
MDC TR-70- 11

AIR FORCE MISSILE DEVELOPMENT CENTER

TECHNICAL REPORT
00 I

DEVELOPMENT OF
K IMEASURING TECHNIQUES FOR ROCKET SLEDS

William E. Baker

John C. Gustafson ii

Distribution of this document is unlimited. -

A P R IL 1970-J A
HOLLOMAN AIR FORCE Q*'

NEW MEXICO s 7 mh3 xe prvd
Rcp- ,,ed by h i-mell! ha3 lven upprowevd

C L E A hP I O N -.U E i ts

ff. _ _ r.a 5,tr.,4(C & T ch ii

Infcrmaton SringioidVa 22151I 
AT



_I MDC-TR-70-11

~DEVELOPMENT OF

L

MEASURING TECHNIQUES FOR ROCKET SLEDS I>
William E. Baker

ard
John C. c;ustafson

V

Department of Engine ering
The University of New Mexico

It

L

9 TECHNICAL REPORT \MDC-TR-70-11
~APRIL 1970

Distribution of this document is unlimited.

Publication of this report does not

con.stitute Air Force appruval of the

report's findings or conclusions. It is
published only for the exchange and
stimulation of ideas.

ERA. RE FI lD, Colonel, USAF
ector of Te t ;ack

AIR FORCE MISSILE DEVELOPMENT CENTER

AIR FORCE SYSTEMS COMMAND
HOLLOMAN AIR FORCE BASE, NEW MEXICO -



%U

DISTRIBUTION

Defense Documentation Center
Came ron Station
Aiexandria, Virginia 22314 20

Air University Library

Maxwell AFb, Alabama 36112 1

ASD (ASMD)
Wright-Patterson AFB, Ohio 45433 1

AFFTC (FTPP-2)
Edwards A- , California 93523 1

AFETR (ETLIG-3)
Patrick AFB, Florida 3Z925 1

AFSWC (SWLPR)
Kirtland AFB, New Mexico 87117 1

AEDC (AET)
Arnold AF Station, Tennessee 37389 1

APGC (PGGT)

Eg]in AFB, Florida 32542 1

ESD (ESTI)
L. G. Hanscom Field
Bedford, Massachusetts 01730 1

SAMSO (SMSDI-STINFO)
AF Unit Post Office

Los Angeles, California 90045 1

HQ AFSC (SCAP) 1

RRD (Documents Service Center) 3

MDG 1

MDNH 1

! -

__!



TABLE OF CONTENTS
1k

Page

ABSTRACT

LIST OF FIGURES iv

LIST OF TABLES vi

I INTRODUCTION 1

II FORCE MEASUREMENT ON THE CHAPARRAL SLED 2

1. PROBLEM STATEMENT 2

2. MODEL STUDY 8

2.1 Theory 9

2.2 Model Design and Construction 15

2.3 Model Test Set-Up 18

2.4 Model of Original Structure 22

2.5 Modified Model Studies 25

3. PROTOTYPE INSTRUMENTATION - FORCE
MEASUREMENT 37

3.1 Description 37

3.2 Vertical Calibration 45

3.3 Off-Axis Loading 70

3.4 Comparison with Model Tests 77

4. PROTOTYPE INSTRUMENTATION - TEMPER-

ATURE MEASUREMENT 78

4.1 Description 78

4.2 Calibration 82

5. CONCLUSIONS AND RECOMMENDATIONS

[ III STUDY OF THE "TECH-2" SLED TRANSDUCERS 85



I

TABLE OF CONTENTS (continued)

Page

IV INSTRUMENTATION OF THE TRANSDUCER FOR THE
MODULAR MONORAIL SLED 101

V DYNAMIC RESPONSE OF A STRAIN-GAGED FORCE
LINK 117

1. INTRODUCTIUN 117

2. THEORY 119

3. PROCEDURE 125

4. RESULTS 128

5. CONCLUSIONS 143

VI A NUMERICAL DIFFERENTIATION TECH' QUE 145

|I

!I

*1

- I

iii



ABSTRACT

Work iz dccribed which was undertaken to develop and i :!
improve techniques for measuring forces acting on rocket U

... Scvcr2 :ccific projects h've been co"-I-ted. The

Chaparral sled was instrumented and appropriate calibration

made for measurement of vertical forces acting on the sled I

by the slipper. Resistance thermometers were also applied

for measurement of temperature in the vicinity of the gage.

A study of the accuracy of the Tech-2 sled transducer was

made, and revised instrumentation applied in order to im-

prove the accuracy. A force measuring system utilizing

strain gages was developed for the modular monorail force

transducer. Analytical studies of the response of a simple

strain-gaged force link were made in order to better under-

stand the behavior of the sled transducers under dynamic .

loading. The last area of work described is that of a

highly accurate technique of differentiating analog data. 1
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II INTRODUCTION

The objective of the work undertaken for this contract

r[ was to develop techniques for measuring forces acting on

rocket sleds, either through instrumentation of the sled

itself or through development of special force transducers,

to improve data reduction techniques for data obtained

from sled runs, and to conduct analytical studies as re-

quired in accomplishing the above. This objective has

been accomplished through studies of special problems as

considered appropriate by the contracting agency, and con-

duct of the necessary development work. Each of the follow-
~ing sections of thiis report covers one of the separate pro-

jects undertaken on this contract.

F r
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II FORCE MEASUREMENT ON THE CHAPARRAL SLED

1 - PROBLEM STATEMENT

The specific problem for this phase of the contract

was to develop a method of instrumenting the front slipper

support structure of the Chaparral rocket sled shown in

Figure 1 to measure the vertical component of force trans-

mitted by the slipper to the sled body during a test run.

A knowledge of the source of the forces acting and their

characteristics is helpful in understanding the scope of

this problem.

The forces which act on the sled body through the

slipper assembly are the result of the sled motion. The

sled motion is predominately an along-the-track accelera-

tion period followed by a deceleration period. The forces

acting on the sled during a run include thrust forces,

.braking forces, aerodynamic forces, and forces exerted by

the track on the sled. These forces contain oscillatory

as well as sustained components; consequently, sled vibra-

tion occurs. Minor imperfections in the sled track, such

as small dips, curves, and surface irregularities, combined

with the high velocity of the sled contribute to the os-

cillatory forces.

The particular force component to be measured is the

vertical component acting on the sled body at the front

slipper. A study of Figure 1 shows that this will not

necessarily be the force acting on the slipper by the track,

2
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since there will be a downward aerodynamic force on the

wings of the slipper. The force transmitted to the sled

body will be the vector sum of the track force and the

aerodynamic force on the wings.

Another characteristic of the forces on the sled is

that of side loads. These side loads on the sled body

are caused by the air resistance, wnich may not be sym-o

metrical, any bias due to the thrust load, and forces

from the wind. The instrumentation applied to the struc-

ture to measure the vertical forces (in a sled-fixed co-

ordinate system) should be insensitive to the side loads.

The friction between the slipper and track and between

the air and sled causes considerable heat. Figure 2 illus-

trates the harsh environment to which the slipper and ex-

posed frontal area of the sled components are subjected.

