed pod inlet design uncovered on the basis

of a great deal of computer analysis performed at DSI on these

systems . It is evident that considerable refinement of inlet shape

is required to produce a workable design. Furthermore , there are

a number of choices to make regarding inlet shape and type

of inlet device used for high IVR operation . Pod slenderness

must be weighed against internal flow diffusion requirements to

minimize internal losses , and fluid mechanical efficiency of

inlet devices must be considered in the light of mechanical

complexity.

Thus , it is proposed to establish , bas ed on DSI ’s past

experience , a number of candidate pod and flush inlet designs to

properly accomodate the IVR range and speed requirements of the 200

ton hydrofoil , subjec t to craft operating condit ions supplied by

the NSRDC Hydrofoil Program Office. These  candidate inlets will

be separated into the f o l l o w i n g  t h r e e  h~is Ic c a te go r i e s .

(1) Pod Inlet with Ring Sl;i t

(2) Pod Inlet with Cent. e r h o d y

(3) Flush Inlet with Secle~ t ed Inlet fl t v i ~ e

Each of these Inlets will be optim ized t o  o i vt t h ei r best

pert ormance , using the PSI axi—svmm ctr ic , two—d in ie n~.iona1 and thre e-

dimensional Neumann computer programs . rui se p t  lml; . i t Ion , o t

course , will be on the basis ot  i c h  1ev i n c . maximum ..IVR e e n t e t  t i  on

60



the design IVR at V = 100 kts. Optimization at hump will involve
max

the best shape and deployment position of the inlet device yielding

,~I V R = ~tax centered on the hump speed IVR.

The three optimized candidates will then be compared on the

basis of cavitation boundaries , internal duct losses , external

drag, and mechanical design considerations. On this basis , a

judgement will be made as to the design which is the most suitable

f o r  a p p l i c a t i o n  to the 200 ton hydrofoil design .

Once the best candidate has been selected , a detailed analysis

of Its performance through the entire IVR and inlet device

deplovrnttnt range will be made. In addition , the effect of inlet

characteristics on the total waterjet propulsion system performance

(as determined by using the  above r e su l t s  in c on j u n ct i o n  w i t h  the

Pratt & Whitn eY Mapping Program , currently computer—operational

at DS1) will be assessed throughout the craft ’s operating regime .

REFERENCE S

1) Pratt & Whitney Aircraft Waterjet Performance Mapp ing
Computer Program Final Technical
Report , PWAFR— 3434—3442
. l i i ui~i r v  23 , 1970

2 ) A e r oj e t  Ceneral (or i r i t  ion Fifth ~~ca  Ic Pod—Aux il I ory Test
Pr or.jr .I , S1- : S — E — E 0 0 3 — 1  6
:,, I ) I .~I 1 r \ .  1 9 7 1
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STATEMENT OF WORK (prepared by contrac tor)

Meeting with contract monitor to obtain relevant craft information

needed for inlet design. This will include operating speed and

pump mass f low envelope , craft drag characteristics , configuration

constraints and sizes, etc.

Design, using quasi—two—dimensional methods of three basic inlets

suitable for the craft under consideration , satisfying the

hydromechanical and configurational requirements. These will

include:

a) Ring slat pod

b) Centerbody pod

c) Flush inlet

Analyze the basic pod or flush inlet hydrodynamics using the

axisymmetric or 2—D Newmann programs respectively for maximum

speed IVR (lip device undeployed). For this purpose , at least

three variations on each basic configuration will be designed

and analyzed . The best of each basic configuration will be selected.

Analyze each of the selected inlets with the lip devices deployed

fo r :

a) Static thrust

b) Hump speed

Analyze ~hc externa l flow about the pod/strut combination for high

speed operation s

62

_ _ _ _  

~—
-._—-- -- --_.—~~~~~ -.- -- -~~~~~



Select t h e  best overall inlet for final refinement and analysis

over e n t i r e  LVR perating range.

s i ng  P r a t t  ~. Wh I~ n e v  w a r e r j e t  mapp ing  program ( r e fe rence  ( 1))

a er~~i .~ . -v ~~r ~ll inlet/pump/nozzle performance in terms of

tttr ~~-,t/p ~wer . 
..ielding vehicle acceleration , marg in over hump,

m~~x s~ t~~d , cavi tat Ion lam ige • etc.

