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ABSTRACT

A new DTNSRDC waterjet inlet experimental facility capable of

simulating cavitating conditions which exist on the waterjet inlets

of high—speed dynamic—lift type craft  is thoroughly described. Included

is a detailed discussion of the design and calibration of a new

six—component force and moment dynamometer. The primary purpose of

this report is to serve as a reference manual for futur e users of

the waterj et inlet testing facility by providing background

information , and by demonstrating the measurement capabilities of

the system.

INTRODUCTION

The purpose of this report is to describe a new David W. Taylor

Naval Ship Research and Development Center (DTNSRDC) facil i ty

designed to permit the total performance characterization of

strut—pod waterj et inlets at cavitation scaled conditions

corresponding to prototype craft speeds in excess of 100—knots.

The development of this waterj et inlet testing facility

represents one phase of a major waterjet inlet development effort.

The overall program objective includes plans for the design and

evaluation of flush and semi—flush inlets, such as those being

considered for use on surface effect vehicles and high speed planing

craf t, as well as the strut—pod inlets currently being used on

hydrofoils.
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The waterjet inlet has long been identified as one of the most

critical components in waterjet propulsion systems and one of the

most complex to design. The design of an inlet for application on a

high—speed dynamic—lift type vehicle involves many trade of fa or

compromises to satisfy the requirement for no adverse internal or

external cavitation at both low—speed takeoff (hump) and high—gpeed

cruise conditions. The additive drag of the inlet should be

minimized and the flow stream should be diffused to produce

acceptable pressure and veloci ty cond it ions at the inlet flange of

the pump. The flow stream must also be turned through several bends

in the ducting circuit without causing cavitation or unacceptable

hydrodynainic losses. The degree of difficulty of the inlet design 1,

problem increases considerably as the cruise speed requirements go

up and the spread between takeoff speed and cruise speed widens.

In spite of the problem of optimizing the design of waterjet

inlet—ducting systems and the fact that the efficiency of vaterjet

systems will never match the eff iciency of well designed marine

propellers, waterjet systems continue to remain strong propulsor

candidate. for certain types of craft and certain mission

requirements. Two of the most important inherent advantages of

vaterjet systems are lower radiated noise and higher reliability

(fewer moving parts) than can be achieved with supercavitating

propellers driven through long transmission shafts with heavily

loaded angle—drives and sophisticated lube—oil systems. The PGH—2

(Tucumeari) demonstrated that waterjet systems can have high

2
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reliability.

Minimal experimental effort has been expended to validate the

strut—pod—ducting design methods employed on the Tucumcari, PUM , and

SES 100 A, and in general , published experimental data on the drag

characteristics of strut—pod waterjet inlets is limited.

Undoubtedly, one of the primary reasons for the dearth of

experimental data on these inlet types has been the lack of suitable

facilities for the investigation of such devices. Most tests have

been conducted with towing carriages or small water channels which

were not designed to accommodate the evaluation of waterjet inlets.

Adding to the dilemma of where to best evaluate waterjet inlets, is

the fact that the physical constraints imposed by each type of inlet

render it practically impossible to design a single, multipurpose

facility capable of testing all types of waterjet inlets.

The facility described in this report utilizes the open—jet

test section of the DTNSRDC 36—inch variable pressure water tunnel

and is best suited for the evaluation of strut—pod type inlets.

However , flush—inlet testing could also be achieved with the same

basic flow—loop arrangement and hardware by substituting the

closed—jet section in the tunnel and mounting flush—type inlets in

the hatch cover .

The new DTNSRDC strut—pod inlet test facility possesses a

unique combination of capabilities heretofore unavailable to the

Navy. It is the first facility of its size for evaluating

3
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ram—inlets that permits simulation of cavitating conditions at craft

speeds in excess of 100 knots, while measuring all six force and

moment components acting on the inlet—strut assembly. In addition,

the inlet forces and moments are measured free of interaction

effects from pumps and nozzles. The yaw angle is easily adjustable

in one degree increments through plus or minus ten degrees and the

pitch angle can be varied with shims. Pressure taps can be located

in the model to measure pressure distributions at the inlet and at

the top of the strut. Rydrodynamic los, coefficients for the

inlet—strut duct system can then be computed. Minimum IVR limits

can be determined by visual observation of cavity growth on the

external surfaces of the inlet . Max imum IVR limits can be detected

by inlet choking. Model vibration frequencies can be measured, and ‘ I
lift/drag ratios for various strut—pod—foil configurations can be

determined. All test data can be rapidly collected and analyzed

with existing programs on a mini—computer .

In order to thoroughly evaluate the performance capabilities

— and limitations of the new waterj et inlet experimental facility , two

previously tested strut—pod models (Appendix A) were examined over a

wide range of cavitation numbers, advance speeds , and inlet velocity

ratios. A small sampling of data collected during these preliminary

experiments is presen ted in this report . A detailed description of

the results from these inlet experiments will be provided in a

follow-on report.

I
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TEST APPARATU S

The waterjet inlet experimental facility consists of three

major parts: 1) the DTNSRDC open—jet 36—inch variable pressure water

tunnel wi~.h its computerized data acquisition system, 2) the

external flow loop assembly with its variable speed pump, and 3) the

six—component force—balance dynamometer loca ted inside the tunnel

test section. Each of these major system components will be

discussed in the following sections.

36—INCH VARIABLE PRESSURE WATER TUNNEL

A schematic of the water tunnel is shown in Figure 1. The test

section has a variable pressure rarge from 2 to 60 PSI absolute and

• a maximum flow rate of 50 knots (84.5 ft/sec). A complete

description of the tunnel and its capabilities is contained in

References 1 and 2.

Mini—Computer Data Acciuisition System

The mini—computer data acquisition system pictured in Figure 2

is a rather recent addition to the tunnel facility and provides a

greatly expanded data analysis capability. The computer eliminates

the problems and Inaccuracies encountered with analog tape recording

systems by directly reading each data channel in digital form from

the output of the analog—to—digital converter. When the memory bank

of the computer is filled, the test data contained within the

5
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computer is written In digital form on magnetic tape and thereby

preserved for future analysis .

The computer’s ability to perform Imeediate preliminary

analysis of the raw test data was an invaluable aid in examining the

measured force, moment, and flow—rate values at the conclusion of

each set of data collection runs. From these measured values, it

was possible to make timely judgenents concerning the selection of

appropriate tunnel velocity and pressure conditions for subsequent

test runs.

The mini—computer system is composed of the following hardware

items depicted in Figures 2 and 3: 1) an ~Interdata~1* computer with

24K memory, 2) an 1~Analogic~**Series AN—5200 analog to digital

converter , 3) a ~~~~~~~~~~~~~~ 1024 “Cartri File” cartridge type

tape recorder , 4) a ~?Teletypetl **~~del 33 automatic send—receive

(ASR) terminal , and 5) a IIPrintecfl**~~~ el 100 printer .

The mini—computer ’s machine language data collect program was

set up to record average values from twelve data channels over a

five second data collection interval. During each five second

*tnterdata Inc., Oceauport, New Jersey

Analogic Corporation, Wakefield, Massachusetts

***Tri..Data Corporation, Mountain View, California

****Teletype Corporation, Skokie, Illinois

*****printer Technology Inc., Woburn, Massachusetts

6
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collection interval the twelve data channels were sampled

sequentially 2,048 times . This means that a 12—channel data

collection cycle was completed every 0.0024 seconds and that the

time interval between individual data collect points was 0.0002

seconds. Because of the rapid speed at which the computer

sequentially collected data, it was assumed for prac tical purposes

that the steady state tunnel conditions, as characterized by the

12—data channels, were recorded and averaged simultaneously over the

same time base.

The analog to digital converter has a 13 bit (including sign) A

to D capability, a conversion speed of 2 micro—seconds per bit, a

frequency response of 38 kilo—hertz per channel, and it can handle

t signal amplitudes between ±~ 
volts.

EXTERNAL FLOW LOOP ASSEMBLY

The external flow loop is pictured in Figure 4 with the water

tunnel shown in cross section . The purpose of the flow loop is to

control the flow rate through the waterjet inlet, and hence the

inlet velocity ratio. With this variable speed pump system, the

flow rate is infinitely variable between the blocked no—flow
a

condition and the maximum flow cond ition, which is determined by

inlet choking.

Piping Circuit

A six— inch I.D. aluminum pipe extends from the top of the test

- 
- 
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section down to the diffuser section located near the pump . This

diffuser section serves as a transition piece between the 6—inch

I.D. vertical aluminum pipe and the 10—inch I.D. elbow which

connects to the suction side of the pump. Obviously a larger

diameter pipe could be used between the test section and the pump to

reduce pressure losses if necessary. However, the six—inch I.D.

pipe worked quite satisfactorily with the flow rates and pump

suction heads encountered in our test program.

As a precaution against electrolytic corrosion between the

aluminum pipe and the stainless clad tunnel, cathodic protection was

provided between the aluminum—steel interface flanges with special

phenolic insulating gaskets, sleeves, and washers.* In add ition,

type 3003 aluminum alloy pipe was used because of its superior

corrosion resistance properties.

The water tunnel test section is sof t mounted on springs and

therefore it was necessary to place a flexible rubber coupling in

the aluminum pipe leading from the test section. All piping above

the flexible coupling is anchored to, and moves with, the test

section. Below the flexible joint, the aluminum pipe is anchored to

the building structure.

A strainer is located on the discharge side of the pump as a

precaution to protect the sharp edged flow measuring orifice plate

*fl~nnfactured by Central Plastics Co., Shawnee, Oklahoma and
PSI Products Inc., Burbank , California
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f rom debris which might find its way into the piping circuit . The

greatest opportunity for foreign material to enter the flow loop

presents itself during assembly and disassembly of the piping in the

proximity of the tunnel test section .

Two valves are installed in the flow loop at the point where

the water is discharged back into the lover horizontal branch of the

tunnel (Figure 4) . A gate valve is located directly over the tunnel

hatch cover to provide for positive shut—off when the flow loop is

not In use. A butterfly valve is located upstream from the gate

valve to provide a simple throttling capability, and to provide a

quick and easy means of establishing a blocked flow condition when

tests are in progress.

An unsuccessful attempt was made to provide a capability for

visually observing cavitation inception within the flow loop by

installing a transparent plexiglass spool piece above the tunnel

test section at the lowest pressure point in the piping circuit.

Unfortunately, the plexiglass section became highly stressed and

cracked as it was being bolted into position and , therefore , had to

be replaced with an aluminum spool piece.

9
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A)

Variable Speed Pump

The pump is a standard conmtercial Worthington* double—suction

single—stage centrifugal type 8LR—l3”A” with a 12—inch diameter

impeller, an 8—inch diameter discharge, and a nominal capacity

between 2000 and 2500 GPN at a rated speed of 1750 RPM (Figure 5 and

References 3,4 and 5). This type pump is well suited for waterjet

inlet choking tests because it can operate with relatively low net

positive suction heads. The maximum flow rate through the loop was

only about 810 GPN for the models tested and, therefore, the pump

capacity was not a factor in limiting the maximum obtainable inlet

velocity ratio (i.e., flow rate through the model inlet).

The head—capacity curves for this pump at four different

impeller speeds are included in Appendix B for future reference. No

attempt was made dur ing the test program to charac terize pump

performance correspond ing to flow conditions in the tunnel test

section. Pump speed and flow rate data were recorded during the

tests, but the suction and discharge pressures at the pump were not.

An in depth understanding of pump head—capacity relationships was

simply unnecessary for the evaluation of the waterj et inlets which

were tested .

The pump is driven with a General Electric “Speed Variator”

• (Model 6V75P 3178) D—C SCR variable speed drive system which

consists of: 1) a 75 horse—power , 1750 RPM, 550 volt, 110 amp,

stabilized shunt wound D—C motor, 2) an SCR power conversion unit

*Worthj p .gton Pump International., East Orange , New Jersey

10
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which converts three phase A—C power into adjustable voltage D—C

power for dr iving the motor armature, the drive regulator , and other

required control devices, and 3) an operator ’s control unit

includ ing the speed setting potentiometer and start—stop buttons.

The power conversion unit is supplied from a 480 volt , 3—phase , 60

Hertz source. The operator ’s control unit (Figure 6) was modified

at DTNSRDC (drawing B—922—l) to provide finer speed control and

remote monitoring of motor voltage and current. The motor

controller is located at the tunnel control console during tests and

is operated by the tunnel operator.
“p

The variable speed drive system is designed to provide

continuous operation at rated torque over a speed range of 60—100

percent, enooth adjustable acceleration from zero to any preset

speed , and essentially zero speed regulation (no change in speed

with change in load) at any selected speed within the controlled

speed range. Additional electrical features of the drive system

include:

a) adjustable protective current limit within the range of

80Z—150Z

b) adjustable maximum speed

c) undervoltage protection by use of a motor disconnect

contactor

d) static instantaneous overcurrent (b C) trip for protection

of motor, load , and power unit
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e) motor thermal overload protection by motor thermostat

f)  A—C line—phase sequence indication

g) loss of phase protection

h) A—C and D—C line—voltage surge protection

i) A—C current limiting line fuses

For detailed inf ormation on the var iable speed dr ive system

refer to the General Electric instruction manual listed as Reference

6.

Motor speed was monitored with a “Dynapar”* Model 8011—600

Rotopulser mounted on the end of the motor shaft opposite the pump.

The photo—electric Rotopuiser produces 600 pulses per revolution and

is similar to the units currently used at the tunnel for measuring

the RPM of the main impeller shaft and the right—angle drive

dynainometer. Existing tunnel facility signal conditioning systems

were used with the new Rotopulser. A detail of the pump, motor, and

Rotopulser assembly is shown on DTNSRDC Drawing E—3056—22.

Static Pressure Sensor Above Test Section

At the top of the tunnel test section a special patented

“Ronningen—Petter” pressure transmitting devic~~* was inser ted into

*Dyn~par Corporation, Gurnee , Illinois
**~~~er Corporation , Ronningen—Petter Division , Portage , Michigan
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the piping circuit between the hatch cover and 90 degree elbow

(Figure 7). The purpose of this pressure transmitting spool piece

was to provide an average static pressure measurement above the

dynaisometer for determining the internal pressure forces exerted

vertically at the top of the transition section. The transition

section is loca ted inside the tunnel between the top of the stru t

and the dynamometer ’s flexible coupling as shown in Figures 8 and 9.

For further discussion of the transition section see the section of

this report entitled Transition Sections.

A schematic cross section of the Ronningen—Petter Ful—Stream

pressure transmitter is shown in Figure 10. The flow loop static

~ pressure is sensed by the flexible cylinder and transmitted via the

captive sensing liquid to the externally mounted pressure transducer

shown in Figure 7. Also shown in Figure 7 is the valve used to

protect the pressure transducer from over—pressure during tunnel

filling operations.

With 2 and 4 PSIA tunnel test section pressures end high flow

-
~~ rates through the loop, it was not possible to accurately determine

the extremely low pressures which existed at the Ronningen—Petter

device. These low pressures could not be accurately measured

because of difficulty encountered in trying to reference the output

of the absolute pressure transducer to the atmospheric pressure

value used as a reference for the tunnel test section.

I
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Never theless, the data obtained from the absolute pressure

transducer qualitatively match the pressure data obtained from

static manometer taps located inside the tunnel and imoediately

below the Ronningen—Petter device. Cavitation inception within the

flow loop was immed iately evidenced by extremely low pressure

readings from the Ronningen—Petter sensor.

Flow—Rate Measurement

The flow rate through the loop was measured with two devices:

1) Bailey Meter Company thin—plate square—edged concentric orifice

flow tube assembly with flow straightener, and 2) a patented

“Annubar ” flow measuring eleinent.*

The orifice plate located in the vertical leg on the discharge

side of the pump was considered the primary flow metering device.

An orifice—type meter was selected over more sophisticated devices,

such as venturi, sonic, or magnetic flowinetere , because of its high

accuracy (high predictability of diacharge coefficient), ease of

installation and/or replacement, inherent simplicity, and rela tively

low cost.

Orifice plate calibration factors (discharge coefficients)

* Dieter ich Standard Corpora tion, Ellison Instrument Division,
Boulder, Colorado

H 3 -
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have been so well established and standardized by the American

Society of Mechanical Engineers and the International Standards

Association that orifice-type flow meters are used extensively for

important measurements without calibration.* The accuracy

tolerance assigned to the discharge coefficients used to compute

flow rates with square—edged concentric orifices having flange taps

is +0.55 percent of the coefficient value.** This accuracy f igure

applies to the 8—inch I.D. pipe size used in the waterjet flow loop

and to orifice plates with orifice—to—pipe diameter ratios (dID)

between 0.20 and 0.70. The fact that the orifice type flow meter

could be confidently used without a primary calibration was an

I 

important consideration in its selection. Without proper

facilities, it is not an easy task to calibrate a flow tube assembly

designed to measure up to 2,000 GPM and , therefore , considerable

savings were realized by choosing a primary flow metering element

which did not require calibration.