However, due to the brevity of the sled run, the environ-

ment to which the instrumentation is subjected is somewhat

less damaging, since there is. a time lag for the heat tc

be conducted to the area instrumented. Preliminary tests

indicate the maximum temperature to which the possible lo-

cation of instrumentation will be subjected is 1100 0 F, but

this temperature is reached after the run, and it is not

required that the system be operable at this temperature.

The temperature at which it must be operable is unknown

but experience indicates that it should be designed for

operation at the highest temperature possible.

4
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The requirements for the instrumentatiun for this

particular problem may be summarized as follows:

1. The instrumentation should give sufficient output

for use with standard recording and telemetry sys-

tems currently in use by the appropriate test

facility, for a maximum expected load cf 50,000 lb.

2. The instrumentation should be insensitive to cross

track and along-the-track components of force.

3. Any modification to the structure must not appreci-

ably weaken it.

4. The instrumentation should be capable of with- 'K

standing temperature of 1100 F without damage.

Figure 3 shows the dimensions of the structure which are

pertinent to this work.

This developmental work done in the course of this in-

vestigation included the following steps:

1. A model study to determine the most feasible method

of instrumenting the assembly.

2. Instrumentation of the slipper assembly.

3. Static calibration and off-axis load tests.

4. Determination of error limits for the measurement

method developed.

5. Development of temperature measuring technique for

measuring the temperatures in the vicinity of the

straingages.

The following sections of this report describe the work

done on the above items.

6i4 1
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2 - MODEL STUDY

A model study was used in the initial phase of the de-

velopment work on this project. There were several reasons for

this. The manner in which the load is imposed on the slipper

assembly during use varies substantially in use. As seen in

Figure 1, the slipper does not fit tightly over the sled track,

causing the loading condition at the track to vary with the pos-

ition of the slipper on the track. In use the slipper may slide

as much as 3/16 inch trom side to side and the slipper may also

move 3/16 inch relative to the track in the vertical direction.

If the slipper assembly itself were used in the development

work, many physical and practical difficulties would be encount-

ered. The size and weight of the unit make handling of it

cumbersome. In addition, testing equipment needed would be

equally cumbersome to handle. Any modifications to the slipper

assembly; if unacceptable, would necessitate scraping the mod-

tified unit. The cost of fabricating one assembly is quite high,

1,iielybecause of the ----...-.--.- of machnin inoled 'he widoe

variation in the manner loads are imposed on the unit, due part-

icularly to the fit of the track and the geometric complexity

of the structure involved, indicates that a mathematical in-

vestigation of the problem would not be suitable. The type of

information needed in development work indicated that photo-

elastic models would be the most useful.

The use of a model allows modifications of the structure

to be easily produced and studied. Comparison of strengths of

the modified and unmodified models is an easy matter.

S)



Photoelasticity is a whole field method of stidy and the effect

of any modification can be evaluated in terms of the entire

structure not just the locations of the modification. If the

modification proves to be unacceptable, the model must be

scrapped but the cost involved here is small compared to the

cost of scrapi.ng a prototype assembly. Equipment needed in a

model studs need not be as elaborate as would be needed in

prototype studies.

After making needed simplifying assumptions a model was

designed. A technique for building the model was developed and

all the needed testing equipment constructed. A model of the

original structure was thoroughly studied and informati-n ob-

tained in this work was used as a basis for modifications to

the model. These modifications were made and studied to find

a suitable method of instrumenting the structure to produce

the desired transducer.

2.1 Theory

Since strain ria'jes t.,,zc to bo used as sienuo, c knowledge

of the telationships between the strain and forces induced in

the model and those of the prototype was needed. The signif-

icant variables involved and the symbols used to define them

are as follows:

c, the stress at any point in the structure

e, the strain at any point in the structure

P, the applied load on the element of interest

t, a typical unit of length

'I*



E, the modulus of elasticity of the material

1, Poissions ratio of the material

The relation between the independent and dependent variables

may be written as follows:

l(Pt,E,)
= 1 (2.1.1)C 2 2(P,tE,P)

In non-dimensional form the above relationships ire:

(g) = 3 Et (2.1.2)
= 1 ( P ) I )

Et

The Csign or operating conditions are:

1. Geometric similarity

2. (o) (Ert p r
Emt2m j

mEt (2.1.3)
P P(E Mt2 )

p p
3. ijm =  

21
Tlhe subscripts -and p ...........

*LL a,- .. . - . . --

respectively.

The prediction relationships between the model and pro-

totype are:
E

1. O = o -k (2.1.5)

2. Ep = m (2.1.6)

10j
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A model constructed using the above design conditions,

particularly geometric similarity, would te difficult to make.

It was desirable to simplify the construction of the model

and still get reliable results. To do this, the following

assumptions were nade.

The aerodynamic loading induced by the wings on either

side of the slipper, shown in Figure i, was assumed to ;e

transmitted to the sled body ir an identical manner as the same

magnitude of load would be transmitted if it were induced by

the sled track. Consequently, the wingt were eliminatc-d from

the model, and all force applied through the track.

The major assumption used in the design of the photoelastic

model is that the behavior in the place of interest, i.e., a

plane normal to the track, may be determined by a model of the

support structure composed of only one vertical support plate

rather than two as in the actual structure. This simplification

of the model eliminates its use for along-.he-track loads.

The effect of the slipper material away from the vertical

support plate in the track direction has only a small effect

on the strain induced in the plate. However, the length of the

slipper would ccmplicate model construction. Therefore, the

length of the slipper which was considere-d to affect the strain

field in one vertical plate was 3 inches.

It was necessary to further distort the model in the along-

the-track direction because the thickestphotoelastic plastic

available from manufacturer stock is 0.250 inch and the model

of the vertical plate was to be 0.375 inch. To compensate forI 11|



this distortion, it was only necessary for the applied load,

P, to produce similar stresses. Further, this magnitude of

applied load in the model must he such that the work was

done in the elastic range of the photoelastic material.

In order to make the necessary correction, the predic-

tion equation is placed in a different form by combining

Equations 2.1.3 and 2.1.5. The result is

p t i2

p 2 IQ (2.1.7)

The primary purpose of this model is its response to

tensile loading so the stress is dependent on the tensile

area. This tensile azea is the product (Lxh) where L is the

typical length dimension in the place normal to the track

(this requ±res compiete jecmetric similarity .n this -)lane),

and n is the alcng-the-track dimension. Te product (TLh)

-replaces t2 in Ejuation 2.1.7. Thc stress prediction equa-

tion for the simplifiei mciel r.ow bcomes:

PhL
o = a (2. 1.8)
p m PmhpLp

A similar analysis of the strain prediction equation re-

sults in the predicted strain for the simplified model being

P mphL (2.1.9)

The model is full scale in the plane normal to the track

so L /L is unity. The along-the-track scale factor is then

M mp

12



h m/h , this factor must also be applied to the slipper section

of the model.

The three inch dimension of the slipper (before scaling

by 1h /h) was further scaled to make construction and handling

ot the mnodei easier. This scaling was accomplished by the use

o2 4 more rigid material for the slipper section than that used

for the vertical support plate. The scaling reproduced the

rigidity in bending of the slipper by an appropriate length of

zhe more rigid material. The resulting expression for the

slipper length dimension, d, is

d E h
d - P M m2.1.10)

E hsp

The third design condition ( m = p) was neglected be-

cause the difference in the values i's was small.