PROGRAM SPHEI)1 1,E ANI O R C A N I 2 A 1  IaN (prepared  by c o n t r a c t o r )

Schedule

The Aerospace Technology Division of Developmental Sciences ,

Inc., proposes to perform the tasks outlined in section 3 within a

6 month period . The detailed schedule for the various tasks and

milestones are shown in the figure of the Project Schedule.

Program Organ ization

Developmental Sciences , I n c . ,  proposes to pe r fo rm the  tasks

outlined within the specified period . DSI—AT is equipped to

undertake the proposed program , not only in terms of t e c h n i c a l  and

management skills , hut also In terms of organlzation , facil ities and

financial capability.

The o r g a n i z a t i o n  f o r  t h i s  p r o j e c t  is shown in the Figure. Dr.

Gordon L. H a r r i s  w i l l  a c t  as t e c h n i c a l  program manage r  f o r  the

proposed program . Pr .  M i c h e l  1 1  R a h eb  w i l l  serve as t h e  pr  c ot

s c i e n t i s t .  Dr .  H a r r i s  reports to D r .  Ge r a l d  R .  Se emann , P r e s i d e n t

_ _  
_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _
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of DSI. All of these men are very competent engineers and scientists

with experience that is pertinent and relevant to the proposed

program .

A brief outline of the project  duties for each lead man and

the time he is expected to devote to the project is specified .

1. Dr. C. L. Harris — will lead the design and analysis and
(15% time)

serve as overall technical coordinator .

2. Dr. M. El Raheb — will participate in the Newmann analysis
(50% time)

of the inlet , pod/strut analysis , model

scaling and data interpre tation phases

of the project.

3. Dr. C. R. Seemann — will at no charge to the program insure

tha t the corporation meets its technical ,

f inanc ial, and schedule obligations as

set forth herein.
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WORK STATEMENT AND DELIVERABLE ITEMS (prepared by DTNSRDC)

Work Statement

The DSI will design and deliver preliminary design drawings for

a Waterjet Inlet—Pod—Strut system to be used on a 200—ton , 100—knot

hydrofoil craft. Two of these inlets will be used on the (2) aft

foil systems of the craft , having a canard configura tion (s ingle fo il

fwd , two foils af t , with a 35% — 65% load distribution) .

NSRDC (Code 1532) will provide the following information:

Available power vs speed curve

Minimum speed at which max imum power should be u t i l i zed

Maximum allowable velocity to the pump—inlet

Drag vs craft speed , exclusive of the two strut—pod

Approximate strut—wing dimension

DSI will conduct:

A screening analysis of a number of strut—pod—inlet configurations

accomodating the IVR range and speed for the craft ’s operating envelop.

Select (3) arrangements for detailed comparison of head—recovery ,

duct losses, external drag and cavitation Inception boundaries.

Select the “best” arrangement providing cavitation—degradat ion—

free performance over the craft ’s operational envelop, based on the

least amount of head—loss , the least external drag, cav ltat ion—d egr ,nl t ion
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sensit ivity to pitch and yaw , and mechanical complexity . This selection

will be finalized after approval has been obtained from Code l532,NSRDC.

Final, detailed analysis of the selected inlet—pod—strut

configuration.

Preliminary design drawings of the configuration .

Deliver a final report describing in detail , the work performed

including the method used and presenting the detailed calculations

for each phase of the work statement .

The design drawings of the f inal conf iguration will be included

in the report , as well as the predicted performance of the strut—pod—

inlet ~‘stem throughout the craft ’s speed range, inclusive of the

performance over the IVR range and inlet device deployment range,

showing the cavitation inception boundaries , internal duct losses,

external drag, and mechanical deployment modes.

Conclusions and recommendations will also be made.