The disadvantages normally associated with orifice plates have

no bearing on this particular application. The relatively high

unrecoverable pressure loss caused by orifice plates is of no

consequence since adequate pump head exists and operational

efficiency is not a consideration. The square root calculation,

* Reference 7, p. 43

**Reference 7 , p. 188
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required to compute flow rate from the differential pressure

measured across the orifice, is automatically accomplished with the

computerized data acquisition system.

The accuracy of head—type flow meters falls off below 20 or 30

percent of full rated flow and , theref ore , several orifice plates

were purchased — each sized for a different flow rate, but with the

same differential pressure at full flow. Orifice plates with 500,

1,000, 1,500, and 2,000 GPM capacities are available to accommodate

a variety of model flow rates. These particular capacities were

selected to permit the use of simple multiplication factors on the

direct reading square—root dial face scale of the Model 247 Barton

ITT flow rate indicator which was used to monitor flow rate at the

pump. The 1,000 GPM orifice plate was selected as the optimum size

f or the preliminary experimental program. A summary of data

pertaining to all four of the available orifice plates is provided

in Table 1. An effort was made to keep the orifice—to—pipe diameter

ratios for all, the orifice plates between 0.2 and 0.6 as recommended

by Sp ink (Reference 8).

The Bailey Meter flow tube assembly shown in Figures 5 and 11

(See also Bailey Meter Co. Product Specification Sheet No. C23—3)

has an overall length of 112—inches with the orifice flange union

located 32—inches from the downstream end of the tube. The flow

tube was fabricated by boring out a piece of schedule 40 carbon

3 -
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steel pipe. At either end of the flow tube are standard 150 lb

1/16— inch raised face welding neck flanges. Flange type pressur e

taps are used on the 300 lb orifice flange union which possesses

jacking screws to facilitate changing orifice plates.

To insure maximum flow measurement accuracy it is essential

that the water enter the orifice plate with a fully developed

turbulent velocity profile , free from swirls or vortices.” It is ,

therefore, common practice (Reference 10) to locate long lengths of

straight pipe immediately ahead of the orifice. Physical

constraints prevented the use of long straight pipe runs at the

36— inch water tunnel and , theref ore, it was necessary to locate a

flow straightener at the end of the flow tube assembly upstream from

the orifice plate. The purpose of the flow straightener is to

produce uniformly turbulent flow at the orifice regardless of the

layout of the preceding piping. The use of flow straighteners is

recognized as good practice in any laboratory metering section or

testing installation where high accuracy water flow measurement is

required. (Reference 11)

Two types of commercially available flow straighteners are on

hand for use with the flow tube assembly. A 16—section carbon steel

egg—crate (cross—plate) vane type flow straightener was used during

the test program. A stainless steel multiplate type flow

straightener arrived after the test program had been completed .

* Reference 9, p. 164
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Although the wiltiplate flow straightener introduces a higher

pressure loss, it has been shown to be superior to the egg—crate

st raightener in produc ing uniformly turbulent flow . Each passageway

of the egg—crate straightener is continuous throughout its length

and while the vanes break—up the whirl or swirl into

16—compartments, local swirls can still exist and be carried

through.

The multiplate straightener consists of three perforated

plates in series, spaced about one pipe diameter apart. Each plate

has a large number of round holes arranged in a syiiinetrical pattern

(Figure 12) . As the flow stream passes through the series of

perforated plates and the open area s between the plates , it is

broken into small sections which tend to dissipate the helical

mot ion of the swirl and a considerable loss of pressure occurs due

to the transfer of pressure energy into kinetic energy. The

superior performance of the multiplate flow staightener is

experimentally documented In Reference 12.

— 
The differential pressure across the orif ice pla te was

measured simultaneously with a ~Validyneb ’* 25 PSI reluctance—type

differential  pressure transducer (Se~ Appendix C for calibration

information) and a “Barton ITT” Model 247 portable flow indicator.**

“ Valj dyne Engineering Corporation , Northridge , California
**garton ITT, Monterey Park, California

II
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The output of the Validyne transducer is read by the computer during

data collection runs . The Barton flow meter provides a direct and

cont inuous mechanical readout of the flow rate. It is used for

setting system flow rates (IVR ratios) , for observing unstable flow

conditions caused by choking at the waterjet inlet, and as a

secondary calibration standard for checking the accuracy of the flow

measurements made with the computerized data acquisition system.

The Barton flow indicator is shown in Figure 13. The

indicator is actuated by dual , rupture—proof beryllium copper

bellows with integral temperature compensation . The bellows are

liquid filled and can withstand repeated over—ranges without causing

a calibration change. The instrument is accurate to 1/2 percent of II~~

full—scale differential pressure , requires no lubrication or regular

maintenance , and intermittent operation does not af fec t accuracy of

performance. A three—valve manifold on the flow meter is used f or

zero checks. Valves are also provided on the instrument housing for

bleeding or venting. The meter face has a six—inch diameter dial.

for maximum readab ility and a square root scale for easy direct

observation of the flow rate in gallons per minute.

Because of the importance of the flow rate measurement in the

waterjet test loop facility, a redundant “Annubar” flow measuring

element was installed at the bottom of the vertical 6—inch pipe run

on the suction side of the pump. Normally flow metering elements

20 
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are not placed on the suction side of a poap , however , it was

desirable in this particular case due to the extremely low pressure

drop caused by the Annubar sensing element and the extremely long

straight run of pipe upstream from the pump. The vertical 6-inch

pipe leg measures more than 24 feet in length and totally eliminates

the need for any type of flow straightening device. The pressure

drop across the Annubar sensor is only 1.6 PSI at a flow rate of

1000 GPM, as compared to the 25 PSI pressure differen tial across the

orifice plate at the same 1000 CPM flow rate.

The Annubar sensor shown in Figure 14 is an inexpensive,
.4
~
.

relatively new, patented device which measures flow rate by means of

I 
a multiplicity of ports precisely located on the upstream side of a

small diameter tube placed normal to the flow . The holes in the

tube sense total pressure within different equal area annular

segments across the flow stream, and produce an average flow rate

regardless of flow profile. The small tube element pointing

downstream measures static pressure, less the suction pressure of

the flow.

The remarkably close correspondence of flow rate values read

with the orifice plate and the Annubar sensor is shown in Figure 15.

This figure indicates that if for any reason it should become either

desirable or necessary to eliminate the pressure drop caused by the

orifice plate on the discharge side of the pump, that the Annubar

-~
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sensor could be relied upon to accurately measure flow rate in the

test loop.

- 

- 

The differential pressure across the Annubar sensor was

measured with a 5 PSI Validyne reluctance—type differential pressure

transducer (See Appendix C for calibration information) and a second

Barton Model 247 portable flow indicator . To optimize the meter ’s

accuracy over the range of flow rates anticipated for most tests,

full range on the dial face was selected as 1,500 CPM at 100— inches

water column differential.

1,
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SIX-COMPONENT FORCE ULANCE DYNANOMETER

A special six—component dynamometer (Figures 8 and 9) was

designed for measuring the force and moment components acting on a

st rut—po d waterj et inlet . It is the first six—component force

balance dynamometer of this type constructed for use inside the

DTNSRDC 36—inch variable pressure water tunnel facility. Although

the dynainometer possesses unique features which make it especially

suited for waterjet testing, it obviously could be used for

measuring the forces and moments on any body mounted in the open—jet

test section of the tunnel. (See Appendix D for listing of

manufacturing drawings.)

I Flexible Coupling

One feature which distinguishes this dynamometer from others

is the flexible coupling which permits passage of a six—inch

diameter column of water through its center . This combination

rolling diaphragm— ”O”—ring type coupling causes minimal interaction

between the various force and moment components , regardless of

tunnel test pressure . This new coupling design represents a

significant improvement over a previously used DTNSRDC towing

carriage waterj et dynamometer which required pressure calibrations

to obtain approximate correction factors for the lift and drag

forces , (Reference 13) .
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To demonstrate that the flexible coupling has minimal

influence on the measured forces irrespective of tunnel pressure,

Figures 16 and 17 are presented. Each of these figures show

negligible change in the measured drag coefficient for two different

tunnel pressure and velocity conditions representing approximately

the same cavitation number. The conditions in Figure 16 correspond

to a prototype velocity of approximately 28—knots with fully wetted

flow everywhere on the 50—knot subcavitating Lockheed model having

faired trailing edge surfaces. The conditions in Figure 17

represent a prototype velocity of approximately 37—knots with the

76—knot supercavitating Lockheed model having blunt trailing edges

on the strut and nacelle.

The frictional resistance of the sub and supercavitatin g

models for each velocity condition was calculated to determine if

the change in viscous drag with Reynolds Number was large enough to

significantly influence the data presented in Figures 16 and 17.

The Schoenherr frictional resistance coefficients were calculated

using average chord lengths and approximate wetted surface areas,

and were then referenced to the projected frontal areas of the

models to permit a quantitative comparison of the viscous drag with

the total measured drag coefficients plotted in Figures 16 and 17.

At design IVR conditions the calculated differences in the

frictional drag coefficients, resulting from changes in Reynolds

24
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Number, were approxi*&tely 1.2 and 0.6 percent of the total drag

coefficients for the sub and supercavitating models respectively.

Since these Reynolds Number effects were smaller than the overall

resolution of the force measuring system , it was concluded that the

small difference in the measured drag for the two test conditions

could not be explained by changes in viscous drag effects, but

rather resulted from scatter of the experimental data. The

resolution of the system does not permit measurement of extremely

small changes in viscous drag. During future experimental programs

the flexible coupling should be evaluated over a wider range of

tunnel pressures and cavitation numbers.

A detail of the flexible coupling is shown in Figure 8

(DTNSRDC drawing E—3056--2). It has a circular shape and is located

at the top of the transition section. A standard I.D. pipe size

(6.065 inches) was selected for the flexible coupling to provide a

cross—sectional area roughly approximating the ducting areas at the

top of those model struts expected to be used with the facility.

Flexures

One of the outstanding feature. of the dynamometer is the low

mechanical interaction, or cross—coupling, resulting from compound 
-:

loading conditions. Flexure., which can be seen in Figures 9 and

18, effectively isolate each block—gage transducer element from all

undesirable cross—coupling force. and moments. The two flexures
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I
shown in Figure 19 are normally hidden from view by the

force—transmitting cylinder which can be seen in the foreground of

Figure 18. The bottom flexure in Figure 19 is a special patented

(Reference 14) universal flexure (Model tINF—MM4—10K) cotmnercially

available from Ormond , Inc., Santa Fe Springs, California. The

flexure was manufactured from 17—4 PU—stainless steel, heat treated

at 1000 degrees Fahrenheit for four hours and air cooled to provide

optimum mechanical properties. The Ormond flexure functions in the

same fashion as a universal ball—joint providing birotational

( two—degree) freedom of mot ion. The two orthogonal axes of rotation

are coincident, and thus the universal flexure movement, in all

directions, takes place about a single central point. The universal

flexure can transmit relatively large tension, compression, shear

(side) , or torsional forces.

The top flexure un it in Figure 19 is compliant in torsion and

provides a third degree of freedom. This 8—leaf torsion flexure was

manufactured at DTNSRDC (drawing E—3056—17) from l7—4P11 stainless

- steel and heat treated in the same fashion as the Ormond flexure.

The Onnond universal flexure and DTNSRDC torsional flexure act

in tandem to prevent any bend ing stresses from being transmitted up

through the stack of block gages at the aft end of the dynaniometer.

As a result, only pure drag, lift, and side forces are imposed on

the three aft gages. These 4—inch block—gage cubes (Figure 20) have

26 
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demonstrated, through years of testing and evaluation at DTNSRDC,

that they are extremely insensitive to large tension, compression ,

and transverse shear loadings.

Force—Measuring Block—Gage Elements

An excellent description of the “block—gage” is contained in

NSRDC Hydromechanics Laboratory Test and Evaluation Report 2523

(Reference 15) and U.S. Patent 3,052,120 (Reference 16). It should

be noted that the block—gage signal conditioning system , as

described in Report 2523, has been changed. Originally , the

variable—reluctance transducing elements were driven with a

400-hertz carrier frequency and 4.5—volt excitation. It has now

become co~~on practice to drive the block gages with a 3—kilohertz

carrier and approximately one volt AC excitation using a

coamercially available IIEndevco~ * Model 4478.1A signal conditioning

carrier amplifier unit which is modified at DTNSRDC to provide a

measurement system with a gain that does not drift, superior

linearity, and superior zero stability.

Calibra tion Matrices

Three six—by—six calibration matrices are presented in Table 2

to show both the small degree of mechanical interaction caused by

compound loading conditions and the small amount of interaction

*~~~~~~J~ fJ Corp., Dynamic Instrument Division, San Juan Capistrano,
California
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TABLE 2 J
IN VER SE MATRIX CA LIBRATION COEFFICIENT S FOR

WATERJET DYNAMOMETE R
With FisitbI. Coupling nd Transition Pi.c. for Sup.rc.vitating Modil In.tsll.d
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generated by the flexible coupling. The extremely small interaction

coeff icients for the drag , lift, and side forces , in each of the

three matrices, should be noted. The magnitude of the moment

interaction coefficients cannot be totally explained without

additional calibration checks. Inaccuracies in the loading points

on the bar—type fixture used to apply pitching and rolling moments,

might have affected the moment interaction coefficients. For

further discussion of the dynamometer calibration, see the

DYNAMOMETER CALIBRATION section of this report.

A comparison of the matrices, with and without the flexible

coupling installed, shows a significant reduction in the influence

of drag on pitching moment and side force on rolling moment with the

flexible coupling removed. These interactions can easily be reduced

by increasing a few clearances on the flexible coupling assembly.

The influence of drag on yawing moment, evidenced with the flexible

coupling removed, is likely the partial result of using only a

one—hundred pound side force block—gage at the aft end of the

dynamometer. A two—hundred pound gage (same capacity as forward

side force gage rvmber 3) would provide improved performance with no

loss of measurement accuracy.

In spite of the interac tions mentioned above , the overall

performance of this dynamometer must be rated as very good. With a

few minor modifications to the flexible coupling and the calibration
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stand ,~~ it should be possible to reduce the interactions even

further .

Equations for Computing Resultant Forces and Moments Applied to the Dynamometer

The sum and differencing equations used with the waterjet

dynamometer to compute applied force and moment loading components

are listed below (See Figures 18, 21, 22 and 23) :

Drag For ce — Gage #5

Side Force = Gage #3 + Cage #4

L i f t  Force — Gage #1 + Gage #2 + Gage #6

Pitching Moment = 14.0. [Gage #6 — Gage #1 — Gag e #2 )

Rolling Moment = 1O.5-fGage #1 — Gage #2]

Yawing Moment = 14.0. (Gage #3 - Cage #4] 
1~~~

The constants 14.0 and 10.5 are distances in inches from the

dynamoineter ’s center—of--moments to the flexure centerline locations

where forces are transmitted to the block—gages. Block—gage

numbers , 1, 3, 4 , 5 and 6 are visible in Figure 18. Gage #1 is

shown in the upper left—hand corner at the forward end of the

dynamometer . Gag e #3 is shown attached to the h~~ izonta1 flexure at

the forward end of the dynainoineter. Gage numbers 4 , 5 , and 6 are

located in the three—gage stack at the aft end of the dynamometer.

Gage #4 is at the bottom, Gage #5 is in the middle,and Gage #6 is at J
the top. Gage #2 is opposite Gage #1 on the starboard side of

ASee DYNANOMETER CALIBRATI ON section of this report

30

- _ _ _  

-

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

_1[TI 
.~~~~~~~~~~~



- - 1 ’~

_

~

__ 
- - —

the dynamometer and is best shown in the upper right—hand corner of

Figure 9 at the forward end of the dynamometer .

The equations presented above and the block—gage outpu t

polarities are arranged to produce force and moment sign conventions

in accordance with a right—hand coordinate system where lift forces

are positive in the upward direction, side forces are positive

toward port, and drag forces are negative in the a f t  direction . The

correct polarities are easily established with the dynamometer in

the calibration stand .

Loading Capaciti es

The flexures used in the dynamometer were originally designed

t to withstand 33,000 pound—inches of pitch , 33 ,000 pound—inches of

roll , 10,000 pound—inches of yaw , and 1000—pounds of drag, l i f t , and

side force. Depending upon the locations where the force components

are assumed to act , the block—gages could experience

the following worst case of loadings: Gages 1. and 2 ~.pproximately

2,410 ibs , Gages 3 and 4 approximately 858 lbs, Gage 5—1 ,000 lbs ,

and Gage 6 approximately 1679 lbs. The actual loads experienced by

individual block—gages can vary considerably since all the gages,

with the exception of number 5 which experiences only pure drag ,

must transmit forces generated by a combination of the moments and

forces acting on the dynamometer. Cages 1 and 2 simultaneously

1 31
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experience loads generated by l i f t  force , pitching moment , and

rolling moment. Gages 3 and 4 are af fec ted  by side force and yawing

moment , while Gage 6 is influenced by l i f t  force and pitching

moment . Because of the complex manner in which the block—gages are

loaded , care must be exercised during a test to ensure that none of

the gages become overloaded .