Needed relationships for the photoelastic study are

K no
f 2.1.11)

K, n
(2.1.12)

(2.1.13)

f h

n = h0 2.1.14)

where c1 and c, are the principal stresses

is the maximum shearing stress

13
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K is the stress optical coefficient0

n is the observed fringe order

h is the model thickness

Cf is the stress value at a free boundary.

Equation 2.1.8 in terms of the shearing stress, 1, is

P h L

T = T m m (2.1.15)
p m PmhmLm

Substituting equation 2.1.15 into 2.1.12 the following

relationship is obtained between the shearing stress of the

prototype and the fringe order observed in the model

K n P h La o m m
p 2h P F- p

For purposes of comparison of strength of the original

and modified structures, it will be helpful to define what

will be considered failure of the structure. The slipper

structure is constructed of annealed 4130 steel; and tis - -

erial will be assumed to yield according to the maximum shear-

ing stress theory of failure. A shearing stress at any point

greater than the yield of the material in pure shear will be

considered as the failure point. Further, since the model

has only two dimensional similarity and the method of inves-

tigation is photoelasticity, failure will be based on maximum

shearing stress in the plane normal to the light field, i.e.,

the plane of geometric similarity.

14
-



2.2 Model Design and Construction

The photoelastic plastic must be selected such tl-a when

loaded the resultant model will produce a fringe order which

will allow sufficient resolution for this application. The max-

imumn load which can conveniently be applied to the resultant

model with available equipment is about 350 pounds. Assuming

the model of the unmodified assembly to be in a uniaxial state

of strain under this load and using equation 2.1.9, the expected

fringe order, n, is

350 h

350 (2.2.1)WK O

a!

where W, the model width, is seven inches. The relationship

between n and K becomesa

350

n 5O (2. 2.2)K a

A fringe order of one would be acceptable in equation 2.2.2

because no allowance for stress concentrations has been made and

this will increase the order, possibly greatly so. In view of

this, a stress optical coefficient of 50 psi-in/fringe or less

would be acceptable.

15



The photoelastic material selected should meet the above

criteria as well as be sufficiently rigid that the deformations

produced during model testing are not so great as to void the

validity of the model. Also, it is desirable that the materi !

be easily machined and thiat it exhibit a minimal time edge

effect.

With these requirements in mind, the photoelastic material

selected was PSM-I plastic made by Photoelastic, Incorporated.

It has a stress optical coefficient of 40 psi-in/fringe and a

modulus of elasticity of 340,000 psi. The material thickness

used was 0.250 inches. Other properties are given in the appen-

dix. Equation 3.1.5 is used to determine some of the require-

ments of the model slipper material selected.

d E L

ds = E mLm (2.1.5)
s p

Substituting the parameter of the plastic selected and requiring

that the resultant along-the-track slipper dimension be approx-

...tcly 0.75 inches for convenience, this relationshi.. becomcs

0.75 = (3) (340,000) (0.25)
E 0.375s

or

E = 9.08 X 105 psi (2. 2.3)

16



The material selected for the slipper section of the model

must have a modulus of elasticity of approximately 9X10 5 psi.

The port on of the model to be constructed from this material is

geometrically complex as seen in Figure 3. This portion must

also be bonded to the photoelastic material. Therefore, the

material selected must either be easily cast to dimension or be

easily machined to dimension because several models are needed.

Several different plastics and epoxies were investigated

before the final selection was made. The material which was

used for model construction was aluminum filled epoxy. This

material has a modulus of elasticity of approximately 106 psi#
i

is very easily machined and easy to cast to dimension for parts

of this size. Further properties and details of the source are

given in the Appendix A. Equation 2.1.5 requires a slipper

length in the model for this material of 0.672 inch.

It was difficult to obtain an acceptable bond between the

machined plastic portion of the model and the epoxy slipper

section. Tests were conducted using scrap pieces of plastic

and epoxy to develop a bonding method for these materials.

The photoelastic plastic selected for use had a polyester base.

Bonding of polyester based plastics to dissimilar materials is

a problem the plastics industry has not, as yet, suitably solved.

Plastic manufacturers had no recommendations of how to produce

this bond.

Several different room cure epoxies were tested; all the

resulting bonds were very strong in shear and all bonds failed

at very low tensile stress values at the surface of the photo- a

17



elastic plastic. Oven cure epoxies could not be used as the

curing process introduced residual fringes in the plastic.

Standard techniques to relieve these residual fringes proved

unsuccessful in this case.

This difficulty in bonding was finally overcome by use of

a bond having the cross-section of a vee-groove weld, and the

use of a room cure epoxy. The bond was forn ed by beveling the

flat odge of the part and filling the resulting groove with the

bonding agent. When completed, the bonding agent at the inter-

face of the plastic surface is subjected to predominately shear

stresses. This was important since all bonding agents tested

were found to be strongest in shear. The entire surface of the

edge was roughened to further strengthen the bond. The epoxy

used as a bonding agent was the aluminum filled epoxy used for

the slipper section, with the oven cure hardener replaced by

a room temperature cure hardener.

The dimensions of the unmodified model are shown in Figure

4. In later sections photographs of several of the models

tested will be presented. The model thus fabricated was greatly

simplified when compared to the actual slipper assembly, but

was thought to be adequate for this study provided its limita-

tions are kept in mind while interpreting the experimental re-

sults obtained from it.

2.3 Model Test Set-Up

Figure 5 shows the equipment used in the model testing.

The circular polariscope has a 10 inch field. All photoelastic

data was recorded using the Polaroid camera shown. Both the

18
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horizontal and vertical leads applied to the model were pro-

duced using weights and a lever system. Figure 4 defines the

loads applied to all models.

The loading at the lower end of the model was accomplished

by the use of a short section of the actual sled track. The

loading at the top of the model was accomplished at the begin-

ning of tnis study, by sandwiching the plastic between two metal

plates. Later, the sandwiching was done with metal plates using

the same bolt circle as used to fasten the sled fore and aft

bodies on. In the final stages of study, th- metal plates were

replaced with plexiglas plates which more closely models the

rigidity of the sled parts.

Application of the compressive loads on the model caused

trouble. In compression, the models tended to buckle and this

introduced extraneous fringes. Several different methods of

transmitting the load to the model were attempted. The best of

these was transmission of the load to the model at two points

approximately two inches onart in a manner similar tc- the stand-

ard technique used in applying a constant moment to a beam under

test Along with this loading technique extreme care was needed

in placing the model in the londing frame. Because of this

difficulty, the compressive data was not as heavily weighted as

the data obtained from the tensile loading.

The following section is a discussion of all the models

studied with particular emphasis on the final design and the

testing which lead to this design concept.

21
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I.
2.4 Model of Original Structure

As previously stated, the first step in this investigation

was to thoroughly test the model of the original structure.

There were two purposes for this series of tests. First: the

original strength of the structure under various loads was needed

so that the weakening caused by any stress raisers introduced

could be evaluated. With this information it can be determined

if requirement 3 of the resultant transducer is met, i.e., that

any modifications to the original structure do not appreciably

weaken it. Second: modifications to the structure were guided

by the results of this first series of tests.