Time Schedule

The contrac t is let for 6 months duration , a rough draft of the

final report to be submitted within six months after the inception of

the program. This draft will be reviewed by Code 1532, NSRDC, and the

final report issued reflecting the modifications suggested after

review.

Monthly letter reports , descr ib ing “progress to date”, will be

delivered by DSI to Code 1532 , NSRDC . The letter report will state:
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Accumt..lat ed expend i tu res

Acc omp lishments to—date

Problems encountered

Solutions proposed

Pred icted progress for next period
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APPENDIX C

MODEL DATA - TABLE OF OFFSETS

() q 



--~ - -- ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
_ _ _ _ _ _ _ _ _ _ _ _ _

BASIC DIMENSIONS OF THE MODEL

POD :

Length from leading edge of inlet lip to tail
(faired boatail configuration) 29.0 inch (0.7366 in)

Length fr om leading edge of inlet lip to blunt
base (blunt base configuration) 22.77 inch (0.5784 in)

Length from lead ing edge of centerbody to tail
(boatail, fully extended centerbody) 34.4 inch (0.8738 m)

Maximum external diameter 5.445 inch (0.1383 in)

Diameter at blunt base 4.02 inch (0.1021 m)

Base area 12.69 inch
2 
(8.187 x lO~~~

2
)

Estimate of wetted area (blunt base) 372 inch 2 (0 .240 in
2
)

STRUT : Parabolic shape , nominal t/c 12%

Length at pod intersection 16.5 inch (0.4191 in)

Length at 17 inch (0.4318 m) f rom pod intersect ion .18.5 inch (0 .4699 m)

Length at mating flange 20.25 inch (0.5144 in)

Assumed height for strut wetted area 17 inch (0.4318 m)

Assumed height for strut base area 17 inch (0.4318 m)

Thickness at strut base 2.24 inch (0.0569 m)

Estimate of wetted area 560 inch
2 
(0.3613 in)

Estimate of base area 38.08 inch (0.02457 in)
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APPENDIX D

LISTIN G OF DATA REDUCTION PROGRAM USED FOR
THE ANALYSIS OF PRESS URE DATA
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_ _

CHASWJP ,CM50000 ,P35 1q32. SOBOLE WSK I
CNARGE ,CHAS ,3272116502 .CC ,J .
FIN (I .A)
LG O.
FXIT.

00 00 00 000000 0 000000 0
PROGRAM W JETD( IN PUT ,OUTPUT ,TAPE5ZINPU T .TAPE6 OUTPUT )

C AL SOBOLEWSK I CODE 1532 X7 1318
DI MENSION GPM (2L,,DRAG (21 ), VFS(21),PT (21).P (36,21),O(21),

I PODEX (n), CPF(13 .2) ,CPI(35.21),PAVGI(21) ,PAVG2 (21) ,PAV II3 (21) ,
2 PAV G6 ( 1),0AVG5 (21),P AVG6 (2 1) ,V IN (21 ) ,AR~A(2 1)
DI MENSION CPL(21 ,CPL’1(21),SIGMA (21).RE(21).PTOT (21),PIOC (21)S

1 I VR A (?1 ) , IVR ~~(- 1 ) ’ CPLF (21) , CPLTF(21)
INTEGER RU ,’4(21),POQEX(8)
REAL L IFT( 2 1),KV .IVRA . IVRB , CPLF , CPLTF
READ (5,721) R)40
READ (5,721) PV
READ (5,735) KV
READ (5,701) NSETS
DO 300 J 1,NSETS
WRITE (6.717) J
RE AD (5,719) AS IGMA ,A PODEX ,AFSS