It is good practice to always use gages with the same capacity

(gage pairs) at locations 1 and 2 and locations 3 and 4. It is also

advisable to yaw a model to port rather than starboard if large side

loadings and yawing moments are anticipated . This will keep the

forward horfzontal flexure in a stable tension condition rather than

placing the flexure in compression where column buckling becomes a

consideration.

Calculation of Individual flock—Gage Loadings

To assist in calculating estimated block—gage loadings,

schematic drawings of the dynamometer are presented in Figures 21,

22, and 23 in coniunction with the equations which follow. The

arrows in the equations indicate the direction , up (+) or down (1-),

In which the forces act. The constants are determined by the

dimensions between loading points on the dynainometer, and the

percentage of each force component carried by the various

block—gages. The drag, lift , and side forces are represented in the

eqwitlons wft h the following symbols:

I
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— Drag Force

~ Lif t  Force

Fs Side Force

Distances a, b, c, d, e, and f are identified in Figures 21,

22 , *nd 23.

Equations for calculating block—gage loadings :

I 

I

-

- 
I
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Force on Block—Cage 1 —

F
L/ 4+ + (F

L
.a)/ 2 l+  + (F

5
b)/2l~ + (F

L
.c) / 5 6 +  + (F~.d ) / 5 6~

(Forc e compone’~ ts generated Force compone~~~ generatedby r o ]I i ng moment. )  by pi tching moment.)

Force on Block—Gage 2

+ (FL
.a ) I 2 l 4

~ 
+ (F5-b )/ 2 14  + (F

L
.c) 156+ + (F

D~
d) / 564

(Force components generated Force compon~~ t~ generated
by ro l l ing  m oment . )  by p i tching  moment.)

Fo rce on Block — Cage I =

Fo rt  Port Port
_, -~

Fs/2 # (F
~
.e)/2R 

~~

- (FD• f ) / 28

(Fo rce coi~~~~~nts  generated
by yawing moment.)

1~Force on R i ock— Ca g e /~

Po rt  Sthd . S thd .

F5 /2  + (F ç •I ’•) / 2 R + ( F ;• f ) / 2 8

(Force components generated
by yawing moment. )

Force on Block—C.a ge 5 F~

Force on Block—Gage F.

+ (F
L~

c) f 2F
~

4 + (F
D*d ) / 2 M

~~~
_-

(Force components generated
by pitc hing moment.)
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It is assumed tha t the drag , lift , and side forces are applied

in the directions and approx imate locations shown in the figures.

Obviously, if the location where the resultant l i f t  and side forces

act is changed, such that the forces are applied on the opposite

side of the dynamoineter’s center of moments, then the direc tion of

each l i f t  and side force term in the above equations will change .

Also , if negative l if t  is assumed , the direction of all of the l i f t

fo rce terms should be reversed . Likewise , if the resultant side

force acts toward starboard , instead of port, the direction of all

side force terms should be reversed. If the yaw angle of the model

is set equal to zero and the model is syninetrical in the plane

perpendicular to the direction of flow , all side force , yawing

moment , and rolling moment terms drop out of the above equations.

To simplify the procedure of applying the above equations and

to determine equivalent pan weight loadings with the dynamometer in

the calibra tion stand , a program was written for the mini—computer

and is available on a “Tn —Data” magnetic tape cartridge. A copy of

the program with sample output is contained in Appendices E and F.

Block—gage capacities for the test program described in this

repor t were selected on the basis of the following worst case

assumed dynamometer loading conditions:

I
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Drag Force — 500 lbs.

Lif t  Force — 500 lbs. (acting upward)

Side Force = 200 lbs. (acting toward port)

The above forces were assumed to be located as per Figures 21, 22,

and 23 with:

a — 2 inches d = 25 inches

b — 22 inches — !~ Inches

c — 5 inches f = 4 inches

Inserting these values in the above equations yielded the following

block—gage loadings:

Force on Block—Gage 1 125+ + 47.64 + 209.5k + 44.6 + + 223.2 +
—I _________

Lift  Rolling Moment Pitching Moment
Force Forces Forces

— 203.54 lbs. (Resultant Force)

Force on ~1ork.~Cage 2 125+ + 47.6 + + 209.54 + 44 .6+ + 223.24
~~~ 

____
~S_.__~~

___ —5-

Lif t Rn1lf r~ “omer t Pitching Moment
Force Forces Forces

= 310.74 lbs. (Resultant Force)

-~~

Force on Block— Cage 3 = 100 + 57.1 + 7 1, 4

Side Yawing Momen t Forces
Force

~ 228.5 lbs. (Resu ’tan t  Force toward
l o r t )
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Force on Block—Gage 4 — 100 + 57.1 + 71.4

Side Yawing ~ii~~~ tt Forces
Force

4-

— 28.5 lbs. (Resultant Force toward Starboard )

Force on Block—Cage 5 — 500 lbs . (Drag in Aft Direction)

Force on Block—Gage 6 — 250+ + 89.3k + 446.4

Lift  Pitching Moment Forces
Force

— 6O7.1~ lbs. (Resultan t Force)

As a resu lt of the above calculations and the availability of

existing gage sizes , the following block—gage capacities were

used :

Block—Gage Number 1 — 200 lb.

Block—Gage Number 2 — 200 lb.

Block—Gage Number 3 — 200 lb.

Block Gage Number 4 — 100 lb. (200 lb. gage would be preferable)

Block—Cag e Number 5 — 500 lb.

Block—Cage Number 6 - 500 lb.
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Yaw Adjustment

A convenient feature of the waterjet dynamonteter is the ease

with which the yaw angle can be changed in precise one degree

increments through plus on minus 10 degrees. The yaw angle setting

is established with a pin which is placed in the appropriate

alignment hole in the top of the yaw plate (Figure 24). Once the

pin Is in place, the yaw plate is secured to the base plate by

simply tightening the four one—half Inch cap screws located in the

slotted holes. Several large flat washers should be placed under

the heads of these bolts.

Pitch Adjustment

The pitch angle of the model can be changed by placing I
wedge—shaped shims between the top of the strut and the bottom of

the transition section. An opening must be machined in these shims

which matches the duct configuration at the top of the strut. Slots

imist be provided at the ends of the shim pieces to accommodate any

— tubes or wires which extend down Into the s t ru t .  A shim design for

the supercavitating model is shown on DTNSRDC drawing E— 3056— l2.

Fabrication of these shims was not completed after it was determined

that time considerations would make it impossible to conduct

pitch—angle evaluations as part of the preliminary experimental

program.
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I
Transition Sections

The purpose of the transition section is to change , with as low

a pressure drop as possible , the cross—sectional shape of the duct

at the top of the strut into a circular cross—section at the

flexible coupling. The transition section is not designed to

function as either a dif f user or a nozzle and , therefore, the

circular cross—sect tonal area (28.89 square inches) was selected to

roughly approximate the outlet duct areas of the models tested . The

supercavltating mode] has an outlet area of 22.34 square inches and

the subcavitating ,rr~do1 an outlet area of 18.33 square inches.

The transition sections were molded out of fiber glass and

epoxied to aluminum interface pieces at either end (DTNSRDC drawings

E—3056—2 1 and E—3 056—27 ) . The internal shapes were established by

means of wooden patterns which were contoured in accordance with

DTNSRDC drawings (E—3056—20 and E—3056—28). Figures 25 and 26 show

top, bottom, side, and end views of the transition pieces used with

the sub and supercavitating models. It will be necessary to

— 
fabricate new transition sections for any models tested in the

future, unless they are designed with the same strut—outlet dimensions

as either of the two existing models.

Mounting of Dynamometer in Tunnel

To simplify mounting of the dynamometer in the tunnel test

section , a special aluminum hatch cover was fabricated which
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I

replaces the top viewport of the open—jet test section. The entire

dynantometer assembly is mounted beneath this special hatch cover.

When the dynamometer is removed from the tunnel and placed in the

calibration stand , it is reattached to the hatch cover .

Electr ical and Pressure Feed—Throughs

In addition to supporting the dynatnonieter, the hatch cover

contains three feed—through openings which can be used for either

pressure tubes or electrical cables. The feed—through openings in
S

the hatch cover are the same size as all the other tunnel

feed—throughs and, therefore, they will accept the standard stuffing

gland fittings used at the tunnel. For the program described in

this report , the cables for the six block—gages were passed through 
- 5

a single s tuff ing gland . All the pressure measuring tubes were

connected to two feed—through pieces which were fabricated specially

for this test (DTNSRDC drawing E—3056—26). On the inside of the

tunnel the fi t t ings were designed for connection to either 3/32—inch

or 1/8—inch I .D. “Tygon” tubing , while on the outside of the tunnel

the fittings connect to 1/4—inch I.D. tubing.

2
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DYNAJIOMETER CALIBRAT ION

RARDWARE

The dynamometer was calibra ted in the stand shown in Figures 27

and 28 (DTNSRDC drawings E—30 56—24 , 25 , 29 , and 30). Through an

arrangement of cables and pulleys, the stand permits any combination

of forces and moments to be applied to the dynamometer. In Figure

27 the dynainometer is shown loaded with all six force and moment

components.

To make possible the application of pitching and rolling

moments, a steel calibration bar was attached to the base plate of

the dynamoineter. The bottom half of this bar extends downward from

I 
the dynamoineter and is clearly visible in Figure 27. The top half

of the rod extends up through the transition piece and protrudes

above the hatch cover as shown at the top of Figure 28. The

calibration bar can also be seen in Figure 29, which shows the

dynamometer undergoing f inal cal ibra tion checks inside the tunnel

test section.

Attention is called to this calibration bar because of the

simplified loading it provides, both in the calibration stand and in

the tunnel. Most six—component dynamometers are not designed with

an opening up through their center of moments and , therefore,

calibration is more d i f f i cult and requires a greater number of

f ixtures .

41
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The calibration rod permits the application of lift forces by

pulling up on the dynamometer with either a dead weight pulley—cable

system, or a ratchet tensioning device attached through a spring scale

to the hook on the overhead crane . Without the calibration rod and

the opening up through the center of the dynamometer , it would be

necessary to apply lift forces by means of a jacking device and load

cell mounted beneath the dynamometer. With such jacking arrangements,

it becomes much more d i f f icu l t  to apply a pure axial force. The

calibration bar also provides a simple means of applying pure moments

to the dynamometer, either in the stand or in the tunnel. Because the

calibration bar extends through the top of the tunnel, moments can be

applied with fixtures mounted outside the tunnel test section .

Only drag , l i f t , side force , and pitching moment calibration )
checks were conducted with the dynamometer mounted inside the test

section . Additional calibrations within the tunnel were not deemed

necessary or important for a preliminary performance evaluation. If ,

in the future , extensive tunnel calibrations should be required , it

would be desirable to fabricate a longer calibration rod which would

extend a greater distance above the tunnel and have a greater number

of loading points at either end. Pulley fixtures and support brackets

for outsid e the tunnel would also be needed .

A small diameter (1—3/8 inches) calibration bar was used because

of the narrow trapezoidal shaped opening in the transition section of

42
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the eupercavitating model (Figure 26) . The maximum side load that

could be applied at the end of this rod was approx imately 240 pounds

with noticeable deflection. For transition sections with wider

openings, or where greater calibration loads are necessary, larger

diameter bars or tubes are recommended . If large pitching loads are

anticipated , stiffening ribs should be welded along the fore and aft

surfaces of the bar .

All calibration loadings were applied with dead weights , wire

rope, and pulleys. For max imum strength and flexitility 3/32 inch

-- 
diameter (7 x 19) stainless steel wire rope was used with thimbles and

“Nicopress” sleeves . The rated breaking strength for this wire rope

is 1,050 pounds. Two types of sheave assemblies were used: 1) four

existing DTNSRDC 450 pound capacity ball bear ing sheaves for use with

1/8 inch diameter wire rope max imum (DTNSRD C Y&D drawing 704517 or E—

2657), and 2) six commercially available hlEdsonhl * 1700 pound capacity

needle bearing wire rope sheave assemblies for use with 3/8 inch

diameter wire rope max imum .

* The Edson Corporation , New Bedford, Massachusetts

1
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PROCEDURE

The same mini—computer data acquisition system used for

collecting and analyzing the test data (Figures 2 and 3) was used for

calibrating the dynamoineter. The method of least squares (Reference

17) was used to compute the slope of the best fit straight line

through the calibration data points. After  determining the six—by—six

matrix of measured interaction sensitivities, a matrix inversion

routine was used to generate the final inverse matrix used for

computing the applied loads.

Separate calibration matrices were generated with each of the two

transit ion pieces installed and with no transition section Installed .

These three matrices are presented in Table 2 and discussed under the
I

Calibration Matrices section of this report. The computer program used for

calibration is listed in Appendices C and H.

To make it possible for the calibration matrix to convey some

physical meaning in terms of interaction percentages , a normalizing

procedure was used to convert the inverse matrix into a unit matrix

having values approximately equal to one on the principal diagonal.

The normalizing procedure consisted of setting the slope of each

measured force and moment component equal to unity. This was done by

using the method of least squares to determine the slopes or

sensitivities of block—gages 1, 2, and 6 when subjected to a pure lift

load , the slopes of block—gages 3 and 4 when subj ected to a pure side

load and the slope of block—gage 5 when subjected to a pure drag load ,

- -i~-- 
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and then multiplying the reciprocal of these slopes by the constants

shown in the following equations :

Normalizing Factor for Block—Gage #1 — (1/4) (1/slope B.C. #1)

Normalizing Factor for Block—Gage #2 — (1/4).(1/slope B.C. #2)

Normalizing Factor for Block—Gage #3 — (l/2).(1/slope B.C. #3)

Normalizing Factor for Block—Gage #4 — (1/2).(l/slope B.C. #4)

Normalizing Factor for Block—Gage #5 — (1/slope B.C. #5)

Normalizing Factor for Block—Gage #6 — (l/2) .(l /slope B.C. #6)

The multiplication fac tors (1/4 and 1/2) are determined by the

percentage of the total applied load carr ied by each block—gage in the

dynamoineter .

I 
The normalizing factors were then inserted into the computer ’s

data collec t program and used as permanen t multiplication constants

for each of the block—gages. The raw output voltage of the

block—gages was multiplied by these constants before the calibration

matrix was computed and , likewise, before the test data was operated

upon by the inverse calibration matrix.

The block- gage sensitivities o’r slopes were set up with the

“Endevco” signal conditioning units to produce approx imately 2.0 volts

output with maximum rated load applied to each gage. Increasing the

gain of the amplifiers to produce higher output voltages does not

increase the accuracy of the measurements. The computer records

millivolt signals and , theref ore , the reeolution of the measuring

system Is approximately one part In 2000 . This degree of resolution

1
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is quite adequa te, since extensive calibration experience at DTNSRDC

has shown the accuracy of the block—gages to fall somewhere between

± 1/2% and + 1.0 %.

The calibration procedure consisted of incrementally applying one

loading component (force or moment) at a time and recording the

correspond ing output from all six block—gages . After  repeating this

procedure for the three force and three moment components , a

six—by—six matrix of Interactions was obtained . The method of least

squares was used to compute all interaction sensitivities.

Append ix H shows a typical computer printout of the least squares

calibration data with a pure pitching moment applied to the

dynamometer. Page 1 of Appendix H shows the actual loads applied to

the dynamometer , the normalizing factors used , the output of each

block—gage , and the resultant output of the dynamometer . Page 2 of

Append ix H shows the interaction sensitivity (slopes) of the six

block—gages and the gage outputs at all the loading points. For each

block—gage , the slope between consecutive loading points is printed

out to aid in locating slope changes which might not otherwise be

obvious unless the data were plotted . These Incremental slope values

are extremely useful when checking for mechanical interferences in the

flexible coupling assembly. Page 3 of Appendix H snows the slopes

which are used in the formation of the six—by—six interaction matrix ,

and the resultant dynamometer outputs based on these slopes. The data

46
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in Appendix H are printed out to assist the experimenter with the

evaluation of the dynamometer as the calibration procedure progresses.

To check the validity of the assumption that interaction

sensitivities remain essentially constant regarless of compound

loading conditions, a wide variety of complex force and moment

loadings were applied to the dynamometer (Figures 27 and 28) while the

block—gage outputs were recorded and analyzed with the same computer

program used during actual tunnel testing operations. Similar

calibration checks were made with the dynamometer mounted In the

tunnel, as shown in Figure 29 and discussed under the Dynamometer

Calibration HARDWARE section of this report. The loads computed with

I 
the data collect program were remarkably close to the actual applied

load s and , therefore, it was concluded that the inverse calibration

matrix was performing satisfactorily.
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TEST PROCEDURE

Af ter the dynamotneter and model were installed in the tunnel test

section and all calibrations were completed , the following testing

procedure was followed :

1. The valve on the Ronningen—Petter pressure sensor was closed

to protect the attached pressure transducer from overpressure during

tunnel fi l l ing operations .