The first model constructed is shown in the loading frame

in Figure 5. The fringe patterns produced during testing of

this model indicated that bolt patterns of the mating fore and

aft bodies of the sled and the rigidity of these parts could

effect the stress distribution in the vertical plates of the

,slipper assembly. The model was then modified so that the

bolt pattern of the sled assemblies was used in the loading of

the model. The fringe patterns obtained from this model were

significantly different from those obtained from the model of

Figure 5. The dimensions of this model are given in Figure 4.

Both plexiglas and aluminum loading plates were used at

the top of the model to transmit the load to the model. The

aluminum plates were approximately 3 times more rigid than the

plexiglas plates. There was not a significant difference in

the fringe patterns obtained from the two different loading

methods. This indicates that the rigidity of the fore and aft
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bodies of the sled should not effect the sensitivity of the re-

sultant instrumentation. Figure 6 is a photograph of the fringe

pattern obtained when the model was loaded to 336 pounds in pure

tension. The numbers on this photograph are the fringe orders

observed at the location of the numbers. It is seen that the

maximum fringe order Is approximately four and is just left of

the centei in the photograph. This load condition will be used

as an example of how the failure loads of the original structure

were obtained. I
To interpret this data equation 2.1.11 is used,

p Lmhm= . m (2.1.11)
p 2h m Lphp

Substituting values previously given one obtains

(40) (4) (P ) (1) (.25)

S0.60P (2.4.1)

Thf , Lress of the slipper tipterial is 130,000

psi. This is equivalent to a shearing yield stress of 65,OCO I
psi. Using this value of shearing stress in equation 3.4.1,

the maximum allowable force in the prototype, Ppmax' is

obtained.

p - 65,000
pmax =  .60
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4

Figure 6. Model Under Test.
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P 1 108,000 poundspmax

This ia the maximum vertical force that one of the two

vertical supports plates can support before yield. If it is

assumed that each of the two support plates will carry an equal

portion of the load applied to the structure, the maximum allow-

able load is twice the above.

Using the above method of data reduction and the load de-

finitions of Figure 4, the following table of failure loads of

the original structure was obtained-

Table I. Failure Loads of Original Structure

Load
Number T IT 2T C IC 2C H

Failure
Loads--Pcunds 216K 214K 172K 214K -- 172K 34K

2.5 Modified Model Studies

Study of the original model indicated the strongest

section for most loading conditions of the original structure

was on the vertical axis of symmetry of the structure in the

area directly above the air deflector (Figure 3). This study

also showed the weakest section occurs at or very near the weld

around the air deflector at two locations. These are located

approximately at 450 from the vertical axis of symmetry, (Figure

6) It was desirable to instrument the weakest location of the

structure with the strain sensors in order to produce the max-

imum possible signal from the resultant instrumentation for a

given load, However, these locations were situated such that
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that they could not be instrumented with sensors due to the

physical limitations of the geometry at these locations. There-

fore, it was necessary to consider other positions.

The original study also showed that the state of strain in

the model with vertical and horizontal loads is approximately

as indicated in Figure 7 below.

AA

Vertical Loading florizontal Loading

Figure 7 General State of Strain Induced in the Model
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The first approach to the design of a stress raiser to

meet the requirements was to use a through hole in the support

structure. Point A of Figure 7 was selected o. the first loca-

tion to modify for installation of the sensc-u. This location

was chosen for four reasons. First, it was the strongest sec-

tion of the structure; therefore, modification to this region

would have a minimal effect on the strength of the structure.

Second, for vertical loading the strain induced in this loca-

tion was linear with the applied vertical load. Third, for sen-

sors symmetrically located in this area, the signal due to

horizontal loading would be cancelled when these sensors were

connected in an appropriate bridge circuit. Fianlly, if the

sensors could have been located here, the distance between the

sensors would be minimized. This would minimize the problem

of temperature compensation since proper temperature compensa-

tion in a bridge circuit requires that adjacent gages of a

bridge be at the same temperacure.

The second through seventh models wero conGrUctA with

modifications to this area. These models consisted of a single

hole through the structure and the strain field at these stress

raisers was studied using photoelastic techniques. These holes

had various shapes, but all of these holes were symmetric about

the vertical line of symmetry as well as being symmetric about

a horizontal axis approximately three-quarters of an inch above

the air deflector. The geometry of these iioles varied from

circular configuration of various diameters to elongated holes.

Figure 8 shows two of these models.
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Figure 8. Two Through-Hole Models.
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Edch of these six models had Ze LtaI chaLauer:=ti. which

were considered undesirable. Among the most important of these

were cross sensitivity, excessive nonlinearity of sensitivity

due to eccentric vertical loads, and excessive weakening effect

on the structure. The later designs tested did not exhibit

these undesirable characteristics to the extent of the fil3t;

however, their effect was considered to be excessive.

Due to the lack of success with this design concept of a j
single through hole, this approach was abandoned. The eighth

photoelastic model consisted of two circular through holes

removed from the vertical axis of symmetry. A photoelastic

study of this model again showed excessive weakening of the

structure but not to the extent of previous models. Cross

sensitivity and the nonlinearity exhibited by the previous

models were not significantly present in this model. At this

time it was decided to discontinue the through-hole approach

to achieve a usable strain field because of the severe weak-

ening caused by this type of stress raiser.

The second approach to the stress raiser design was to

partially penetrate the structure to form an indentation or

dimple which would then be instrumented. Using this concept

and the knowledge gained from the eight photoelastic models

already discussed, a two dimple design was investigated. The

dimples were formed by partially penetrating the model material

with a ball mill, advancing the tool a small horizontal dis-

tance and withdrawing the ball mill. The resultant dimple

has a spherical contour at both ends with a cylindrical contour
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at the center section. The purpose of the cylindrical section

is to allow the mounting of the strain gages on a two-dimen-

sional rather than a three-dimensional surface. ''hree-dimen-

sional surfaces are difficult to mount strain gages on since

a gage is essentially a plane and may not be easily formed to

a three-dimensional surface-

Photoelastic study of models with a changing thickness in

the direction parallel to the light of the polariscope is

difficult. Interpretation of the fringe order observed is de-

pendent on the thickness of the model, and complications are

introduced since the surface of the dimple is not perpendicular

to the light rays except in the bottom of the cylindrical por-

tion of the dimple. Refraction of the light rays under those

conditions complicates data reduction.

Because of these difficulties, two types of models were

used in the investicgation of this design. A plexiglas model

was made and instrumented with strain gages in order to de-

termine the suitability of the resulting force-signal rela-

tion. Also, a photoelastic model was constructed to investigate

the weakening effect of the discontinuities introduced-

The models instrumented with strain gages were designed

using the same techniques as for the photoelastic models. The

plastic of the photoelastic models was replaced with plexiglas

3/8 inch thick, which was the same thickness as the vertical

support plates of the support structure. The only scaled di-

mension was the length of the epoxy slipper which was com-

puted to be 1.30 inches.
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In all, three plexiglas models were constructed based upon

this type of stress raiser, instrumented with foil strain gages,

and evaluated in a manner similar to that of the photoelastic

models. These three models had different h:rizontal spacing of

the dimples and different dimple depths. The model from which

the final design was taken is shown in Figure 9. The dimensions

and strain gage locations and orientations are shown in Figure

10. This dimple was produced with a one inch ball mill; i.e.,

a mill cutter with a one inch di.ameter spherical cutting end.