C ASSIGN I NLET ARE A
READ (5 ,715) PODEX(K)
IF (PODEX(x )— 412) 931,932.933

931 AREAA=O .03097
D.0.069
GO TO 935

932 ARE A A O .03431
Dm 0.0 775
GO 10 935

933 IF (POOEX(k)— 1057) 936,937.938
936 AREAA= O.0 5139

D O .  1267
GO TO 935

937 AREAA =Ø .0678 1
GO TO 935

938 AREAA LO .08177
D~ 0.3233935 CONTINUE
READ (5, 701) NRUNS

C RE A D DATA
DO 400 IY= 1 ,NR IJNS
READ (5,718) R IJN (IY ),G PM (IV ) ,DRA G (IV ) ,L IFT( IV ) ,V F S (IY ) ,PT(I V )
READ (5,7O 4)(P (I1 ,IY).1X 1,35)
Q ( I V ) =r ,PM (IY) NO.002228
V IN (IV) =0 (IV ) /AR EAA
IVRA (IY) = V IN (IY ) / ~.lF5 (I Y)
IV RB (IY ) = (0 (TYJ’0 .03097) / V FS (IV )
DO 350 IX I,4
CPF ( IX , IV )  ( ( P (  Iy ’ I V )  — PT ( I V )  ) 

~144. )/ (  .~~*RHO .V FS( I V )
350 CONTINUE

DO 450 1A 9,13
CPF (Ix,I Y )~~( p( Ix ,Iy )— PT (IV ) ) *144 .)/( .s.rn4O.VFS(1Y)~~*2.)

450 CONTINUE
DO 550 I* 17.35
CPI(I X ,IV).(( P( IX ,TY )_ PT (IY ))*144S )/ (s5*RHO *V IN (IY)~~~2S)

550 CONTINU E
PA VG1 (IV)=(P( S ,IV) .P (6,IY) ,P (7,IV) .P18 ,IY ))/4.
PA VG2( IY ) (P(11 ,IV) .P(14 ,IY) .P (1S ,IV) .p(16,TY))/ 4 .
PAVG3 (TV )=(P(1 7 ,IY ).D(18 ,!V).P (19 ,IY ).p (20 ,TY ))/4 .
PAV G 4( IV ) (P(2I ,Xy).P (2251V ).P (23 ,Iy I.p (24 ,IY )+P(25 ,IV))/5.
PAVC,5 (IV ) (P (26,IY) •P(27’ IV ) •P(28,IV~ )/3.
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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I P( 3 5 , IV ) , / 7 5
PTOT (IV)= PT (IV ) ,(R l400V F5 (IY )• 2.)/288.
CPL (IY)= ((PTOT(IV)~~PA V G4 (IV )) 288 .)/ (RHO*VIN (IV)0 2.)
CPLF ( IY) I (RIOT I IV) —~ AVG4 I IV ) ) ~288. )1(RHC ~V~ S ( IV)
CPLT (IV) ((PTflT (IY)—PAVG6 (IY)) ’288I)/ (PHO*V IN( IV )’*2I)
CPLTF (IY )=( (PTOT (I Y)—PAVG6 (IY) )0288 .)/ (R )-IO VFS (IY) 002.)
PLOC (IV)=PTOT(IV )—IR-,O ’VIN (IV)’*2 .)/28R .
SI GMA (IV )= ((PLOC (IY )— PV )*2 88. )/(R HO *V IN (IY )**2.)
RE (IY) = V IN (IV) .D/KV

400 CONTINUE
WRITE (6,720) APODEX
WRITE (6,705)
WRITE (6,700) (RUN(IV ),p (I,IY ) ,P (2,IY ), P(3 ,TY),P (4,IY) ,p(5 ,IV ),

1 P (6 .IY) ,P (7 ,IY) ,P(8 ,IY) .P(9 ,TV), IYR 1 ,NRUNS)
WR ITE (6,706)
WRITE (6,700) (RON (Iy) ,p (1051’f ) ,PU1.IV ),P(12 ,IV ) ,P (13 ,Ty).

1 P (14.IY) .P(15 .IY) .P (16 .IY ).P (17 .IY ),P (18 ,IY) .
2 I Yz 1 ,,~RUN S)
WRITE (6.707)
WRITE (6,700) (RUN( Iy),p (19 ,IY) ,P (20 ,Iy) ,P (?1 ,IV ) .P (22. !Y ),

1 P (23 ,IV ) ,P(~ 4SIV),P(25 ,IY),P (26 ,IY ),P (27 ,IY) ,IV.1 ,NPUNS)
WR ITE (6,708)
WRITE (6,700) (RUN( IY),P(28 ,IY),P(29 ,IV ),P (30 .IV),P (31,IV ).