2. The tunnel was filled , vented , and referenced to barometric

pressure in the usual fashion. The air vent valve at the top of the

waterjet piping circuit (Figure 7) was opened at the conclusion of the

tunnel filling operation to release entrapped air from the pipe loop.

The deaeration sy~.tem was operated throughout the test program to

keep the air content as low as possible. Due to the preliminary

nature of the tests, no attempt was made to monitor air content

levels. With regard to air bubbles In the test section, it should be

noted tha t a significant difference existed in the bubble content

between 2 and 4 PSIA. At 2 PSIA the bubble density often obscured the

model , making it extremely difficult to photograph cavitation on the

waterj et inlet .

3. The tunnel was then oeprated for about 15 mInutes at a

velocity of approximately 10 ft/sec to flush air pockets from the

system. The waterjet pump was also operated at this time to flush out

any entrapped air remaining in the waterjet piping system.

4. After purging the tunnel, the water velocity was brought to

zero and atmospheric pressure was establ ished at the tunnel
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centerline. The valve to the Ronningen—Patter sensor was then opened

and the transducer referenced to the ataoahperic tunnel pressure.

5. The tunnel pressure was then reduced to the predetermined

testing level as water was slowly circulated through the test section

at a rate of approximately 10 ft/sec. Circulating the water as the

pressure was being reduced , minimized the time required to reach test

conditions (2 or 4 PSIA) at the tunnel centerline. The average time

required to fill the tunnel test section and reach low pressure test

conditions was approximately 45 minutes.

6. With the tunnel at test pressure, the water velocity in the

tunnel was brought to zero and the butterfly valve in the piping loop

was closed . At this point , the block—gages were zeroed and span

checks were recorded for each block—gage signal conditioning module.

7. The tunnel pressure was then held constant as the tunnel

velocity was slowly increased to the desired value. The butterfly valve

in the loop was kept closed as the tunnel velcoity was increased.

The vaterjet inlet was carefully observed to determine at what tunnel

— veloc ity external cavitation would occur with a blocked flow condition

at the inlet.

8. Having reached the desired cavitation—number scaling

cond ition, as determined by tunnel pressure and velocity, data from

all the transducers and block—gages was recorded with the butterfly

valve still closed. At many of the test conditions a rather large
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cavity enveloped the nose of the nacelle at zero inlet velocity ratio .

(Figure 30(P)). The drag force was always at its lowest value with no

flow through the inlet.

9. The butterfly valve was then opened and the flow meters were

bled. The pump was started and flow through the loop increased until

the cavity on the external surface of the inlet disappeared . Data was

recorded at this point and the manometer boards were photographed . No

data was recorded at points between this cavitation inception

condition and the blocked flow condition, because IVR values in this

low range were of little or no practical interest .

10. With the tunnel pressure and velocity held constant, the

flow loop velocity was gradually increased until the maximum

obtainable flow rate was reached. To guard against overloading the

block—gages , especially when operating at high tunnel velocities, the

block—gage outputs were carefully monitored as the flow rate through

the in-let was increased. The maximum IVR condition was distinguished

- 
by the extremely unstable behavior of the Bar ton flow meter dials , and

cavitation banging in the pump and in the piping on the suction side

of the pump. Data was quickly recorded at this cavitating condition

and then the pump speed was immed iately reduced to the threshold

condition where cavitation banging disappeared and the flow ra te

measurement became stable. Data was recorded at this maximum stable

IVR condition. The flow rate was then decreased in equal increments,
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and data recorded at each discrete IVR value , until external

cavitation appeared on the inlet.

If in the future it should be decided to reduce the flow rate

through the loop to zero and close the butterfly valve, caution should

be exercised to avoid creating a hydraulic impact loading on the model

by suddenly stopping the pump. The flow rate (pump RPM) should always

be reduced slowly.

Approximately twenty data points were recorded over the range of

IVR values between max imum flow rate and external cavitation.

Frequently two data points were recorded at the same test condition to

provide a check on the repeatability of the data acquisition system.

The total number of data points tha t could be recorded over a range of

IVR values was limited to twenty by the memory capacity of the

computer.

11. After he last IVR test condition was recorded, the tunnel

velocity was brought to zero and the pump was stopped. With the

tunnel pressure still maintained at the test condition, zero readings

— were again recorded for all the transducer elements.

12. After recording post test zeros, the computer proceeded to

print out a preliminary analysis of all the data from the series of

test runs just completed.

13. lemed iately after the computer completed the preliminary

analysis , the raw test data was written on a “Tn —Data” magnetic tape

cartridge for preservation and future analysis.
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14. If no more tests were to be run, the tunnel would be

brought back up to atmospheric pressure and vented while the computer

printout was in progress. Otherwise, after the test data was written

on magnetic tape, a new set of tunnel test conditions would be

established and the test procedure repeated — starting with step 6.

15. To protect the block—gage electrical cables from water

leakage , the tunnel test section was drained at the end of each day to

a level beneath the dynamometer. No transducer wetting problems were

encountered during the test program.
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SU) IARY OF WATERJ ET TEST FACILITY CAPABILITY

A new DTWSRDC waterjet inlet cavitation testing facility,

including a new six—component force balance dynamometer, was

successfully designed, fabr icated , and experimentally evaluated. The

preliminary test program conducted with both sub and supercavitating

strut—pod inlets demonstrated the system’s capability to characterize

the perf ormance of waterjet inlets by:

• Simulating, through cavitation number scaling, speeds of

approximately 84 knots.

• Measuring the six force and moment components acting on the

strut—pod inlet .

• Measuring inlet forces and moments free of Interaction effects .

. Determining the location where the resultant drag force acts on

the strut—pod assembly.

Permitting easy variation of yaw angle in precise one degree

increments.

• Permitting determination of minimum IVR limits by visual

— observation of cavity growth on the external surface of the inlet.

• Determining maximum IVR (choking) conditions for the inlet—strut—
0’

transition section assembly.

• Measuring pressure distributions at the inlet and at the top of

the strut.
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• Rapidly collecting and analyzing lange quantities of force and

pressure data on a mini—computer system.

As a result of this developmental effort, the Navy now has the

ability to thoroughly evaluate the cavitation and drag characteristics

of strut—pod waterjet inlets, such as those used on the PHM hydrofo il

craft and the SES 100—A surface effect vehicle.

I
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RECO?t(ENDAT IONS FOR FUTURE IMPROVEMENT S

This section contains recoemendatione for improving the

perfo rmance of the waterjet inlet testing facility.

1. Invert the dynamoineter and the model in the tunnel test

section, so that the water will flow downward in the stru t and pass

through the bottom hatch cover. It should be possible to accomplish

this change by simply modifying the external aluminum piping circuit .

The dynamometer will, function equally as well in an “upside—down”

position.

This change is necessary to make possible the positive

identification of those IVR conditions at low tunnel pressures which

cause inlet choking. With the present piping configuration, the

elevation of the pipe above the inlet limits the minimum total inlet

pressure required to sustain flow through the pipe loop. As a result

of the limiting condition imposed by the elevation of the pipe, it was

not always certain whether the no—flow condition resulted from inlet

choking due to cavitation, or flow breakdown due to insufficient

pressure. This problem of determining the cause of the no—flow

condition was most acute when trying to simulate low craft speeds at 2

PSIA tunnel pressure.

The decreasing static head above the tunnel centerline also makes

it impossible to use tubes, run out through the top of the tunnel, to

sense vapor pressures on the model. The lowest pressure that the

tubes in this configuration can accurately transmit is approximately 2

1
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I
PSIA. By inverting the model, the lowest pressure in the system would

occur at the waterjet inlet. It would then be possible to sense

cavitation vapor pressures with the same tubes extending downward,

rather than upward, from the anticipated cavitation inception points.

Measuring pressures outside the water tunnel is preferable , whenever

possible, to avoid the expense and difficulty associated with mounting

a multitude of miniature electromechanical pressure transducers inside

the shell of the model.

Although it may be necessary to invert the model to conclusively

identify the maximum obtainable IVR condition free of inlet choking ,

force and moment data can be reliably measured with the existing

arrangement. Likewise , the presen t test setup can be used to locate

the external cavitation inception poin t on an inlet , and to examine

inlet—strut pressure losses over a broad range of IVR values, which

for each of the models tested encompassed the design cruise

conditions. The design I’JR takeoff condition (1.12) for the

subcavitating model was also achieved .

2. Increase the clearances between the mating flexible coupling

pieces to minimize the possibility of any future mechanical

interaction problems, such as those which occurred on one series of

the preliminary test runs . With the present dimensions , alignment of

the flexible coupl ing and the top of the transition section is rather

critical. The dimensions of the “O”—ning groove around the top of the

transition section should also be increased to accommodate

low—friction teflon “O”—rings.

- 
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3. Properly anchor the first 8—inch pipe elbow on the discharge

side of the pump to prevent movement of the elbow at high flow rates.

The simplest method of accomplishing this would be to remove the

flexible pipe coupling just ahead of the elbow and replace it with a

solid spool piece. The flexible coupling and the ball, joint beneath

the elbow were originally installed to accoimnodate small motions of

the tunnel with respect to the ground . After  completing the

preliminary test program , It was concluded that the movement of the

lower horizontal section of the tunnel was not significant enough to

warrant the use of this flexible joint. Furthermore, the U—shaped

piping configuration between the pump and the hatch cover would permit

a small amount of flexing to occur if the tunnel happened to move a

slight amount.

4. Check the alignment of the wire rope calibration cables used

to app ly drag forces and l i f t  forces . The sheaves over which these

cables pass are located very close to the applied loading points on

the dynamoineter and, therefore , it is dIff icul t  to ensure proper cable

alignment. This problem could be alleviated by modifying the pulley

mounting brackets to increase the length of cable between the loading

points on the dynamometer and the sheaves.

If for future test pr’-grams the required calibration loads

increase significantly, it may become necessary to apply calibration

forces through lever arms which create a mechanical advantage.

5. Write all test data collected by the mini—computer onto a

nine—track tape which can be directly interfaced with the DTNSRDC CDC
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6700 computer system. At the time this test program was conducted ,

equipment did not exist for conveniently transferring digital data

from the “Tn —Data ” magnetic tape cartridges to the CDC 6700 system.

6. Measure the frequency and amplitude of the unsteady

hydrod ynamic forces acting on the strut—pod model. Although tunnel

velocity and pressure were always held constant as the test data was

recor ded , the models pulsated noticeably at the higher flow rates due

to the buffeting action of the water. It is likely that the frequency

and amplitude of these forces can be measured by simply monitoring the

ouput of the force balance block—gages with a strip chart recorder.

The 3—kilohertz carrier frequency used with the block—gages should

pe rmit the accurate measurement of frequencies up to 300—hertz.

7. Use pressure transducers instead of manometer boards for

measuring total and static pressures on future models . The cost of

additional transducers and signal conditioning equipmen t will be

o f f se t  by eliminating the labor required to read and process large

quanti t ies  of manometer board data. The use of transducers will

permit data collection with the mini—computer system , and immediate

analysis of the internal pressure loss coefficients.

8. Determine the pressure drop between the tunnel centerline and

the top of the transition section with a differential  pressure

transducer connec ted directly between the Ronningen—Petter sensor (see

the section of this report enti t led , Static Pressure Sensor Above Test
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Section) and the primary water tunnel test section pressure measuring

system.

9. Manufacture the inlets of future models from plexiglass to

permit visual observation of internal cavitation inception .

10. With each new model fabricate a faired p lug which can be

used to cover the inlet opening. Such a plug would make it possible

to experimentally compare the hydrodynamic forces acting on a model ,

both with and without a waterjet inlet. This comparative data would

be extremely useful for relating existing experimental and theoretical

work on solid streamlined strut—pod bodies (References 18 and 19) to

the drag of strut—pod waterjet inlets.
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APPENDIX A

DESCRIPTI ON OF MODELS TESTED

The performance of the new waterjet inlet test facility was

evaluated with two existing strut—pod ram— type water jet  inlets which

had been previously evaluated in high—speed towing basins at the

Lockheed Underwater Missile Facility in Sunnyvale, California

(Reference 20) and the David W . Taylor Naval Ship Research and

Development Center, Bethesda , Maryland (Reference 13). Both models

were designed and constructed by Lockheed and are described fully in

References 20 and 21, including the coordinates and shapes of the

4 struts and nacelles.

Although the two inlet—strut designs investigated have never been

used on a Navy hydrofoil craft, they represent the product of a rather

extensive developmen t e f f o r t  by the Lockheed Corporation which was

intended to produce the final waterjet ducting design for a hardware

application . The ductin g system components for these models resulted

from an internal—flow model test program conducted at the Hydraulic

Laboratory of Byron Jackson Pumps , Inc.,  Los Angeles , California

(Refe renc e 22) . This test program consisted of more than 300 test

runs during which important design variables, such as turning vane

configuration and inlet shape, were systematically investigated over a

large number of operating conditions. As a result of these tests, it

was concluded that two turning vanes represented the optimum

configuration for turning the flow from the nacelle into the strut
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based on the criteria of pressure recovery, flow distribution

downstream from the elbow, and cavitation on the vanes. Two vanes

minimized flow separation around the inside of the turn , and the

presence of the vanes more than halved the pressure loss which resulted

with no vanes installed. The nacelle elbow was identified as the most

critical ducting element in regard to internal flow cavitation,

Circular ax ially symmetric inlets were used because it was

believed they would produce less drag, higher pressure recovery, and

more uniform inlet flow than elliptical, rectangular , or other

cross—sectional shapes. A su~ nary of important model dimensions is

presented in Table 3.

Figt~res3l and 32 show the model designed for supercavitating

operation on an 80—knot hydrofoil ship. This supercavitating model

has blunt trailing edges on the strut and nacelle. The cross—sectional

shape of the strut is a modified parabola and the leading edge makes an

angle of 7.5 degrees with the vertical. The chord tapers from 12.26

inches at the nacelle to 19.27 inches at the top of the strut,  The

internal and external elliptical contours of the inlet lip and nacelle

were established by a Lockheed computer program. The flow through the

strut is divided into three channels by two splitter vanes which extend

well forward into the nacelle (Figure 33). The location of the

splitters is such that the diffusion rate is the same for each

channel.

The second model , shown in Figures 34 and 35 was design for

subcavitating flow at 50—knots and all trailing edge surfaces are

faired . The original design for the subcavitating strut—pod
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TABLE 3

SUMMARY OF MODEL DATA

SUBCAVITATING SUPERCAVITATING
MODEL MODEL

2* 2*Total projected model area normal to flow 48.42 in2 52.47 in2discharging from tunnel nozzle (.336 ft ) (.364 ft )

Design cruise speed 50 knots~~ 76 knots**

Design takeoff hump speed 30 knots** 40 knots**
Design IVR at cruise speed .7 .65

Design IVR at takeoff speed 1.12 —

Nacelle

Overall external length 23.74 in 20.575 in

Maximum external diameter ahead of leading 4.40 in* 5.77 in~
edge of stru t

Distance from inlet lip to leading edge 6.00 in 8.312 in
of strut

Inlet lip diameter 3.194 in 3.235 in

Inlet lip area 8.01 in
2 

8.22 in
2

Throat diameter 3.024 in* 2.923 j~ *

2* 2*Throat area 7.18 in 6.71 in

2* 2*Throat area occupied by tips of total .074 in .074 in
pressure tap tubes

2* 2*
Throat area occupied by total pressure tap .37 in .35 in

tubes

Inlet diffuser length 2 .94 in 4.638 in

Diffuser inlet diameter 3.024 in* 2.923 in*
2* 2*Diffuser inlet area 7.18 in 6.71 in

Diffuser outlet diameter 3.46 in* 3.742 in

*~~~ Spj~C measured or calculated values
** Full—scale values - 

-

No asterik — Lockheed values from reference. 20 , 21, and 22
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2* 2Diffuser outlet area 9.40 in 10.99 in ‘I

Total included diffuser angle 8.5°* 10.07

Diffusion ratio 1.31* 1.64

Elbow
2* 2

Inlet area 9.40 In 10.99 in

Outlet area 9.65 in2 8.06 in2

Contraction ratio ____ .27

Strut

Overall height (perpendicular distance from 27.86 in* 27.22 in*
top of nacelle to top of mounting flange)

Angle of leading edge with vertical 0° 7.5°

Angle of trailing edge with vertical 00 21.270

Chord length at nacelle (parallel to 14.1 j~~* 12.26 in
waterline)

Chord length at top of strut (parallel 14.1 j~ * 19.27 in
to waterline)

Maximum thickness to chord ratio at nacelle 11.3% 10.08%
intersec tion (parallel to waterli ne)

Maximum thickness to chord ratio at top 19.8% 10.08%
of strut (parallel to waterline)

2 2*Inlet area 9.65 in 8.06 in
2* 2*

Outlet area 18.33 in 22.34 in

Diffusion ratio 1.9 2.77*

~bTNSkDC measured or calculated values
** Pull—scale values
No asterik - Lockheed values from references 20, 21, and 22
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configuration was for a propeller—drive unit . The design was

subsequently modified to accommodate a waterjet duct system. The

subcavitating model, therefore , represents a compromise waterjec

strut—pod inlet design rather than an optimized design.