Strain gages were mounted on both sides of the plastic, to help

eliminate bending effects during testing. The eight gages were

connected in a 240 f2 bridge.

During the study of models with this type of stress raiser

no allowance for the reinforcing effect of the foil strain

gages was made. When using foil strain gages to measure strain

in plastics this reinforcing effect may be significant. The

addition of the strain gage along with its backing and bonding

agent has the effect of locally reinforcing the area where it

is mounted. If, as in this case, the thickness of the plastic

is large compared to the gage and backing thickness and the

plastic has a modulus of elasticity of the same order of mag-

nitude as the gage material this reinforcing effect is small.

The effect would not significantly influence the results which

are desired from this study and was not further considered.

These models were subjected to the same loading conditions

that the photoelastic models were subjected to. The loading

directions are defined in Figure 4. The output of the 240 ?
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Figure 9. Model of Final Design.
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0 0 Active Gage

Compensating

1. 37$ gage_

Dimples are produced usincg a 1 inch ball mill, penetrating 0.135
inch, traveling 0.175 inch and withdrawing the mill cutter.

Figure 10 Dimple Dimensions and Gage Location
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bridge was measured with a Budd strain indicator. This

instrument is calibrated in pE; however, in this case the

indicator deflection was not strain at a particular point.

The deflection was a measure of the net strain induced in all

the strain gages, i.e., the sum of strain induced in all the

eight strain gages. Througnout thQ remainder of this paper,

the terms, units of indicator deflection and net strain are

used in this sense.

When a vertical load of 336 pounds was applied to the model

of Figure 9, the indicator deflection was approximately 1300 .

The response of the instrumentation was essentially linear with

the magnitude of the vertical load applied. The sensitivity of

the instrumentation on the model to vertical load was then 336/

1300, or .258 ib/ .

Additional information obtained from this model was that

concerning the cross talk introduced i. the vertical force n-

strumentation due to a horzontal load. The horizontal load-

ing of the gaged plexiglas model produced a false output of the

verticai instrumentation equivalent to 15% or less of the

horizontally applied load. Measurements on other rocket sleds

have shown the magnitude of the horizontal loads encountered

during a test run are generally 1/3 or less of the magnitude

of the vertical loads encountered. Considering the relative

magnitude of loads expected, the false signal duc to horizont.il

loading will not be significant.

The photoelastic model of this dimple design was made itn

order to determine the amount of weakening caused by the dimples
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and was not geometrically similar to the modeled prototype.

The thickness of the model wab .250 inch as determined by the

thickness of photoelastic plastic commercially available. The

modeled structure had a thickness of 0.375 inches. The dis-

tortion was introduced by the scaling of the dimple to account

for this different thickness.

Due to the distortion in the thickness of the model, the

depth of the dimple in the photoelastic model could not be the

same as in the plexiglas model. The depth in the photoelastic

mode' was computed in oru"r to keep the stress concentration

factor in the dimple area the same for both the plastic model

and the photoelastic model. This computation was based on

stress concentration factors for a rectangular tensile specimen

with a cylindrical groove across the perpendicular tc the

applied load. Using the appropriate parameters and the Hand-

book of Stress and Strength, (Reference 4), the dimple depth in

the photoelastic model was tound to be 0.090 inch.

The.. dimpled photoelastic model was studied in an identical

manner as previous models. liowever, no attempt was made to

interpret the fringe values within the dimple area except at

the line of constant model thickness in the bottom of the

cylindrical section of the di,,yls, for reasons previously

state '. Table II shows a comparison of the prototype yield

strength obtained from the studies of the unmodified moiel, and

the photoclastic model of the two dimple design.
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Table i[ Comparison of Modified and

Unmodit-ed Structure Strength

Yield Strength of Prototype
Pounds

Load Original PhotceLastic
Location Mode] Model % of Strength

T 216K 264K 115

IT 214K 1 76K 82

2T 172K 132K 78

H 34K 38K ill

C 214K 172K 80

2C 172K 152K 88

T e percentages greater than 100% are understandable wher.

it is considered thA_ the modifications to the structure

chanced the state of strain in the cntire structure. Also,

the position of the opoxy slipper section of the model on the

track has some effect on the inciced strain, and this position

varied from one test to another.

The results uf these t .t nr. atdt t zd~n

would be satisfactory from the standpoint of bridge linearity

and response to horizontal load- and strength of the structure.

An adaitional factor to be chocked from the results of the

model study was that of adequate bridge out fol the oro-

totype. In making this check, use must be made of the follow-

ing facts. The single plexiglas plate models both of the

vertical plates of the ,Prototyp , and the instrumenltation is

on both sides of the plexiglas, instead of only one side, as

will be the case for the two vertical plates of the sliryer



assembly Since the gages on the side of the model that does

not have the dimple are not subjected to as high of strain as

the ones in the dimple, the output from the model bridge is

slightly reduced from the value it would be if all the verti-

cF.- gages were mounted in dimples. When loaded, this model

in effect models both vertical plates of the prototype and the

model load is applied to both of the modeled plates resulting

in the equivalent force on the prototype being twice that used

in the strain relationship of Equation 2-1-4.

Tle calculations made to determine if there would be enough

strain in the prototype under the expected loads for a signal

of sufficient strength for recording purposes follows, The

strain in the prototype is

F P h Lmm p mm (2.1.4)
p E P h Lp mp p

(4 5Xi05' (1200) (2 ;J0) (1) (.375)

e (3x10 )(3361 (l (.375

This shows that the net strain in Lhe prototype when subject

to a vertical load o2 50,000 pounds is approximately 1400 LE.

The output voltage for an initially balanced strain gage

bridge which has been unbalanced by inducing strain in the

gages i

- s net (2.5.1)
o 4
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where

E is the output voltage

E s is the bridge voltage

F is the gage factor of the gages

enet is the net strain induced in the bridge due tc the

loading

Using the above value of strain and equation 2.1.5, the output

voltage in terms of the supply voltage when a load of 50,00C

pounds is applied to the structure may be found. The gage fac-

tor of the sensors selected was 2.14, so

2,14E (1400)s
o 4

or, in terms of a voltage ratao

o -4
= 7.5x10 per 50,000 pounds.

It was concluded that instrumentation of the pototype in

the manner Just discussed would produce the needed transducer.

The modifications to the existing structure would not appre-

ciably weaken the structure, tie instrumentation would have

sufficient sensitivity, it would give a linear output with the

applied vertical load, and it would be essentially insensitive

to components of load other than the desired vertical component.
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3 - PROTOTYPE INSTRUMENTATION - FORCE MEASUREMENT

3.1 Description

The electrical resistance strain gage selected for this

application was the HT-212-2A free-filament wire grid gage

produced by BLH Electronics. The selection of this sensor

was based on both the physical and electrical properties of

the sensor. The resistance of these gages is given as 120 +

1.0 ohms and gage factor is 2.14. The physical dimensions

are 1/8 inch gage length by 1/16 inch grid width. It is only

3,'32 inch wide at the leads. These dimensions are small

enough to allow the easy placement of the gages in the cy-

lindrical section of the dimples.