1 P1 32,IV).P ,33 ,IY ),P (34 ,IY) .P(35 ,IY) ,Q (IV),IY .1.NPUNS )
WRITE (6.710)
WRITE (6.700) (RUNU Y),PAV GI(I Y ).PAVG2 (IV) .PAV G 3 (IY ) ,PAV G4 (IV) .

1 PAVGS(I y) ,pAV 66(1y), CPF (1,I’V) ,CPF (2, IV) ,CPF(3 ,IY ) ,Iy— j.NRUNS)
W RITE (6,711)
WR ITE (6.700) (PUN (Iy) ,CPF(4 ,jY ) .CPF (9 ,Iy) ,CPF(10 ,IV) ,CPf (1I ,IY) ,

IC PF (12 .IV ) ,CPF (13 .IV) .CPI (17 ,11’ ) ‘CR1 (1R ,IY ) ,CPI (19,11 ’) .1Y 1  ,NRUNS)
WRITE (6.712)
WRITE (6,700) (RUN (IY ) ,CPI (20 ,IV),CPI (2I ,IY ) ,CP I (22 ,IY),

ICPI (23 ,I V) ,CPI(24 ,IV),CPI (25 ,1Y) ,CPI (26,IV ),CPI (27 ,IV ),CPI(28 ,IV) .
2 1 V 1.NRUNS )
WRITE (6.713)
WR ITE (6.700) (RUN( jy),CPI (29,IV).CPI(30 .!Y) ,CPI(3),IY) ,CPI (32 .IY)

1 .CPI (33 .I V) ,CPJ (36 ,IY ),CP I (35 ,IY),vTN (IY ),V ~ S (IV), IY .1 ,NRUNS)
WRITE (6,714)

431 WRITE (6,700) (RUN( IY ),PTOT(IV) ,PLOC (Iy) ,PT (IV),RE (IY) ,CPL (IV) ,
1 CPLT (IV ) ,S IGMA (IV) ,AREA A ,D ,IY= 1 ,N i~UNS )
WRITE (6,725)
WR IT E(6 ,700)  ( R U N ( I V ) , P T ( I V ) , V F S ( I V ) , P T O T ( I y ) , 6 P M ( I V ) , V T N ( I V ) ,

1 TV RA( TV ) ,IV RB (IV) .C PLF (IY) .CPLTF (IV ).IY . l’NRUNS
300 CONTINUE
700 FORMAT ((2X,13 ,3X ,q(E10. SEI,3X)))
701 FORMAT (12)
702 FORMAT (13)
704 FORMAT (6fjØ54)
705 FORMAT (/1* RUN P(1) P(2) P13) P (6)

I P (5) P(6) P(7) P(8) P (9)0/)
706 FORMAT (/1. RUN P110) PIll) P112) P113)

1 PU’.) P (I5 )  P 116) P(17) P (18) /)
707 FORMAT (*j./f* RUN P119 ) P120) P121 ) P(22)

P (23) P(24) P125) P126) P127)
2 / )

708 FORMAT (Ii’ RUN P128 ) P129) P130) P 13 1 )
1 P(32) P133) P134 ) P135) 0*/)

709 FORMA T ((2X ,I3 ,3r.A(E3 O . 5E1.3X )))
710 FORMAT (/1* RUN PAV GI PAVG 2 PAVG3 PAV A 4

1 PA VG 5 PAV( 6 CPF U~ CPF (2)
711 FORMAT (*1*//0 RUN CPF (4) CPF(9) CP~~(10) CPT ()

11 ) CP P II2) CPF (13 ) CP I()7) CPI( 18) CPI (19
2) /)

712 FORMAT (1/’ RUN C~~I(20)  CP I(21 )  CPI(22) CR 1123)
I CR1 124) CPI(25) CPI (26) CPI(27) CPI(28)
2 “)
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71 3 FORMAT ( 1*//* RUN CR1129 ) CR1 130) CR11 3 1 ) CR11 3
12) CR1 133) CR11 34) CR 1135) V (1P4LET ) V~ S’/)