The external shape of the subcavitating nacelle was established

by a Lockheed computer program based on the criteria of cavitation

free flow and minimum drag over the entire range of operating speeds.

The strut has no sweep. The nacelle contains a straight wall conical

diffuser , having a total included angle of 12 degrees and a diffusion

ratio of 1.4 , to reduce the flow velocity approximately 40 percen t

prior to entering the elbow. The area in the elbow is uniformly

converged to nit imize pressure losses. The flow in the stru t is

diffused with an area ratio of 1.9. The strut Is divided into three

channels by two splitter vanes which extend forward into the nacelle

to induce turning of the flow prior to entering the elbow. The

splitters are located such that the diffusion rate for each channel is

the same .

Figures 31 and 34 show each of the models mounted in the DTN SRDC

36—inch variable pressure water tunnel beneath the six—component

force—balance. These figures clearly show the “Tygon” tubes which

transmit the total and static pressures measured at the top of the

strut.

The L—shaped total pressure taps at the top of the

supercav itating strut are shown in Figure 36. These adjustable

1/8— inch diameter tubes and mounting chucks were obtained commercially

L from United Sensor and Con trol Corpora tion , Watertown, Massachusetts.
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APPENDIX C

PRESSURE TRANSDUCER CALIBRATION

HARDWARE

The pressure transd ucers used with the orifice—plate flow meter ,

the “Annubar” flow meter , and the “Ronningen—Petter” pressure sensor

were calibrated with a “Consolidated Electrodynamics (CEC)”

Electromanometer system which is shown mounted in a portable aluminum

carrying case in Figure 37. ThIs precision pressure measuring system

is used at DTNSRDC as a secondary calibration standard and its

calibration accuracy has been verI f ied by the National Bureau of

Standards. The system consists of a “CEC” Force Balance Pressure

Transducer , a “CEC ” Type 1—156 Servo Amp lifier , a “Fluke” Type 8l00A

Digital Multimeter , a “Volumetrics” Pressure—Volume (P—V) Controller ,

and a manifold of “Whitey ” needle valves.

The patented force balance pressure transducer (Reference 23) is

the heart of the system and operates on the non—displacement force

balance principle. Applied pressure Is sensed by a pressure—summing

bellows which converts pressure to force. The resulting displacement,

or movement of the bellows, is detected by a linear differential

transformer, which sends an error signal to the Servo Amplifier . The

Servo Amplifier acts on the error signal and supplies a proportional

current to the force coil of the balance linkage. The current flowing

through the
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force coil creates an electromagnetic force which precisely balances
I

the force applied by the pressure summing bellows. The amount of

current flowing through the coil produces a measure of the applied

pressure.* The force balance pressure measuring system is designed

to measure differential , gage, or absolute pressures. The pressure

range of the unit shown in F igure 37 is +30 PSI d i f fe ren t ia l . Its

published accuracy is 0.05% of full—scale output over a 5—minute

duration , including nonl inear i ty ,  hysteresis, resolution, zero drift ,

and zero set.

PROCEDUR E

Pressures were applied to the transducers with the “Volumetrics”

Pressure—Volum e (P— V) controller (Figure 37) . A zero leak

piston compresses the trapped air in the system. For detailed

information on the design and operation of this vernier pressure

controller , consult References 24,25, and 26. Although the P—V

cont roller was used as the pressure source for the low range

transducers calibrated in this test program, an external compressed

air supply or vacuum pump could be used in conjunction with the P—V

controller to generate higher pressures or vacuums.

The outputs of both the pressure transducer under calibration and

the “Fluke”digi tal  inultimeter mounted in the “CEC” calibration unit

(Figure 37) were recorded with the mini—computer data acquisition

system . After all the pressure calibration points were recorded , the

computer applied a least squares program and computed the slope of the

best—fit straight line calibration curve. Separate slopes were

* CEC Bulletins l547C, ll56A , 1164



- -

computed for both increasing and decreasing pressure calibrations.

The program printout for the 5 PSID “Validyne” gage used with the

“Annubar ” flow meter is shown in Appendix J. A listing of this

computer program is contained in Appendix I.

The computerized pressure calibration procedure offers several

advantages. In addition to eliminating the need for manually

recording calibration data and manually plotting curves to determine

transducer sensit ivit ies, the computer permits the simultaneous

calibration of almost an unlimited number of pressure transducers.

This feature is expected to be of special value in future test

programs which may employ large numbers of transducers to determine

pressure distributions on waterjet inlets. The computer also

eliminates the need or desirability of establishing precise

calibration pressure levels as a means of simplifying manual plotting

procedures.
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APPENDIX D — LISTING OF DTNSRDC MANUFACTURING DRAWINGS FOR
WATERJET INLET TESTING FACILITY

DTN SRDC
Drawing No. Drawing Title

E—3056—1 General Arrangement (Overall Facility)

Six-Component Balance

E—3056-2 , Rev I General Arrangement

E—3056—3 Sub—Assembl y

E-3056—4, Rev II Loading Point Assembly (Various Sub—Assemblies)

E—3056—5 Details

E-3056—6, Rev II Mounting Plate Detail

E—3056—7 , Rev III Yaw Plate Detail

~ E—3056—8 Lift Gage Bracket (Weidment)

E—3056—9, Rev I Hatch Cover Plate Detail

E-3056—l0 , Rev I Loading Point Socket and Strut Details (Flexures)

E—3056—ll (Drawing deleted from series)

E—3056—12, Rev II Shim Details (Supercavitating Model)

E—3056—l3 (Drawing deleted from series)

E—3 0 56— l4 , Rev II Bloc k Gage Mounting Plate Details
E—3056—l5 , Rev I Wate r Disconnect Details (Flexible Coup l ing Pc s .)
E-3056—16 Bolting Flange and Gaskets Details

E—3056—17 Torque Flexure, Block Gage Bra cket , L i f t  Loading
Channel Details

E—3056—18 Details (Flexible Coupling Pcs. and Mounting Plate
Sub—Assembly)

E—3056—20 Lines for Transition Duct (Supercavitating Model)

E—3056—21 Transition Duct Sub—Assemb ly and Details (Super—
cavitating Model)

E—3056—26 Details (Flat Mounting Shim for Subcavitating Model
and Pressure Tap Feed Through Fittings)
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DTNSRDC
Drawing No. Drawing Title

E—3056—27 Details (Transition Duct Sub—Assembly for
Subcavitating Model)

E—3056—28 Details (Lines for Transition Duct — Subcavitating
Model)

E-3056—31 Subeavitating Strut Modification (Mounting Flange)

Piping System External to Tunnel Test Section

E—3056—19, Rev I Details

E-3056—22 Pump—Motor Mounting Sub—Assembly

E—3056—23 Weldment Details

Pump Drive System — Electrical Drawings

C—477—l, Rev I Schematic

B—922—l Control Box Details

(Also see Reference 31)

Calibration Stand and Fixtures

E—3056—24, Rev I Details

E—3056—25, Rev II Details

E—3056—29, Rev I Assembly

E—3056—30 Pulley Modification

Original Dynamometer Deslgn Drawings Prepared by C. J. Norman

E—3056—32 Section View (General Arrangement)

E—3056—33 Section and Details (Sub—Assembly and Flexure)

E—3056--34 Section and Details (Mounting Brackets)

E—3056—35 Sub—Assembly (Loading Point Flexure Assembly
and Detail)
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APPENDIX E — LISTING OF COMPUTER PROGRAM FOR DETERMINING CALIBRATION
LOADING CONDITIONS AND RESULTANT FORCES ACTING ON BLOCK-GAGES

J~~ 2L
$U~

_A PP V113 .. -
V I!? K. N.OCK GAG E NO. .1. I I I  LI) -

VP!? K VP! ? 2. -
2.A
VU? 2. U$ID FDI PIV IMIN*PW DETZ~~ IN*TI DI VII? I. L0*CING C~~ DITI OI I/A  ~~ ?O? M.
VAST 2.~ ~~ C~~.INAA?2OI L OADING CDIII?IORS VII? 2. -5 Ia_.LIN G N~~~~~ ?
2.) 2.I
VII? 2.4 RUDI.?AGT FORCES ACTING DI .OCK GMES V U? K. - PI? OIINP PDI~~~? ?OTM FORcE’
VU? X . • 2.4

ill? 2. • I CALL PA) • VII? 2. -5 L I F T  FORCE
VII?  K. . - V IZ ? S. L IF? CDII SI DE CORP
cc_ I
ly lE C1.IB*A?IDI LOADS ’ VII? K. ‘L IFT COIl SlAG COIP•
TY PE 1.CCATIDI OR IESELTIII’ FORCES VIZ ? 2. -
lYlE ‘LIFT FORCE K .? ’  DO 13 L.I.JI
ACCI XL.?!. ~~( L) Th)/4I
TYP E ORM F OR CE Y.D • I - C  F S C L ) ~~U) / l l
ACC E YD . I D  IF I l - I )  14. IS. 4
TYPE !I DI F OR CE X. &-5 IA IA
ACCE 25.55  I-I
WIGS IS  O.1F!.(L)~ X L) / 36
SORES OR -C FD(L)~ DD) /56
I_ I K.3
TYPE 1.IF?.ORAG. SIDE FORCES ( ‘ L IFT STOP S !NPUT) VIE? i.L.FI.CL)/4.A.N
ACCE P!.c I ) . F D I C ) . F S C C )
IF CPL( I) )  3.1.1 Ii 2.)
1—1.1 VIII’ X .C.D. E
IF (I IS) 1. 1.3 13 CDI?

3 .I1 I — I  52.211
K.) DO IS I~~3.A
VU? K. ‘L0CA?IDI OP IESU.1~ 4I? FORCES C I N )  V II? 2.~VI! ? S. VI )?  K. ‘1. 0CR GAGE NO. . I. C ‘.2K. - LI)

WRIT  X.
— - WA IT K. • LIFT FORCE -

VII? X. - DRAG FCPCE VII? K. 1.OADING CDIDITIDI I /S OF TOTI.
I VII 1 K. • YAGI NG NOIDIT TOIl.

VII? K. SIDE FOICE 2.1
K — A  VII? 2. -5 FORCE ’
W A I T S . ’ K 2 T 5.6
VII? K . C W RI T K. SIDE TOIC! 3)01
5.1 5. 1
VII? X. ’ 5 ’  VII? K. - CORP DRAG COP P
5.3 W RIT  X. • -

t 
VIZ ? K.XI..YL .YD.ED DO SW L. l.,JI
K _ I  A .(FS)L)~ x S ) / S l
VI)? K . X S Z S  I ’( F D ( L )~~Y D I /~~
WRI T S. - • 1? 1 1 31 2 1 .2 3 . 2 )
VI)? K. - Dl ~~~~ A
S A  - I-I
VII? S. I..OAD)N G CD I S ) ? I D I  LIFT FORCE 23 K.3
S_ I  VIZ ? X.I. . F S I L 1 / 2 . A . 2
VII? K. DIAG FORCE SIDE FORCE’ 22 C.FS1LI/2.4 8
VII? K . • K 1
DO 6 I.I.J I WRIT  S . C
VII? K . I . r t( I ) .rT X I I. F SI I)  20 CDI?

6 CDI ) K S — I R S
V IZ? II. - II CDI?
V l I T X . ’ -
K . A  W R I T  K.
VI) ? X. 1.OADING CDICI?I0I LIFT COR P DRAG ’ WRIT K. 1.OCK GAG E NO. N 1 5 0 1  LW )
VII ? K . • C)l~P SIDE C DII Toll. MDIflIT VII ) X .
2 I  2 — 6
V II? 5. -5 ALGOl RED P~~ VI.~ I VR I K. LOADING CORDI ? ICW I/I 0? TCTA.
VII? K. • I 2.)
VI)? X . AQ.LING NOROIT ’ WRIT  K. ‘P11011MG 20101? TOIl, ?OICE
VII?  K . - K•A
DO II ).I..JI VII? K. ’ LI!? FOR C E
l. FtCI l~ YI.. IC. )
I- F5C) ) • I l  WRIT S. LIFT COI l DRAG COIP’
2.3 VII? X .
Ill? X . I . A . CC.l DO 23 L .I .J l
K I  I-1FI. C L ) ~ XL ) /SI
WI)? X. 4 • & ! A~ I1 / S W. ó  ICFD(L)~~DD)~~~

II CDI? 11.3
V I ) ? X . ’ W I I ? K . L . P ’ L C L ) / l . A . I
VA!? K. ‘PITOIINO NORDI? ’  K . )
V II? X . • VP)?  K. Fi(L) ’P.A.P
DO II 1.1./I 23 CDI?
A.’ FI I I I K I-  VII? K.
IFD~~)DD 11.1
5.3 VI)? K
VI! ? K . I . A . L C C  DID
K )
VAST X. A K L C A K P ) / 3 2 . 6

II C~~~? I~’~~

V U I L  ç~~ 9~i~& ~ ~V IZ? K.**LIA,1) /~~II CDI?

L
VII? *.
VII? K.
VII? K. ‘LOASI All. I LU T O 1.0CR SAG E 2 ’
DO IS  1 — 1 . 0
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APPENDIX F — OUTPUT OF COMPUTER PROGRAM FOR DETERMINING CALIBRATION
LOADING CONDITIONS AND RESULTANT FORCES ACTING ON BLOCK GAGES

USLD FOR PMILII 4INARY DETERM INATION OF CAL IBRATION L O A D I N C .  CONDITIONS $ RESULTA NT FORCE S A CTING ON BLOCK GAGF S

I C A L L  P1)

LOC A T I ON O~ R E S U L T A N I  F O R C E S  ( I N )

L I F T  DICE DIAC FORCE S I D E FOR CE
A V V 2 K K
3 2 4 .29 8 — 2 2

LO A DING CONDIT ION L I F T  FORCE DRaG FORCE S I D E  FORCE

1 10 6
2 22 .40 12
3 32 —8 0 18
4 40 —8 0 24

50 —100 30
o bo —1 20 38
7 7. — 140  42
• 80 — 1 60  48
9 90 .110 54
10 10, .200 60

LO ADING CONDITION LIFT COMP DRAG COMP SIDE COMP TOTAL MOMENT REQUIRED PAN VT .