Either a ceramic adhesive or the Rokide flame spray bond-

ing technique could have been used to install the free fila-

ment wire gages. Electrical properties of ceramic adhesives

deteriorate with increased temperature and the maximum oper-

ating temperature is 1000 0 F. The Rokide bonding is usable to

above 1500 0 F and its electrical properties are stable to this

temperature. Aiso, the Rokide bonding has superior dynamic

characteristics compared to those of the ceramic bondinQ tech-

nique and the installation procedure using Rokide is less com-

plicated than with the ceramic bonding technique. For these

reasons the Rokide flame spray bonding technique was selected

for installation of the sensors. The physical installation

of the sensor was performed at Holloman Air Force Base by

their i nstrumentation group.
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After installat;on each gage was then separately tested

under load to insure that all were functioning properly. This

resulted in replacement of three of the eight sensors. The

se:.sors were then connected in a wheatstone bridge using nich-

some wire. This wire is usable to a maximum of 17000F. The

phy, Ical connection of the wire to the ribbons of the sensor

was accomplished by spot welding. The insulation used was

fiberglass sleeving. This sleeving is stable to about 500 0 .

To toe authors knowledge, this is the best insulation avail-

able for this type of application. The sleeving was slipped

over the wire and ribbon to the point where the ribbon comes

out of the Rokide bond. At locations where taping was neces-

sary, a thermo setting glass tape manufactured by Minnesota

Nining Company was used.

' e Rokide bond is very pourous and will absorb moisture

from the atmosphere. This could cause an electrical shorting

of the gages to the metal to which they are bonded. To avoid

this the installation must be liaterproofed. The waterproofing

selected and recommended by BLH was their "Barrier H." It is

a thermo setting barrier which is stable to 8000F and is oil

resistant. In this application, waterproofing required that

the mounted gages first be heated to 2500 F to drive off all

moisture. Then the liquid waterproofing was applied and oven

cured at 600°F for several hour.s.

The final lead connection was accomplished by frrst spot

welding constant:in ribbon to the four nichrome wire leads from

the xwheatstone bridge. Stdndard shielded four conouctor wire
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was then soldered to the constantan ribbon. The solder used

had a melting temperature of 4500 F, but these solder joints

were located in the cylindrical section of the slipper assem-

bly where the temperature was not expected to be very high.

The constantan ribbon was used for ease of soldering. Nichrome

does not solder well, and screw fasteners could not be used

in the electrical circuit since they tend to vibrate loose

and cause electrical noise.

A schematic of the strain gage circuit and wire path is

shown in Figure 11. As is seen in the figure there is an

equal length of wire in each leg of the bridge and that for

every inch of wire in an active leg there is an inch of wire

in a compensatirg leg along side it. This physical placement

of the wire in constructing the circuit is required to mini-

mize temperature induced sionel from the instrumentation.

The wiring is held in place by both the cover plates and

tiirmo-setting tape.

The along-the-track loading signal will be cancelled due

to the symmefrical locations of the strain sensors of the

front and rear support plates. When _he structure is loaded

in the along-the-track direction, the active gages on one of

the vertical plates will be subjected to tensile stiains

while the gages on the second vertical plate will be subjected

to compressive strains.

Figure 12 is a photograph of the completed transducer

with the front cover plate lying in the foreground.

41



Left Riht

Front Front

I I 7 CyldialI
section of

Structure

F-IIf--

' II II

i i .. i

I d-------------- J

i 2o

II -- Corpensating Lcg 1

i Active Lea

Left Righ;t

Rear Rear

Figure Ji Sohematic of l ;ring Path



r ; 
•S

I- "

Figure 12. Instrumented Structure.,
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Figure 13. Vertical Calibration.

44



3.2 Vertical Ca" ibration

T'he load on the prototype at the bottom of the struc--

ture wa5 applied by use of a section of the sled trac. in a

manner similar to that used in the model tests. The load at

the top of the structure was applied to the assetably by using

the bolt circle noLinally used for attaching the fore and aft

bodies of the sled to the structure. Both tensile and com-

pressive loads were applied in this manner. Two different

loading jigs were constructed and used in the vertical cali-

bration. The reasons for this will be discussed later. All

vertical testing was conducted using a 60,0C0 pound universal

testing mcnine. Figure 13 shows photographs of the unit

under tension and compression testing. The loading Jig in

these two photographs was the first of the two constructed.

It consisted of two vertical 1/2 inch steel plates with a

3/4 inch- plate welded Lutween them, through which the load

was transmitted.

This jig was bolted to the structure using grade 9 bclts

having a yield strength of 130,000 psi. The bolts go through

tne loading jia, the cover plates, and the instrumented struc-

ture. Bolts were tightened to a torque of 15 foot pounds or

more prior to all tests.

The initial vertical testiny indicated that for cyclic

tensl--cmprss ive loadin above 20,000 pounds, the sijnai

from the instramontation produced an applied force-slgnal

curve resembling the typical hysteresis loop. A sketch of

this rcsp-onse is civen in Figure 14.
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The testing procedure used to determine this curve was as

follows:

1. The loading jig was bolted to the slipper assembly

using 48 grade 9 bolts.

2. The indicator was zeroed.

3. A tensile load of 50,000 pounds was applied as shown

in Figure 13 in increments of 10,000 pounds, the

indicator reading recorded at each of these

increments.

Numericel valtes will be stated in order to clarify this

behavior. A 50,000 pound tensile load produces 1400 units of

response. After removing the load, the indicator read -350

units. Application of a compressive load of 50,000 pounds

gave an indicator reading of -1750 units. After removal of the

load, the indicator returned to the original zero.

If the load following the application and removal of the

1nItal LLi1ie load haa been another tensile load, the in-

dicator reading at 50,000 pounds would have been 1400 again.

Upon returning to no load, the zero position of the reading

would have again been -350. The applied load-indicator read-

ing relatio' is very close to linear for the second and all

succeeding tensile loads as long a3 no compressive J.oads are

applied. The above response is reversed if the loading se-

qkience -s reversed.

This type of curve is indicative of the behavior tor all

magnitudes of load firom 20,000 to 50,000 pounds. ahe amount

of hysteresis is dependent of the magnitude of the maximwr,



load applied and the curve does collapsu to an aj-ptoximrate

straight line below maximum loads of 20,000 pound6. In-

formation showing the degree of this hysteresis will be gven

later.

Considerable effort was expended in an effort to under-

stand this phenomenon and correct t.he response to a straight

line relationship. It was learned that the zero shift in the

reading was also associated with a change of the across the

track dimension of the slipper, i.e., the slipper tended to

spread as a tensile load was applied. This change of dimen-

sion was reversible by reversing the load wiiich suggested that

either the slipper assembly or the loading jig was yielding.

Several additional studies were made in order to understand this

phenomenon.

The loading jig was reinforced and tests conducted. This

did not produce any change in the response of the unit.

A slipper assembly made of Vascomax 300 (an alloy with a

yield strength of 300,000 psi) was studied under load. It be-

haved as the instr_mented structurc. The prototype wa'u. ated

with stress coat and the points of high strain were located.