714 FORMAT 1//* RUN PITO TA L ) P (LOCAL P(TUNN !L) REYNOLDS
INO . CPL (LOWER) CPL(TOP ) SIGMA (1N ) AREAA 0

715 FORMAT (IS)
716 FORMAT (2F10.5)
717 FORMAT (~~I *//4))I TME FOLLOWING DATA PEPERS TO DA TA SET .12/)
71 8 FORMAT 113 .7X .5F10 .3)
719 FORMAT (3A10)
720 FORMAT (/20)4 POD POSiTION = ~A 10)
721 FORMAT (F1OS.)
722 FORMAT (13,7X.6E11.5E .I )
723 FOR MAT (I3 .7X.5E11.SE1)
725 FORMAT (*10/,. RUN P (TUNNEL) VI TuNNE L ) P (TOTAL ) FLOW I

1GPM I V (INLET ) !VR (ACTUAL) IVR (cR (JISE) P—LOSS(LOW ) P—LOSS
2 (TOP) /)

727 FORMAT (I3 ,7X, 6E11.SEI ) —

732 FORMAT (13.7X,2E11.SEI)
735 FOR MAT (E10.5)

STOP
END

0000000000000000000000
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APPENDIX E

LISTING OF DATA REDUCTIO N PROGRAM USED FOR
ANALYSIS OF FORCE DATA
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PROGRAM W JETD ( I’ PIIT .OUTPUT ,TAPE5=JNPUTSTAPE 600UTPUT)
C AL SOBOLEW SKI COOt 1532 *71318
C OS! WATERJET INLET DATA REDUCTION PROGRAM

DIMENSION r,P’4(25) .DRAG I2S) ,vT (25) ,PT (25) ,SIGMA ?5),
2 AIVR (25) ,~~IVR (25 .V IA (25) .V18(2S),XDpAG (2S).C0 (2S),XLTFT (25) ,
3 PTF I ?5),PI(25).PE (?5),V ((25) ,Q(25),CL (25) ,FE(25),Fi(25),
4 COMO (2S),CDME~(25) ,CLMO (25) ,CL ME(25),CFEq2S) .CPI1?5)
REAL LTFT (25)...IOMI(25 -),NOML (25)
INTEGER POOEX. *SJGMA .A PODEX ,A FSS ,PUN (25)
READ (5.SOP) P~1O CF.~ V ,H
READ (5,50 9) AREA F .A REAS ,AR EAB
READ(5 ,51 6) N(RA PHS
00 36 J=1,NGRA PP .IS
WPITE(6.549) J

C
READ (5,570) ASI&s.A.ADDDE*.AFSS

C
READ 15,511) POOFX
IF (PO DEX— 412) 931.932,933

931 AR EAA O .03097
G0 T0 935

932 AREAA= O. 03431
GO TO 935

933 IF (P00EX 1057) o36,937,~~38936 AREAA O.05139
GO TO 935

937 AREAA=O.06 781
GO TO Q3S

938 AREAA O .08177
935 CONTINUE

READ (5,512) N~’TS
RE AD (5,513) IRA N( TA ) .GPM (IA) .ORA G1I A) ,L IFT (IA ) ,VT( IA ) ,PT (I

I TA -1 ,N ’TS)
00 300 IX I,NPTS

C COMPUTE INLET VEL O CITy AND IVR FOR ACTUA L AN D CWU IS~. AREA
Q 1IX )= ~ PM (jX )*eF
V IA( IX) x0( IX ) /AP EAA
VI B (1* 1=0 11 * ) /*REAR
BIV P(IX) ZV IB (IX ) /VT( !X)
AI V P(IX ) ~V TA ( IX) ‘VT (IX)

C COMPUTE EX TERNA L r)PAG AN D OPA G CO (FFIC IFN T
DEN..5*PP40*AREAS 5V T( IX )*02 .
MON T (IX ) PHO 0D11X )~~V T A (I~~)X DR AG (IX )=DP A C , (TA)— M )M I (I * )
CD (TX ) =X D RAD (IX) ‘DEN
CDM O (IX) =MOM I(IX ) /nEN
CDM E (IX ) DRAG (TX )/()EN

C COMPUTE SIGMA
PT I TX) =PT ( IX) 0 ) 4 4 .
SI GM A (t* )= P TU X ~ —P V) / .5 R)4O VT( IX) ?.)