POLLING MOMENT

l 20 0 132 152 2 881171
2 40 0 284 304 3 . 1 7 9 4 7
3 60 5 396 456 8 .669 2
4 80 I 52 0  608 1 1 .5 3 8 9
5 100 0 660 760 1 4 . 4 4 8 6
6 120 0 792 912 17 . 3 1 8 3
7 140 I 924 1064 20 .228 1
8 160 0 1036 1216 23.1178
9 150 0 1155 1368 26.0076
10 200 a isa. 1520 2 8 .5 9 7 3

PITC HING MOMENT

1 —30 500 0 430 6 .5~~~11
S —III 1000 0 600 11.IIOS
3 ..150 1500 0 1)30 25.6654
4 —200 2000 0 1800 34.5 205
3 —2 90 2500 0 22Sf . 42.7756
6 —100 3000 0 2720 5 1 . 3 3 2 8
7 — 3 5 0  3300 0 3150 39 . 5559
• .400 6000 0 3800 0 8 .4 4 1 1
9 —450 4500 0 4090 76 .9661
10 — 300 3000 0 4500 5 3 . 5 5 1 3

YAW ING MOMENT

1 0 SI 48 128 4 . iP I 4 )
a 0 160 96 256 9.14288
3 0 240 144 354 1 1 . 7) 6 2
4 0 320 192 512 18.2$3 ?
5 0 400 240 642 2 1 .8 5 7 1
6 0 480 285 788 2 7 . 6 7 8 5
1 0 30. 336 890 32
• 0 640 354 10 24 3 8 . 3 7 1 4
9 0 120 4 32 1132 6 1 . 14 2 8
10 0 00 450 1280 4 5 . 7 1 8 3

COPY AVAILABLE TO fl”~ ~~~~~~~~~~~~ ~OT ,
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LOADS A FU L I8D TO ILOCR GA G IG

SLQCK 6*68 NO. 1 1480 LV I

L S A O IN C CO NDI TIO N 1,4 OF TOT IL R O L L I N G  MOMENT P I T C H I N G  NOM INT TOTA L FONCE
L I F T  1OR C I L I F T  COMA W I D E  COME L I F T  COUP SNAG COUP

2.3 .532381 6.28971 .192137 —8.22837 1. 71238
2 3 1.91676 12.3714 1.789 I .17.8371 3.486 7 3
3 1 . 3  1.19714 16.8371 2 .67837 .26.1897 3.11711
4 10 1.18932 25.1421 5 .57143 33.?l*3 6.10181
S 15.3 4 .76 1 3  3 1 . 6 2 W ?  8 ,464)6  — . 4 . 6 4 3 8  8 .5 ) 3 6 9
6 13 3. 11448 37,7145 N. 3371*  .33 .5714 11.1147
7 17.3 6.66661 4* 6.23 .6Z.9 11.3166
I ZN 7.61313 31.2137 7,14716 .71.4186 13.619
3 2 2 . 3  8 . 3 1 14 3  36. ’-714  1.83911 .01.537 1 1 5 . 3 7 ) 6
II 23 9 .32111 6 2 . 8 9 7 !  8. 92831  .19.213? 11,1121

81.0CR 6*1.8 PlO. 2 1-81 LII

LOADI NG CONDITION 1/4 OP TOTA L ROLLING MOMENT PITCHING MOMENT TOTIL EOICP
LIFT OUCE LIE? COUP SITE COUP L I l T  COUP DRAG COUP

I 2.3 — .6325*1 —6.26511  I9260? .2.92831 12,1731
2 3 .1.20476 — 12.9114 1.713 I .17.6371 .30.9476
S 7.5 .2.63 114 —18.1571 2.67837 .26.785? —3 6.3214
6 II .5 .88933  — 2 3 . 1 * 2 8  5 . 5 7 1 ) 3  — 1 3 .7 1 * 1  — 9 1 . 0 9 3 2
3 12 .9  . 9 .7 6 1 3  .3 1 . 4 2 8 3  8. 4 6 4 2 1 .44 .4428 —43 .1891
6 IN — 3.71429 —3 7 .7143 1.3571* .33.3714 .16.4429

17.3 .8.66657 .4* 6.43 .62.5
I 28 .7.61919 .50.2837 7 . 1 4 2 8 6  . 71 .4286  . 1 8 2 . 1 9
9 2 2 . 3  . 0 .5 7 1 43  — 5 4 . 3 7 1 4  1 . 0 3 3 7 1  . 1 8 . 3 3 7 1  .114 .964
II 23 — 3 . 5 7 5 1 1  . 6 4 . 1 37 1  1. 92837 — 8 9 . 7 1 3 ?  .127. 75 8

BL OC K 6*6K NO. 5 12 10 LI I

L O A D I N G  CO . l O I T I O ~ 1,2 OF T O T O L  16* 196 K O 8 F N T  T O T A L  FO RCE
S I D E  FORCE S I D E  COIP URIC CORP

3 1 .7 1 4* 1  2, 6 3 7 1 *  7 . 5 7 1 4 5
2 6 3. 42137 3. 7 1 4 2 8  1 3 . 1 4 2 8

9 3 . 1 4 2 8 6  1 . 5 7 1 4 !  2 2 . 7 1 * 3
* II 6.1371* 11.6213 30.2837
3 IS  8 . 3 7 1 4 3  1 4 . 2 8 3 7  5 7 . 1 5 1 1
6 18 10.2137 17.1428 4 5 . 4 2 8 3
1 2 1  I ?  20 33
3 2*  11.7142 22.1571 60.3714
* 27 15.4288 25.71*5 61.1823 1II 32 1 7 . 1 4 2 1  2 1 . 9 7 1 4  1 5 . 1 1 * 3

RI OCK GAGE NO. 188 LI I

L O A D I N G  C O N D I T I O N  1,2 OP T O 7 * ~, V O W I N G  ICIEST l 1 l l* L
3101 FORCE S I D E  ClIP ORAL CORP

I 3 — 1 . 7 1 4 2 8  . 2 . 1 3 1 1 4  . 1 . 3 7 1 42
2 8 .3.42831 —3 .71428 .5.18213
3 9 .3. 14 214 — 1.37143 .4.71421
* II . 4 . 837 1*  . 1 1 . 4 2 1 3  — 4 . 2 1 3 1 1
3 II .8 .571* 1  . 1 4 . 2 1 3 7  7 . 1 9 7 I4
6 Il .18.781? . 1 1 . 1*2 1  . 3 . 4 2 8 3 2

2 1  .12 .78 — I I
U 24 . 13 .1142  .72 .1371 .1 2 . 3 7 1*
• 27 —1 3 .A216  —25.7141 .16.1 22
18 38 . 1 1 . 1 4 2 8  .71 .9714  — 1 1 . 7 1 4 2

11.0CR 6*68 40. 6 ISlE LII

LOAK 196 CO NSIT ION If )  OF T O T A L  P I T C h I N G  MONVNT T O T A L  P l ACE
L I F T  FO IC K L I F T  COUP 06*6 CORP

9 —1. 78171 (7.8371 21.1714
10 .5.37145 39.71*3 47.1628

3 IS . 3.3 3 7 1 6  3 1 .3 7 1 4  8 3 . 2 1 4 3
4 28 . 7 . 16286  7 1 . 4 2 8 6  8 4 . 2 8 3 7
N 29 .8 .92837  13.2137 18 3 .5  7
6 38 . 1 0. 71* 2  117.192 126.421
1 39 — 1 2 . 9  123 1 47 . 9
8 80 .14 .213? 1* 2 .837  1 8 8 . 3 7 1

43 I 6 .0 7 1 4  161.714 116.643
18 52 .17 .8311 17 1 .971  3 ) 0 . 7 1 4

‘3~-y AVAI1A~1E TO ~~~~~ ~~~~~~~
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APPENDIX G — LISTIN G OF COMPUTER PROGRAM FOR DETERMINING INVERSE
CALIBRATIO N MATRIX OF INTERACTION EFFECTS BY METHOD

OF LEAST SQUARES
$080 DC

2U18 DC
K 5  VI)? 5. • 80118?
VI I?  K VII ? K. ‘PI T OIIN S NOIDIT

K I
VII? 5. ‘(ISLE FCP CQ.LEC?I (SI OF CM.I IIA?l (SI’ VII? 5. ‘YAGINS NOI18?K_ I  K—I
VII? K. • DATA Vh S) COIPCSJID LOADING COID) ’IIDIS’ VI) ? 2. • P11 81118?VII? K. ’ • VI!? A. ~NOI18T P11 V1! I?VA! ? S. ICl.I. DC)’ VII? S. 980818? PM 81)18?VI)? K. ’ 2.1
TYPE ‘M081W.O*y.y~ 13• VII? 5. N0118?
ACCI UI.N1.N3 VII? X.
TYPE ~S?AIt tINE. ?DIP’ DO II )-I.I(
ACCE N1.R8 K•3
TYPE ‘VAlUED I—DRAG I— LIP? 3-SI DE I—I0.L S’8’I?O( V-Y11~ VII? X.I.IO( I) . I (SI) .35. l .pU))
ACC I EF 5.1
.1981 VII? X . P I ( I ) 8 3 5 . e .y l I ) .y M I , . .
Cl.). CC II COl t

VII? X.
TYPE DIAG.I.IF?.SIDLIO.L.PI?OI.YM,~ VIZ? K. ~R11 DATA PlO) LAO) l.OCR 0ME
ACCE D I( I ( I .L ) (R) .O I (K ) . l O( I ( ) . P I 1 6 I . Y A ( k 1  VII? K. ’~~IF (08(13-988) 3. 1. 3 K_I

3 5.1 VI!? K. ‘1.013)15 COIDItIDI 8*01 I RAGE IFIJI C IK.UC. IIJ ) VII ? K. • GAGE 3 GAGE I.DC I 1.1.6 5.1
DAI K.I).$OJII,I)4I,.2 VI!? 5. ’ GAGE S GAG E •CDI? VR) ? K. ’
DA( k . I I. -DA ( X . I )  0 0 8  I I. II
DAI K. 2) -DA( I(.I) 5.3
DAIR.3) DA(K.3) V I I T O . I . D M I . I ) . 0* ( I .8 ) . D M) . 3 )DA(R.I3~~~DA( K,I) 5.1
k—Il l VI I? K. DA(I.4).DA( I.5).DAI) .l)
IF (1-28) 1. 1. 4 6 CDI?
TYPE 980. DATA PlO. IJp~ I
ACCE KR 7 5 K
2982 TV— I
GM.L CC K.I
TYPE ‘S?DI ?INE~ VI) ? K.
ACCE US 2—I
P.R-I VA! ? K. ‘PESII.TMT IDICES A NOI OI?O rIOt p~~K. )  5.1
VI)? K.II1. ‘- ‘.N2.~~. ~.N3 VII? K. ‘P OCK GAG E DATA’
VII? K. STAPTED AT .MI. ‘ STOPPED A? ‘.U3 VI)? K .’
VII? K. ‘TDIPLI A?URL - ‘.36.’ EEOPEES . OT— N
VI)? 0.~ ‘ Cl.L TT
K *  C*.L At
VIZ? K. - 5PM GAO l I
V II? 0. ‘GAGE 2 GAGE 3 VI)?7 VII? 0. GAO E 4 GAOL S DID
K- I
VII I K . SAG E 6’
VI I? K. ’
WRIT 1. S?*P? CM ~~ SIIII CC
VII? 0.~ 

- _______

DO I I 2—l.a SOIl CC
11.6 TYPE CII.LEC? C#.1
VI)? K. ’ — SF11 DO I I 1,6
K 3  TYPE 0AG E ‘.1
h I L T  X .F$ (J .  I ! . P 0 ( 4 . 2 ) . P 5 ( 2 . 3 ) . P S C J . I 3  TYPE ‘P 1.155 N . Y ’
K.I  ACC I YE
VII? K .P$(J .5 ) . P5(J .8)  IF (Y E) 63.1.99
5 4  9 5.1
VRI ?  11. ’ - 3PM PISIC (K.VC.W )
K.3 PO(J?.C) IWI I) 419.2
281? K.U5(J. II.NSC4.$l.UOCZ.31.N5 (.J.II TYPE ~MINUO I-?’XII ACCE TI
VII? K .N$(9 .5 ) . US(J . 6 ,  IF (YE)  39 .3.89
DO II I 1.8 S K 1

— A S ( L I C PS ( . J . ) ) N I ( 4. I 3 l , S  FTJ( C (K.VC. MI)
I I  CDIT US(J T .) ) 1!J(I I ) 4 I 9.2

K.. I CDI?
VII? K. ‘AV8 SPII • 9$ CDI?
5.3 DID
VI)? 2. ASh I). A5( I). PSI 3).  ASh 4)
XI I
VII? X .AS( 3). AS IA)
VI)? K. ’
If 1,1-I) 11.1 2 .11 $018 SI

I I  K -I
VII? K. ‘S? DR Cl. ’ SIll DlVI I?  K. ‘ ‘ DINE PS)l. 81.1!) 2.6). *3( 8.8)

II CDI? DIII DRI 15 ) , L IC2S) .$ ) ( t 1 ) .RO(R3 )VII? K. ’ • DIII PI( I3 ) .YA(81). l .1 I3) .FD( I6)
5 I  DIII! PSI I3).DACII.S).M(4).l (8)VI)? 0. ‘A pPL IED Cl.)IIA? )DI LOADO DINE V?( 62.1?) 13.81 2.43V II? 2. ’ DINE 1867) .V?C11)X.I 

D IDVII? K. LOAD INO CDIDI?)OI 08*0 FOICI
K. I
VII? 2. ‘II F? F O IC E  0! DL b Id ’
VI) ? K.
DO XV I I.K
V I )?  K , I .  DII I ) . L lC  1 3 . 5 1 ( 11

II C DI?
VI)? K ,
VII? O~~~P11 VII!)) ? (L8)~VII? K. 1DI18T UN.L8I
V 8 I ? K . ’~~ r~ ’ 

‘
~~~~~~

‘
~~~~~ ti

V II? 0 ~LOA DIMG COI DIT ID I  PcLLINO COPY ~~~~~~~~~~~~ 

- 

—

PERMIT FUiLi LLJ~ .L.I.