Twenty of these hagh strain locations were instrumented with

foil strain gages. Under a load of 50,000 pounds none of

these locations was strained to beyond 40% of the yield strain

of the material. However, most of these locations did show

that after returning the structure to the no load condition

that strain in these locations was still present. In some lo-

cations the strain was of opposite sign to that induced by the
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applied load. However, du. to the low values of strain at the

points believed to be high strain points, it was concluded

that the failure of the strain gage instrumentation to return

to the original zero was not due to yield of the structure.

impact testing was then initiated to determine if the be-

havior under dynanic loads would be the same as for static

loads. The slipper assembly was bolted to the loading jig and

and entire assembly cyclicly loaded in tension only. Then a

37 pound weight was dropped on the assembly from a height of

14 feet. The indicated force applied was approximately 50,000

pounds with a pulse duration of 0.7 milliseconds. This impact

load resulted in a zero, s ift equivalent to +11,000 pounds

which was approximately the zero shift encountered in static

testing when a 50,006 pound load was applied. This result made

further study necessary.

Further consideration of the character of this problem

led to the belief that the difficulty was relative motion be-

twJeen the loading fixture and the slipper assembly. No slip-

would nc',!z P Luw peax lcads, and the calibration curve

for these conditions would return to zero. At sufficiently

large loads, slippage would occur. Then, after removal of the

load, both the slipper assembly and loading jig would not

allow one another to return to their original state of strain.

This belief was verified by recording the indicator deflection

before mounting the loading jig, assembling the jig and slip-

per, loading the unit once, removing the jig and noting that

the indicator deflection returned to its original position.
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and the load is applied tirough this pin. Extensive testing

was conducted using this new loading jig. The results of this

testing were essentially the sa.ne as those obtained with the

use of the first jig.

Although this testing did not result in any change of

the transducer's response another important parameter of the

system was investigated. This parameter was the effect of the

rigidity of the mating parts on the sensitivity of the strain

gage instrumentation. The fore and aft bodies are slightly

less rigid than the second loadin" jig. But a factor of two

in the rigidity of the two loading jigs did not alter the re-

sponse characteristics of the instrumentation, so it can be

expected that the instrumentation will respond with the fore

and aft bodies mounted in the same manner as with the loading

fixture attached.

Since the difficulties encountered with the instrumen-

tation as indicatzd by the presence of the hysteresis loop,

were the result of the sled design and not the instrumentation,

the calibration procedure taken was one to include a study of

the effect of load reversal ..,d load magnitude on accuracy.

This procedure is deEcribed below.

The loading jig of Figure 15 was installed using new grade

9 bolts with 15 foot-pounds of torque. The loading history

shown in Figure 16 was applied to the unit. This loading his-

tory is given in terms of the maximum peak load applied. This

loading was appl.ie.d for peak loads of 20,000; 30,000; 40,000;

and 50,000 pounds. The indicator deflection was recorded at
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Figure 15. Second Loading JigI
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intervals of Ljad not greater than 10,000 pounds. The data

cit:4ined was then rcduced in the maliner previously discussed

Since the amou,t of hysteresis increased as the peak load

was increased, it wa: n ssaiy %sL a different sensitivity

factor for the different peak loads. These sensitivity factors

were chosen such that the errors in the measured load would be

small at or near the peak loads.

The data obtaint.- from this calibration procedure is given

iii Tables III through VI. Included in these tables are the

indicator deflection, the sensitivity factor, the measured load,

the magnitude of the error in the measured load the the percent

error of the measured load.

Table ViI is a summary of Tables III through VI. The er-

rors s'own in Table VII are the maximum that occurred through-

f.it the loading sequence. With these tables and Fi;.e IG,

the error at any position in the data obtained from this trans-

ducer may be more closely bounded than Table III suggests.

This would be done by comparing the loading history of the data

with a similar history of Figure 16. In Table VII, the percent

error in: many cases are quite high; however, the magnitude of

error relative to the maximum loal applied is usually small.

Table VIII gives the calibrate resistor information for

this strain gage bridge in order that appropriate scales may

be placed on the data when the unit is used in a sled run.

The calibrate resistor used for calibration sihould have a

tolerance of 1% or better.

In addition to vertical calibration, the unit was sub-

jected to off-axis loading in the plane perpendicular to the

sled track and along-the-track loading.
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Table III -alibration for 20,000 Pound Md ximum Force

Sensitivity Factor = 27 Pounds/Unit of lndicator-Deflecticn

Force
Applied Measured
Pounds Indicator- Force Error %
(xlOOO) Deflection Pounds Pounds Error

-5 -140 -3780 -1220 -24

-10 -380 -10500 +500 +5

-15 -570 -15400 +400 +2.'7

-20 -750 -20200 +200 +1

-15 -550 -14850 -150 -1

-10 -360 -9700 -300 -3

-5 -150 -4050 -950 -19

0 +40 +1080 +1080 ---

-5 -150 -4050 -950 -19

-10 -350 -9450 -550 -5.5

-15 -550 -14850 -150 -1

-20 -740 -20000 0 0

-lb -560 -15100 +100 +1

-10 -360 -9700 -300 -3

-5 -150 -4050 -950 -19

0 +40 +1080 +1080 ---

5 +240 +6450 +1450 +29

10 +420 +11350 +1350 +13.5

5 +24o +6450 +1450 +2V

C +10 r080 ---

5 +230 +6250 +1200 +24

10 +410 +11080 +1080 +10.8

15 +570 +15400 +400 +2.7

20 +710 +19200 -800 -4

15 +550 +14850 -150 -1

10 +370 +10000 0 0

5 + 80 +4860 -140 -2.8

0 -30 -810 -810 ---

5 +150 4f40'0 -950 -19

10 +330 +8900 -100 -1.0



Table III - Contji.ued

r'orce
Applied MeasuredPounds indicator- Force(x10002 Deflection Pounds Pounds Error15 +520 +14050 -950 -6.3

20 +700 +18900 -100 -5,515 +540 +14600 -400 -2.710 +370 +10000 0 0
5 +180 +4860 -140 -2.8
0 -20 -810 -810 ___

-5 -230 -6200 +1200 +24-13 -410 -11080 +1080 +10.8
-5 -210 -5670 +670 +13.4
0 -30 -810 -810

-5 -210 -5670 +670 +-10 -410 -21080 +1080 +10.8
-15 -590 -15900 +900 +6-20 -760 -20500 +500 +2.5-15 -570 -15400 -400 -2.7-10 -370 -10000 0 0-5 -170 -4590 -410 -8.2

0 +30 +810 +810 ---
-5 -150 -4050 -50 -9

-10 -360 -700 -300 -3
-15 -550 -14850 -150 -2-20 -750 -20200 +300 +1.5-15 -270 -15400 +400 +2.7-20 -370 -10000 0 0

-5 -160 -4320 -680 -13.60 +30 +810 +810 -__5 +220 +5940 +940 +18.810 +410 +11050 +1050 +10.5
15 +580 +15650 +650 +4.320 +730 +19700 -300 -1.515 +550 +14850 -150 -l
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Table iv - Continued

Pr'; ce
Applied Measured
Pounds Indicator- Force Error %
(xlOOO) Deflection Pounds Pounds Error

0 -80 +2480 +2480 ---

-5 -270 -8370 +3370 +66

-10 -470 -14600 +4600 +46

-15 -660 -20450 +5450 +36

-20 -810 -25100 +5100 +26

-25 -930 -28800 +3800 +15

-30 -1050 -32900 +2500 +8.3

-25 -860 -26600 +1600 +6.4

-20 -670 -20800 +800 4

-15 -470 -14600 -400 -2.6

-10 -270 --8370 -1630 -16

-5 -80 -2480 -2520 -50

0 +100 +3100 +3100 ---

-5 -90 -2790 -2210 -44

-10 -290 -9000 -1000 -10

-15 -480 -14900 -100 -1

-20 -680 -21000 +1000 +5

-25 -880 -27300 +2300 +9.2

-30 -1060 -32800 +2800 +9.3

-25 -80 -25700 (7) 2.)