C COMPUTE EXTE RNA L L1~ T A N D LIFT COE FFI C 1~ NT
V E (IX )u a (IX ) /A QEA (
MOML I I X )  ZPH000 ( 1  X l  ( I X )
X L I F T I T X ) = L I F T ( I X ) — M O M L ( ! X )
CL (!X )’~XL IFT(TX ) /D EN
CL MO (Ix) .MOML (IX ) /riF iá
CL M F ( T X) ~~L IF T( I X ) /DEN

C COMPUTE PRESSURES P (INL r T ) AND P (EXI T)
PTF (IX) .PT(IX) ,.SSPHO .VT (1*)*S2.
PT (IXh. PTF (tX )— .S0P’-100V TA (1X1** 2.
PE 1IX )= PTF d x l  — .5*PHOavF (I x )  2.’PHO 3~ .2.)-~

C COMPUTE PRESSURE FOPCE A T IN LE T AND E X I T
F((IX).(PE(IX )— P’r(IX) )~~A~~ AE

i U)z L P T  ( ( I L  i1!XJJIA~ FI~A
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CFE1IX ) .FE(IX ) /OEN
CFI (IX)aFI 11X)/DE N

300 CONTINUE
WR 1TE~6,592)
WRITE (6.594) A S1GMA ,APODEX.A FSS
WR ITE (6,595) NPTS
WRITE (6. 590)
WR ITE I 6,591) 1 Rl jN (IX ),V 1A (1X) .VIB (IX ) ,A IV P (TX ) ,~~IVR( IX), MOMT(I *) .

I XORAG (IX ) .CO( IX ) ,CDMO (IX ) .CDME (IX) ,PT(IX ) ,SIG MA (IX ) .
2 VE (,X ).IX= 1 .NPTS)
WRITE (6,5961
WR ITE (6,597) (MO~L (1 X ) ,XL IFT (IX) ,CL(IX ) ,CLMO (IX)’CLM E 1IX ) ,PTF (IX) .

I PI (TX) ,~ E (IX),FE (I* 1 ,PI (IX) ,CFE (IX ).CFI(IX ).
2 Ix=1.NPTS)

C
36 CONTINUE

508 FOR MAT (‘sF10.4)
509 FORMAT (3F10.c)
511 FORMAT (IS)
512 FORMAT (1 3)
513 FOR MAT (I3,7X.3F ~0.3)
516 FORMAT (12)
549 FORMAT 1//////41 H FOLLOWI N G DATA PERTA INS TO GRAPH NUMB ER .12)
570 FORNAT 3A1 O )
590 FORMAT (1/1* RUN NO. V IA VIB A I V R  BIVR MOM

I I  ORAG (EX Cfl(EX1 COP-ID CliME PT SIGMA
2 VE */)

591 FORMAT ((1X ,17,3x,?(r7.2.3X),2 (F7.5,3X).2 (F7 .2 .3X).31F7. S,3X),
I F7 .2 , 3 X . ? ( F7 . 3 , 3 X ) ) )

592 FORMAT (//* liST WA TERJET DRAG DATA 0)
594 FORMAT (/30)4 TEST COND. — SIGMa = .A10,15 HPOD POSITION .

I A1O ,26H FlJ LL~ SCALE SPEEO — .A j O )

595 FORMAT (/20)-I NO. PTS. z .13)
596 FORMAT (1/1* LIF (MO’4) LIFT ( EX)  CL IEX) (~LMO CLME PTF

I RI FE FT CEE CFT* /)
597 FORMAT ((1X,2 (F7.2 ,3X),3 (F7.5,3X).5 (F7.2,!X)’2 (F7.5,3X)))

STOP
END

00 000000000 000 0 000000 0
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