---—‘—I - - —‘A ~.,- 
~~~ - - - ~~~~~~~~~~~~~~~~~~~~~~~ 

•~~~~~

—-—- -
~~~
— I-.- - -

I_JI~A5R



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

-

- 
~

- -

~~~~~~~~

-— -

SOUP II 51111 7
IF  (01 ) 3.1. 3 P1.0*1) . ) !

3 LII 12921(1.2)
DO 0 1 — 1 . 3  F3. DA ( 1 . 3 )

F*.SM 1 ,41
N (L .I).FS ,3.DA(I.3)

NIL. 11.13.19 F6—DA I  1 . 6 1

VlL.3)~ F I8FI8FN 71*0
N IL. I). I1( P3.14)
N( L .S )— 1 4( F 8 - F I. F l !
VII.. l)~ 18. 5 (  Fl—Fl?
I. I..I
1.1.1

003 I I.6
IT(h).(NI I.l) N12.)) )/IV ?(l)’VT1 3)) 3061 0

3 COlT FI .181I1 VT)I)11h1!
DO 8 1 I.6 Fl~))) 5 1 V ?(I).I( 51
Vt(I).NI I.Ib—( N ?1))~ V T(Ill F3*113 !8V111).813)
CDII F8~U ( 4) VT I 1) .8011
S — I  FS.N(51 V7(1) 81S)
VII? K. ~EQUATIOtS’  F6.Mh6, V T T I ! . 8 ( 6 I
VII? K. ‘ DID
VIII K. ‘01*0 FC*CL - GAG E 3
VIII 6. ‘!)Dl IDICI - GAGE 3 • SAGE I’
VI) ? 5. ‘1.17? FDICE - GAG E I • GAGE S • GAGE 6
WA IT K. ‘YAWING NOSDIT • II (GAGE 3 - GAGE 91 ’ LUAU 1.0
K I
VI)? K. ‘PITOtIRG MOlD)? - II • 10*6 1 6 - GAGE I - 0011 1.0
11.1
V II? S. OAGE 2 ) ’  V I ) ?  S

VI)? 5. 50.I.ING 00)7157 - 10.3 • (GAGE I - GAGE 2) 088
IF 101) 3.1.6 VII? K. OSED FOP CN.CILA?INO RA IPIC OF NIT? ’

A 2 9 1  VII? 0. ’ Fl? 51812 GM ? LINE )NTE9*C?)Ot
VI1 ? S. ’ • 5.1
K I  VU!? K. ‘EFFECTS BY METhOD OF LIPS? 590*115’
VII? K. SL OPE 1111? K. ’
291 WRIT 0.’ (Cl.). L SI
VA!? S. Y-!W?IICIP?’ VII? K. -

III ? K. ‘ VII? 11.1). ’ ,UA. ‘ ‘.13
VII? 5,’ OIl b I d  ,NT I 11.611)1 VII? K. S?AA?ED AT ‘.18.’ S?OPPET) Al .13

VII? 5. ’ SIDE FOICI ‘.W?I 21.11121 V II? K .’

VA!? K. • L I )?  FORCE ‘,N?(3h,I ? ( 31 00 (20.SI.20.16.Z?.DII.FF

VAS T K. • YAWING UCIDIT ‘.111 11.11191 26 DO 29 1.1.23
VI!? X . ‘ PITOIINO NOIDIT .N? (S I .B? ( 5 l  V T ( i ) . I 0(1 I83 5 .6
VIII K. - A0..LI NG 1101711? ‘ ,N1(6 I.1716) 29 CDI?

VIII? S.’ • GO IS
TYPE ‘frDWAG 2-SIDE 3-).!?? I-YAW 3-PI?04 6-l0.L’ 27 00 32 (.1.20
ACCE UK 

WT(l ) .PI ( I) 3D.6
ID lE 32 CDII
101(12961-3 GO 23

2.1 88 D 0 3  ‘ 1 .2 5

DC II 1—86.32.3 V 1111.YAh)I 88 /
(F (lv) IX. 13 , I! S I  COO T

13 C1(,I.III.N?(J) 00 25
GO II 38 00 53 1.1,23

II DI(.2.8E).N?12) V? (I) G8 (II
II J.J.I 23 CDI?

r II CDI? GO IS
CCII? SI 50 24 1—1. 23

DID V 1 (h)’LIII)
SI COO?

AC 20
12 DO 23 I.I.S3

VII 11 %I( I)
OS CDII

— TYPE 150. PT!. UP’
SOIl ME ACCI’. RI)

— 3 .1  NP RK

VII? K. ’ • NP — K R
811? K. • TA— I
VI)? 5•~ 

• 75_RN

5.1 K?.I

VII ? 5.1.060110 CC3IOI?)O5 DRAG 103CR SIDE’ K 1
VI) ? K .’ FORCE LIFT FORCE Y PV ING’ VII? K. ‘R*MINCIL*S)UG LOA E”• ’
VI)? X.~ 18Ot01? PITOSING 110118?’ VII? 5.

s— s tP-I
VAS T 5. • RG.LIUG UOIDIP 93 K~~I
VII? K. ‘ VII? K. 1.1*5? 100*11! 815? II? STRAIDI? LINE’
00 I l.YL TA 2 9 1
I F  (TV ) 3. 1. 3 VI)? S •  CM.C(LAEIOI FUDI RAV IOCK GAG E OA?A

3 14.). 3 N DO 3 1 1.6

~O S Y ( I 1 l

• F K Y ( l ) l

• x. 3 CDI?
VII ? X.I.r3.F3 .?4.F! FIKFA 6.8
K_ I 5 1$
VA! ? K. h s N(F3—F 4 ) .  I I I F l” 1 l .F X ) , ) N . S( F I~~F5) ISO ) (—1(1.1111
CDI? E . X O V S C I ,
5—) K I-X5*l V thl) VT(I))

VII? I.• • DO I

DID 
Y I L ) — ? h t , I * D A ( I . I . )
XVI 1,) 9$1(L I ‘1 V?( II . thAI I .1,))

I CDI?

~JOPY AlA ! . ABLE TO r LES NOT
~ - ‘~ “T ~~; ! ~f I r’-~~~ ~~ rflr~

P
~~f%TFflhi

76
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IC S (.8.6 UT V II? k. UP’
ltII.((NP XYU))(K Y( I))) #((1P *8)-SK X) I 50 05
( I).l(XI V ( I ) ) - ( X K Y ( I ) ) ) , I t 8~~ *S) ’ 1X X ) )  RI VII ? 8, ’ *111016’

• CCII? 88 VII ? I. ’
2 9 1  DII
VI)? X. ‘ -
VII? K. •

VIST A. ’ • -— ‘ J• I.I I
29* III.). .0
VA! ? K. ‘800CR 0881 80DI! IV D I? S t I I  ‘ I CDI?
291 DO 3$
VA)? K. • Y’INTEACIP? 11.8
VUIT K. • 0 0 3  •l.II I
00 5 1 ).6 l b  h I l - h ~~ , 3I I) 4. 3.1
V IST X .I.N(I).80I) ~ D O S  I ,V I

• CDI? lb  1 1 6( 4 . 3 1 - I l  1 .3 .66
I IF (A (J . k ))  1 1 , 1 1 . 1 1

VII? 5 •  II AP--AhJ.I)
VII? S. ’ G O II
VII? S. ’ • II A 9 8A I J . K I
5—4 II IF Ill-AT) 15.3. 3
VI) ? K. • II
VI!? X. CDITEC1?I IC— It
K I  IDAT
VI)? K. lV I CDIDI?)OIS 3 CDI?
294 3 CDI?
VA! ? X.1.OADINO CDIO!?IDI ACTUl. DAtA
VIZ ? 5. ’ FIt DEVIATIDI ’  1111.11.11
K.I I V I I . B 3 . IC
VII? K. • DIFFEID ICE SLOPE IF (Il-IC) 88.23.25
VII? K. ‘ 28 DAU DI
DC 8 (.1,8 DO 33 L. 1.11

- SV•AOII .I.)
VA ST K.’ POCK 0101 ~.I A(I PL).A ( IC.L)
VII? X. • *01 0.1.1-SW
V I~~DA( K?.Il 83 CCII?
VI.VT(K? ) 25 P!.A( IC . IC )
00 7 L.KT.IX D01D29PI
D)RNI I I•V? (L).801) 39 A( I C .IC)—I
293 00 32 L. 1.11
VII? K.L .DAIL . I) .DI .~~~’ S A h L . I )  A (I C.I. ) .A ( IC .L ) /P(
K.I 32 CDI?
VII? X.DA (L.I)’VI.(bA (I..I) V I)/(V ?(L)-V S) 34 00 35 LI.I.NI
VIRDA(L. I I IF (I. I’IC) IV. 3$. IN
VA -VT (L )  AK TVA (LI.IC)
CDI? A (LI .(C) V
VII? S.’ • DO 48 L .I.MI

6 CDI? A(L I.L).AIl. I.L)’A ( I C.L)•?
75.5 42 CDII
5.1 3$ CDI?

VII ).N I81 .I
VII ? K. ‘CPLCLLA?IDI OF RISSL?M? FOICE A ‘ IF ( lUl L. I) )N(L.2 ! ) 3 1 .3 1 .5 1

‘ 
VI)? K. ’ ‘ DO SI 1.1 .61

VII? K. 98OIDI? C*I.IIIAI)Dl CURVE! FICIl • SI JA- IKI L .  I)
VII? K. 1E5? II? STIA! 03I? LINE DA TA 803 ‘ JC.IN1L .2)
K I  50 33 17-1.11
VI)? K. ‘LAOS 800CM GAGE ’ SV A( 1.28!
VI!? 5.~ AIK.J l ) A1 X.J C )
0981 A1R..JC -66
Cl.), 13 - 53 CCII?
CPLL At SO CDI?
IF  ITV )  99. 11.99 DO 35 I1.I.NI
K~~I I F I I N I I I . 3 1 — I I  61 .6 1 .60
VI!? K. ‘ 6) CCIII
VII? K. ’ ‘ 35 CDI?
VII ? K. DICIIASING L0A29 I D I I
VIII K.’ ‘ GO 99
kP- K—KI. I  II 1012
tA-k 99 CDI ?
TV— I K~~lTA- K? VII? K.
75.1 III? K , •
NP-kX-RT’ I  VII? S. ‘mE 6111181611? IS , GE
00 03 WU! ?K. ’

— $9 VII VII? K. ThE INDICATOR IS ‘. IC
V I I ? X  VII ? S.’
DID VU )? K.’

VII? K. ~154 I INVEI SI U*II(K I? ’
V II? K. ’ -

Still NA
K. 2

SOUP NA VII?
YIP ! ‘1IP’I ODIN- I IVEIAGE-2 ’ DID
lCd UP
IF (UP-SI  • I .R I .03

98 DCII 1.1.6

A (I .4 )~~~ ( I . J )
96 CDI? 0081 DI

80 94 008 1.1.6
3 1  00 95 1*1.6 K I

00 96 2.1,6 VI!? K. ‘0). ‘.1
A (I.JI—C?l 1.1) K.3

$5 CDI? WI)1 K .A ( 1 . ) 1 . A I I . R ) . A h I .3 ) . A I ) . 4 )
80 91 K I

93 DC DI I 1.6 VII? K .A~~,S).Al 1,61DC II J .I .6  I C O O T
Al 1 .2 )—I  CIt 5.2)001) I..))) ~D DID

II CCII?
96 2.8

VII? K

VII?  K. ‘111 NAYRI X OF CAtIIIA T)Ot 13’ 1..

77 ~~~ ‘j ~ 
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APPENDIX H — OUTPUT OF COMPUTER PROGRAM FOR DETERMINING CALIBRATION
MATRIX OF INTERACTION EFFECTS BY METHOD OF LEAST SQUARES

IC A I I DC I

ST A R T E D  A T 143s STO PPE O A? 1328
IIMPIIATUI I 0 68 GSc.6U5

APPLI E D CAL IIRAT ION LOIDS

L OADING C O N O I T I O P .  DIGII FOR C E  I III ~ OV~~f $131 F OR C E

I I 0 I
2 I I I
I I I I
4 I I I
3 I I I

PAN NE 11,3? III)
110*4137 I IN—l,e1

L OADIN G C O N D I T I O N  R O L L I N G  MOM ENT mc14 I1*4 M01*EV~. YAWING VOMFN?
PAN WE IGHT MONFNT PAN W7J1Sh 3~ MCMFNT PAP. V F ) GHT MOIFNT

1 5 0 I I
3 I I 23 I l l S  I I

I I SI 2630  I I
4 I I 13 3943 I I

-‘ V I I 110 3768 I 0

1726 DATA 178034 EACH 8)0CM GAGS

~~~~‘I!j,J1O IV F O L I O M I P O G  NO RNI$. IZING F A C T O R S

~~~~~~~ 6808 NO. N015141l1!NG FACTORS

I 39.154
2 96.7511
O 13.6886

33,384!
3 171.681
9 IMI. 324

I O G l I N G  C O N D I T I O N  GAd,8 I G AG E 2 GAGE S GA G E A GA GE S GlOb 3

I I I I I I I1 -( “ . 1 5 4 7  .75 ,7664  5 — .676893 I
.45,791) — * 7 ,536  I ..72334 I

— 71.4 331 I — .9664171 I 158 .9 06
5 — 1 9 . 2 7 1 9  ‘94 .* IIA I — 1 . 3 0 3 2 9  I 116 .53 7

•V3lJ( TANV FO RCE S 8 M O M EN T S  1*0)) IAN h O d  GAGE DATA

E Q U A T I O N S

DRA G F O V C 8  K GA GE 3
S IDP F0 I ) CX • GAG E 3 • 6801 4
L I F T  101C8 8 GAGE 1 • GAd- F 7 • GAG E 6

— FIlING 110*4217 6 II 1GA C, 1 I — 0*1. 7 4 )
P I T C H I N G  NONV NT 0 ( 6  3 IGA 0~ N — GAGE I — GA GV 51
lO L L I N G  MOMENT 1 (1.5 6 IGAC ,I I — G A G E  1)

L OADING C O N D I T I O N  DRAG 10 1CM DI t I E  POIC E L I F T  FORC E YAWING N OMFN T PITCHING UO IIFNT lOL l ING NISMFNT

I I I U 0 I I
3 I .. A S A S 29 —1.26 86 8 .77 6 3 3  13 1 1 . 7 7  0.N7IIA

I — . 72016 .3.R23~ 18.1267 2e37 .~~p — 1 7 .6136
I V — .96445 3 •6.35214 15.17175 3 9 7 8 . 8 6  .74 .5 8 11

I — I . O I S S A  .8.32896 16.8779 3281.94 — 3 6 , 3 2 7 9

COPY AVAI1~I~
V ‘

~~~~ onc oo~s ~~
78 PERMIT ~~Jt LL~IE ~RO~uGi~
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US E D  FOR CA LC UIA T INC. 3457815 OF lEST PIT S IIA IG HT LINE IN T FIAC TION EFFECTS BY ME THOD OF L E AS T SQUAll S

SC A L E  I S I

S T A R T E D  AT )~~3S S?OPPEO AT 1S21

;9C I NC .IASING )OAO~ O?

L E A S T  SQ UAR ES bEST F I T  SVI A IGH ? L I N E  C A L ( U I A T I O F O  FROM RA W  StOCK GAGE DATA

ILOC K GAGE SLOPE I V O t ? 5 / i l )  Y — ) N 1 8 8 ( F P T

..IS71IIE.I1 . 1 4 4 4 4 2
2 — . 1 5 1 4 0 4 1 7 — S I  .475 3 I 7 E — I I
3 0 I
4 — ) IQ l Z . E— I S  .. 1343)?

3 0 I
6 .15120 1 1 — I l  .179781

CONS ECUTIVE CONDITIONS..
L O A D I N G  C O N D I T I O N  A C T U A L  D A T A  817 51 l I T  D E V I A T I O N  DIEFERENC I . S L O P E

BLOCK GAGE 1

I 0 .144442 .144442 I ,7237141776
2 —2 4 .13 42 — 24.47 311 — . 3 3 Q 3 Q ~ — 24 .13 62 — .18353E—I1
3 ~49.5 l l )  _49.R~ 5I .1~~II49 —25.1490 — .19122317— I)
4 73 .7 7 5 1  —73.7114 .4489588—Il —24.4951 — .1I427 4~~— IS
3 .91.2713 —08.1217 — .~~77549E—I1 —24.~~954 . IR6S7IE—Il

B L O C K  GA G E  2

1 I .41211717—I l .47211717—0 1 0 .1257141774
2 53 .7846 —23.e~7Q3 — .293313 — 2 3 . 1 8 4 6  — . 177818—I l
3 _ 47 .594 .47.407) .188904 —2 4.2 111 — . 1 8 4 1 1 6 8 — I l
4 — 7I.4 ’,3l — 71,1343 .11834 32 —23.8571 — .18142217— Il
N .94.40l~ _114.116I4 — .239826 —23 .14117 — . l 7 A 0 3 4 E~~Il

B lO C K  GA G E  3

I 8 0 I I .721714878

2 I II I I I
5 0 0 0 0 I
4 P 0 I I
3 0 0 I I I

V 1  G A G E  -.

1 0 — .154 3 )? — ,1343 )2 I .72370.1778
2 ..b26I9c — .429 )81 , I 37 7 1 3  — .62 48917 — . 4 7 67 2 ~ E—I3
o ~~,723S4 — .714051 .192 19217— Il — .96449E—II — .13142117—14
4 ~ .964451 — .97R~ 2 — . 14486417—Il — .24)113 — .11138617—li

—1.20534 —1.23379 — .48232517—St — .245 113 — . 18335617—IS

ILOLII GAGE 5

I I I I I .723706876
2 I I I p
3 0 I I 0 I
4 I I 0 0 I
S I I I I I

I t  ILl’ CAGE 6

I .119783 •179713 0

2 48.2304 48.OöiI .115104 48 .2 9 0 4  . 1 3 ) 7 1 6 1 7 — I l
I 9?’~~S0 3  52.3458 — .414499 46.6098 . 1 3 1 7 1 3 I P — I I
4 1 1 1 1.97 6  1 1 1 7 .7 1 1  — .2 4 7 380 4 6 . 1 2 6 1  ,*3UIPU17.4I
5 184.352 114 ,91! .359787 *3.3734 .34617828— lI

COPY AV~!!!L~-~E TO r~ P~J~S NOT
I~” r T  (“ ‘ ‘ !  L~ ’~ E ‘i~iio~ I
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I,-
z
UI
I
o 11 4 W r 4
1

I’- IS 0 e•
(5 S W t 0 S 4
Z 1”4~~~ —

S
.2
-J . 0 1 1 1 1
0

UI Al
‘.3
-0
4.3 4-z

UI
U I
o 0
.2 I
S IN

(7 H-
I Z ‘F ~~ S ’ F
o —

z
III U Y*4 ,t H-~~~

4. •I S 4 Q 5 4
1’ I S I I S U’ l

U.

.4

o

I11 I—
z z

Ill
-I I P-’’I 0 *

0 M l I S ?~ ‘I II’)
4- 1
I 4 S I S P I S  C...f
(2 (5 .15.4~~~~ •

~~ l~~.E C

AS 7-

4-

I-S-aLi-a -~~~~
I—

UI ‘F It’

U. 1 1 1 I

(2

2

2 -
H- IN S.- .5 I*4 -~~~~~ 0*
.4 0. 8*4 ftI U ‘-OSISt ’AP.’
Al UI . 5 S H- Y ’ .5 Al
S ~7 (2 A S I S ? * F -  0 4 G . S S I S
— .4 Al 44S~~~S U, IS I”A S F” I”I

II, UI IS .0 0 1*4 .1’ F’ 0*
4 ~

_ — F- —. 5 (11 - - • • —,
(7 4 1 *4 ~ 

• A S . .  0 1 1 1 8 $
.5.- — S I  .~~~~I- .

4- 74.5.5 4 AS
Z .4 (7
UI ( 5 . 5 . 5 4
I (2(2(2
o #44
1 ( 2 ( 2 4

*4I I’0 IN
-0 I II  5~~~~(’P. •

.5111 5 5 5  5 w
.5 1 ~7 WI .4 UI UI UI I UI I,)
(2 4.4 (5 4 I S s~ MS
Al ( 2 ( 2 U I U .4 l*4 ’ F . 4 5l ’ 1  0
o (21.3 1.3 54M’I I’l If(

+ •44 0’ 4 04.”
(2(2 UI 5 . 4~~’d S -.. (5

III Ml — * ~~ IN -. 0* S i”

Z 0 • ‘lN . • 5 55 5 5
4 111 .5 .51* 11’  .J S I  I ’ - S 0
4. ( 21 .3 (2 • AS
.2 4 4 . 4 0 4 5
•1’
Ill II SI II II II II 4—
Al Z I’- 0

I” UI Z —
U. Z -  ZXI1I  H-
o H-IU Z .501Z1112 .5.5.5110 0
Z 11 (01 (2(2(20 I 1
0 . 5 . 5 . 5 1 1 0  A l A l A l Z ( 2  0
— .1’ (2(2(20 I 000 Z ( 2  U
H- Z A l A l A l Z ( 2

V 
.4 0 000 2 4,7 Z 1  (5

- 4  _I — o- ..- .t. (2 --’ Z (5I* V’- U . J  j
4. l I”  4 0 . 53 4 - A  — -0 l14 I~5 .~~ I4S

LI 4 ( 5 W H -’ . U . 2  A l — — 4 ’ - ’ O 0
.2 .40 ~~ 3 H- _t C AS .27-0. Al 4

- 4 0 ~~~~~~~~~~~~ 0
III 0 WI .2)- a, Al .2
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4 APPENDIX I — LISTING OF COMPUTER PROGRAM FOR LEAST SQUARES
CALIBRATION OF PRESSURE TRANSDUCERS USING CEC

ELECTROMANOMETER SYSTEM
JO (S

lull PC A.
s_ i VII ? 9
WI!? K 295
294 VII? I. ’ CAl .). LI’
NIl? 8. ‘PILSIUPE GAG S 21, 11.18115 U! METhOTI OF ‘ VII I K.’
8.) VIIT 9.11.’- ‘.58.’. ‘.13
NIl? 8. ‘(SAUl 30(1*353’ VIII K. ’ TINS - ‘.TS
VIII I.’ ‘ VII? 8.’
VI)? 1.’ CAl.L DC’ NP-Il
VII? 8. ’ • KT .I
TI P S W5Th.~~~~.Y L*A ’ TV-I
ACCE 11.18.13 9—I
TYPE ‘TIME ’ VIII I.’ •“ INCILA3IIG (DAb
*CCS Ti VI!? 5~
TYPE ‘ INSTIUCTI DII -. ‘ 95 294
TYPE ‘A/ D 0$. $ • C*4.IPIAIOP VII? 8. ‘1.5*5? 36(1*355 11$? FIT 511*105 ? GINS CAl .CU ’
TYP E ‘A/D DI. 3 • F l IT ?  G*G 5 9.1
TY PE ‘6/6 DI. 4 • NI3 T GAGS’ VII? 5. ‘U.AT IDIS 8.101 I~~ P11518055 0*01 DATA’
TYPE ‘NM NO. GAGES ‘ I’ VIIIT X.~TYPE ‘NM NC. P13. - SI ‘ DO S I’ I.N3
T Y P E  ‘NC. GA GES ’ V I I  I’I
*CCK N! S I l lS ’ S
2 9 1  3 CDI?
VIII 3,11. “ .15. ‘- ‘.N3 1’I
Vl ! T K, ’ T INS • ‘.7) XI.)
NI l? x . ‘ ‘ DO I 1111.11
VIII • .  ‘ K.K * PT TI )
3~~ 5 XI.XR0lO?E ! ) 01111)
VIII I. ‘UPMS 558.55 C4, I 5IATIDI ’ DO I (.5.50
W R I T  9. ’ , Y(I,)’Y(t)’D *tI.L)
CI.). CC KY I I ) * 5 Y ( I.I . (Dt( ! I1DA(l . l . ( I
8.) I CDI?
T Y P E  ‘C(LL. LC? DAT8 I-T ’ DO I I. 1.18

4 ACCS Y E M I I )— E ) I M l X Y U ) 1 — I K ’ V I I I I I , I I N P ’ K I l t l * K ) I
IF  (III 1.2. 1 ( I I. I IK I *Y I I) 1 . I K KY I I ) I I / I 1 N P’ K I ) I K*Z I l

2 8 1  I CDII
FlUId I!.NC.I)1) VII I K,
80 3 1.1.10 9’4
DAGK.II IU(I.61,Utl.2 18)15. ’ GAO! NO. 0,011 It’D.TS/PII)

3 C DI? VIII K. ‘0,51 1*81 /‘lO.?)
DIII).) 8042) GIIM. 2 I 3 K.I
U!K.I VII? K. Y.’Ih1511CtP?’
IF (1— 32) 4 .1 .1 VII? K .

‘ 
S K’R-I DC S S.I.UG

K I  VIIIX.I.NI)).IJRIII.*4I1

4 V III K. ’ ‘ 3 C0*T
VIII 5. ‘ ‘ 8111 K.’
WIlt K. ‘3PM! AIIEI 21.111*7101 ’ VIII K.’
VIII K.’ ‘ 2 94
21.1. CC VIII? K. ‘ PSI ACTU Al. DATA
VII? K. ’ ‘ 2* 1
VIII K. ‘IAN DAT A 01 C0,III*T)0l ’ VII? I. - 513? Fl? DEV I ATIdII ’
V I IT  K, ’ ‘ VI!? K , -
DO II 1.1,15 Do 6 1 I.NQ
29) 2.1
WIlT K. ’ PSI GAG S NO. ‘.1 VI!? K, ’ 0*05 NO. . I
VIII K. ’ - VIII I.
DO I I  .I•I.N DO 1 (.8?. II
VIII K . 81(J), DNJ.I I U.It I 1 DT1I,I’ l( I )

II CDI I VIllA? X .D1l)).DA(UI).U.U’D*4(,.II
VII? 5. ’ - 7 C~~~V

I S  CDIT VI)? X.
TIPS ‘NO. P73. 1P 6 CDII
ACCE KR VII ? K ,
DID (lIT K. ’

TYPE ‘1IM PSI. (ICIDI DIT’
ACCE NP.I8

VIII 3, ‘CAl .CI.LA?IE 10,513 8.10) 4,0151’
V III K. ’

TYPt ‘CILLEC! SPMU Y 8111 1. ’ 15) VQ..1I’
DC I I’l .KC VII?K. ’
T Y PE ‘GAG E Mdl. “I DO I 1-1.18
TYFE FLItS 1-V K . )
A CC ! YE VIII K.  ‘GAGE NO. ‘.1
I F l Y E )  5.3.3 VIII K.’

3 2 9 1  K B — I M P/ I N) . )
FINd (2.1G. PU) Il—N
P S I I I ’ I l I I I ’ ! I A l I I.T  DO M l,.I.KS
TYPE ‘IIIIUS R-V ’ VIII K.KM.N II)’KR*III)
A C C L  II 58—18*11
IF  1111 5 .4 . 5  9 C0)T

* 9 . 1  VI!? K.’
FTJIC Il.IC.IUI S COST
I S I I ) — II J I I . 0 1 4 1 9 - 2  IF IV.)) *8.18.1*
CDI? IN 1.1

VII? 5. ’
VII? K .’ GAll S NO. PLIIU V 81? K. ’
K.) VI)? K.’ ••* DSCRIASINI LOAD ‘* ‘
8)111 9. NINUI 601.1*1,6 - III? K •
VII ) K.’ ‘ ITVII
DC 1 1.1.1* *4)1.1
VIII? 9.1.151 S).N $III.IPSI II ’MKII )) / I 171.1

S CDII IP-IR’ITl I
DSP IC II

88 9.8

a ~~~ci 
K

DIR! P1)Ul. ” 3181.5) (  181.8*4  35 .8)
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APPENDIX J — OUTPUT OF COMPUTER PROGRAM USED FOR LEAST SQUARES
CALIBRATION OF PRESSURE TRANSDUCERS USING CEC

ELECTROMANOMETER SYSTEM

PRLSSURL GAC E C A L I B RA T I O N  FlY METHOD OF- L E A S T  SQUARES

C.ALL DC

11— 12— 7 3
T I M E 1645

SPANS B E F O R E  C : L I e R LT I O N

i,LGF NO. PLUS MINUS A V E R A G E

1 .26123  — .2 7 8 3 2  . 26 97 7 5

S PANS A F T E R  C A L I B R A T i O N

GAGE NO. PLUS MINUS A V E R A G E

1 .263671 — .272216 .267944

R A W  DATA OF CA LIBRATION

P S I  GAGE NO. I

0 — .366211E— 02
.600586 .366211
1818286 .736084
1.77612 1.12426
2.40966 1.51489
2 I 9 8 0~~ 5 1.8811
3.57788 2.25952
4.17846 2.65014 -

4.77905 3.0249
4.19311 2.67578
3 .5 9q 85  2.30957
2 .980~~5 1. -’~1284
2 .391 35 1.54785
1.80 175 1. 17553
1.19018 .783691
. 5 - ~ 3 2 b 1  .3 9 79 49
0 .1.22g7E_Ot.

COPY ~~~~~~~~~~
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COPY ~~~~~~~~~~~~~~~~~~~r ~~ ROES r~T
-

~ PERMIT i~n’ LFC~: ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
11 12—73 - 

*

TINE . 1645 1

GY I N C R E A S I N G  L O A D  0.5

L E A S T  S Q U A R E S  B E S T  F I T  STRAIGHT L I N E  C A L C U L A T I O N S  FR O M  R A W  P R E S S U R E  GAG! DATA

GAGE NO. SLOP E ( V O L T S / P El )  Y .E N TE R CE P C

1 .63322 ’ - —~~1952395—01  / , S’7~Z.. ~Sx ,(4~.r
P S I  A C T U A L  D A T A  BEST F I T  D E V I A T I O N

CAGE NO. 1

• ..366215E—• 2 — ‘ 1052308—Il — .6865798—02
.600586 .56625 1 .570983 .477266F U2
1.18286 .736084 .740839 .4175348— 02
5, 77812 1. 12426 1,11 77 1 —.6 55278— 02
2, 40966 1.51489 1 .520 15 .52661.98—12
2 .08003 5 , 8 8 1 1  5 .8810 3 .5952178—12
1 , 5 7 7 8 8  2 .2 5 952  2 .262*3  . 2 7 14 1 5 8— 02
4.57846 2,63014 2.64174 — .6a0297E—0~
4.71~~05 I .026~ 3.02525 .148091F—03

CA l CUI,ATtD V A L U E S  F R O M  SLOPES

P S I  V O L T S

GA GE NO. 1.

0 —. 1052398—I l
1 .624701
2 1.25992
3 1.89313
4 2.53038

“~~ D E C REA S I N G  L O A D  - -~~

L E A S T  SQ UA R E S  I f ST F I T  ST R A I C ,I-4 I L I N E  CALC4JI.A T ION S FROM R A W  IRE SSURF GAG E  DG T .A

GA GE NO, SLOPE b OLTS/PSI I T — I N T F R C E F T

1 .832549 • 214 1358 — 01 /. .c2~9 ?~
S

~
!

PSI ACTUAL DATA 6151 FI T  D E V I A T I O N

~LG) NO. I

4, 17905 3. O2~~0 5 . A 4 6 4 1  . 2 1 5 1 3 F — 0 i
V .193 11 2 , 6 7 5 7 8  2 .6 7 5 18  0

— 
3 ,S9qa5  2 . 3 8 o 3 7  2 ,3005 1  — .90’$ b .,QE—02
2.T8I~~3 1. 1)284 1.50903 — .3$1897E.02
2,39133 1 .54783 1.53800 — .1)76838— 01
1.80)15 1. 175 53 1.1611 3 — .1240448—UI

1.590*8 .783691 .716213 — .740198.02
.55)2 61 ,3Q7~~49 .3987 .7511978 — 05
0 • 122071— 02 .2143358—01 .222l285 0l

C A L C U L A T E D  V A L U E S  FROM SLOPE S

PSI V O L T S

GAC .1 NO. I

N . 2 3 4 5 3 3 F 0E
.5 .13970 4
I .635982
1.3 .972256
2 1.24853
2 .6  1.6048
3 1. 9 2 ) 0 8
3 .5  2 . 2 3 7 3 5
4 2 .33562

4.5 2.0609
5 1 .18617 -

‘
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Figure 2 — Mini Computer Data Acquisition System
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FIgure 4 —  Schematic Cross Section of Wateijet Test Loop Piping Circuit
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Figure 5 — Piping on Discharge Side of Pump
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Figure 6 — Control Unit for Variable Speed Pump Drive System
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Figure 7 — Piping at Top of Tunnel Test Section

90

— 
_______ ~j~~~

— r ~~~~~~~

-~~~~~ 

— 
____ - 

T~— ~~~~~~~~~~~~~~~



- - - . - ~~~~~~~~~~~~~~ ~~~~~~~~~~ - .. -

I

I -‘~~~ / 
T~ 

/ /
//~~~~

H 
_

TRANSIIICII

j I~~
i i

~
1 :: ~ - - _14 Ti: —+--- _ _

‘ - - L~~i ç 
~~~~

. 

_ 7 1~-- .~ 1~~T’ I 
~~
o. • . .~~~~~~~~~~~~ -1r x-*xis ,~~~I,-. siu /I

F I1’ ~— ——--—- - sUN — I4a~ 
--— - . —_

I
- - / — / -

~~~~~~~~~

~ IVURt 
~~

op TNT MEllON - -

_ 
/

~ _ ._ _ _
__ i_  _

I .

H—
--f _ _ ___J

~~~~~~ — Schematic Drawing of Supercavitating Model Mounted Beneath 6-Component
Dynumoineter in DTNSRIX’ 36-lnd~ Variabl e Pressurv Water Tunnel

I

.

91

~~~~~~~ 

~~~~ 
___ 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
—_ _—-

~~~~

—- - S - - - -— ~-_~-___~ ~~~~
~~~~~~~~~~~ ~~~~~~~~~~~~~~ -



—
to

0
U

0
7

.* . ;

IS

I

I.
I’

4. Ie
it

IS
4 

r&I

t m i  -I

92 
-
~~~~

‘

I 

—- 

_
_ _

~TT 
. . - 

-



1~~~~~~

SENSING LIOUIO—\ 

~~~~~~ /
/~ 

rLEXIBLE CYLINDER

-

~~~~~~~

_ _  

L

- i-- -1 - ---_

~~~~~

+-—-- -- -

‘I

~~~~~~~~~~~~~~~~~~~~~~~~~~ 

~~~~~
L----

~~~

______OVERALL ______
LENGTH

Figure 10— Ronningen-Petter FuI-StreaTn Pressure Sensor Shown in Cross Section

93

- - ______________________

~ ~~~~~~ 

- — — .— — —--— — —

- i_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  — -- - ~~~~~~~~~~~~~~~~~~~~~~~~~ -



- — ~~~~~~~~~~~~~~~~~~~~~~~~~~~ -- - - - -- - - ~~~~~- - - -

I 

I

I

I~J~~~~~,- z
I ~~~~~~~~I

-- T ~  
3-

_ 94 1- .
*1. 

-—— 
~~~~~ .

----
~

— i  . .

‘
-— - — - -- - - -- _ .



r - - - -

1~I, ~~~~~~~~~~~~~~~~~~~~~~~

PSD 341682

FIgure 12 — Bailey Meter Company Multiplate Flow Straightener
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Figure 13 — ITT Barton Portable Flow Indicator with Differential
Pressure Transducer Attached
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FIgure 19 — Ormond and DTNSRDC Isolation Flexures at Aft End of
6-Component Dynamometer
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Figure 20 — DTNSRDC Force Measuring Block-Gage Cube
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FIgure 21 — Dynamometer Schematic Side View Elevation (Model Shown Yawed)
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Figure 22 — Dynamometer Schematic End View Looking Aft (Flow into Paper)
(Model Shown Yawed)
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Figure 25 — Four View, of Transition Section Used with
Subcavit*ting Model
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Figure 26 — Four Views of Transition Section Used with
Supercavitating Model
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Figure 28 — Top Vie w of Calibration Stand Showing Top of Dynamometer
Calibration Bar

111 

-—— — . I _ 
- - - • _  , ..~



S .

U I .  S

BOTT OM OF
SIX-COMPONENT
DYNAMOM E T E R

•~
• :.

t

CALIBRATION BAR

-p..
1#

I .  I

.4

~~~~~~~~~~~~~~~~~~

PSO 335MM
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F n e  3!- Supercivltating Model Mounted Beneath 6-Component Dynamometer In
DTNSRDC 36-Inch Variable Pressure Water Tunnel
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Figure 34 — Subcavitating Model Mou nted Beneath 6-Component Dynamoineter
in DTNSRDC 36-Inch Variable Pressure Water Tunnel

117

~~~~~~~~~~~ 

- - -  — - -  — — .

I 
-;
~
— -: —

~~~~~ ~~~~~ 
-



a- - - 1___’_ 
—- — 5—

I

r —-- -~~~~ I~ i /~~: -
~ - L

-H

H
:4

- 

Figure 35 — Drawing of Subcavitating Model
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Figure 36 - Total Pressure laps at lop of
Supercavitating Stru t
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Figure 37 — CEC Electromanom eter Syst~m Used for Calibrating
Pressure Transducers
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DTNS RDC ISSUES T H R EE TYPES oc REPORTS

11) OTNS R OC REPORTS . A FORMAL SERIE S P URLI SNI NG IN F ORMAT I ON OF
- PERMANENT TECHNICA L VALUE . DESIGNATED BY A SERIAL REP ORT NUM BE R

(2) DEPARTMENTAL REPORTS . A SEMI F ORMA L SERIES . REC ORD IN G INFORMA
TION OF A P R E L I M I N A R Y  OR TEMPORARY NATUR E . OR OF LIMITED INTEREST OR
SI~ NIFPCANC € , CARRY ING A OEPARTM€NTAL ALPNAP4(JMERIC IOENTIFICATIOP4

131 TEC ’-INI CA L MEYORANDA AN INF ORMAL SERIES . USUALLY I N T E R N A L
I WORKING PAPERS OR DIRECT REPORTS TO SPONSORS . NUMBERED AS TM SE R IE S
I REPORTS. NOT FOR G E N E R A L  DISTRIBUTI ON
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