-20 -660 -20500 +500 +2.5

-15 -470 -14500 -500 -3.3

-10 -270 -8370 -1630 -16

-5 -70 -2170 -2830 -56

0 +100 +3100 +3100 ---

5 +290 +9000 +4000 +80

10 +440 +13600 +3600 +36

15 +570 +17700 +2700 +18

10 +380 +11800 +1800 +18

5 +190 +5900 +900 +18

0 -20 -620 -620 ---
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Table IV - Continued

Force
Applied Measured
Pounds Indicator- Force Error %(xlO00) Deflection Pounds Pounds Error

5 +180 +5570 +57y +11 4
10 *370 +11500 +1500 +15
15 +560 +17300 +23 0C +15
20 680 +21100 +1100 +5. 5
25 +800 +24800 -200 -1
30 +910 +28200 -1800 -6
25 +740 +23000 -2000 -8
20 5 70 +17700 -2300 -Ii 5
15 +390 +12100 2900 "'i9
10 +200 +6200 -3800 -38
5 -10 -310 -4690 -94
0 -200 -620' -6200

-5 -360 -111 +6100 +120
-10 -520 -1 .610 C 6100 61
-15 -600 -18600 -36C0 +24
-20 -800 "'24 00 +4200 +24
-25 -930 ±28 5 +3800 +15
-30 -1060 -3290C 12300 +9.7
-25 -7 -:7n + uO0 +8
-20 -670 -2L'80 + fl +4
-15 -480 -14900 -100 -1
-10 -290 9000 -10 1
-5 -80 -2480 -2520
0 +90 -2790 +2790 ---
5 +280 +8660 +3680 +73

10 430 +13300 +3300 +33
15 +560 +17300 +2300 +15-
20 +670 +20800 +200 +4
25 +790 +24500 -500 -2
30 +900 +27900 -2100 -7
25 +730 +22700 -2300 -9
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Table IV - Continued

Force
Applied Measured
Pounds Indicator- Force Error %(Xl000) Deflection Pounds Pounds Error

20 +560 +17300 -2700 -14

15 +380 +11800 -3200 -21
10 +180 -5-i0 -4430 -44
5 % -20 -620 -4380 -86
0 -200 -6200 -6200 -- _
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Table V Calibration for 40,000 Pound Maximum Force

Sensitivity Factor = 32 Pounds/Unit of Indicator Deflection

Force
Atip14.ed Measured
Pounds Indicator- Force Error
(xlOOO) Deflection Pounds Pounds Error

10 +400 +12800 +2L00 +28

20 +720 +23000 +3000 415

30 +970 +31000 +1000 +3

40 +1190 +38100 -1900 -5

30 +580 +27200 -2800 -9

20 +500 +16000 -4000 -20

10 +120 +3840 -6160 -61

0 -210 -6700 -6700 ---

10 +180 +5750 -4250 -42

20 +550 +17600 -2400 -12

30 +890 +28500 -1500 -5

40 +1180 +37800 -2200 -5.5

30 +840 +27900 -2100 -7

20 +490 +15700 -4300 -21

10 +120 +3840 -6160 -62

0 -210 -6720 -6720 ---

-10 +6300 +63

-20 -780 -25000 +5000 +25

-10 -400 -12800 +2800 +28

0 +40 +1280 +1280 ---

-10 -390 -12500 +2500 +25 I
-20 -780 -25000 +5000 +25

-30 -1030 -33000 -3000 +10

-40 -1280 -41000 -1000 +2.5

-30 -900 -28800 -1200 -4
-20 -490 -15700 -4300 -21

-10 110 -3520 -6480 -65

0 +190 +6080 +6080 ---

--10 -190 -6080 -3920 -39
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Table v - Continued

Force
Applied Measured
Pounds Indicator- Force Error
(xl000) Deflection Pounds Pounds Error

-20 -580 -18600 -1450 -7

-30 -950 -30400 +400 +1

-40 -1280 -41000" +1000 +2.5

-30 -880 -28200 -1800 -6

-20 -480 -15350 -4650 -23

-10 -90 -2880 -7120 -71

0 +200 t-6400 +6400

10 +480 +15350 +5350 +53

20 +730 +23400 +3400 +17

10 +350 +11200 +1200 +12

0 -50 -1600 -1600

10 +340 +10900 +900 +9

20 +720 +23000 +3000 +15

30 +960 +30700 +700 +2.3

40 +1190 +38100 -1900 -4.4

30 +850 +27200 -2800 -9.3

20 +500 +16000 -4000 -20

10 +120 +3840 -6160 -61

0 -210 -6720 -6720

-10 -480 -15350 +5350 +53

-20 -750 -24000 +4000 +20

-30 -1000 -30000 C 0

-40 -1270 -40600 +600 +1.5

-30 -810 -27800 -2150 -7.2

-20 -480 -15350 -4650 -23

-10 -100 -3200 -6800 -68

0 +200 +6400 +6400 ---

10 +470 +15050 +5050 +50

20 +720 +23000 +3000 +15

30 +960 +30700 +700 +2.3

40 +1200 +38400 -1600 -4
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Table V - Continued

Force
Applied Measured
Pounds Indicator- Force Error %
(x1000) Deflection Pounds Pounds ErrorsI

30 +860 +27700 -2300 -7.7

20 +520 +16650 -3350 -17

10 +130 +4150 -5850 -58

0 -200 -6400 -6400 ---

6
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Table VI Calibration for 50,000 Pound Maximwn Force

Sensitivity Factor = 35 Pounds/Unit of Indicator Deflection

Force
Applied Measured
Pounds Indicator- Force Error %
(x1000) Deflection Pounds Pounds Error

10 +400 +14000. +4000 +40

20 +720 +25200 +5200 -26

30 +970 +33900 +3900 -13

40 +1200 +42000 +2000 +5

50 +1360 +47600 -2400 -4.8

40 +1020 +35700 -4300 -11

30 +680 +23800 -6200 -21

20 +320 +11200 -88C0 -44

10 0 0 -10000 ---

0 -300 -10500 -10500 ---

10 +90 +3150 -6850 -68

20 +450 +15750 -4250 -21

30 +800 +28001 -2000 -7

40 +1080 +37800 -2200 -5.5

50 +1350 +47200 -2800 -5.6

40 +1010 +35300 -4700 -12

30 +680 +23800 -6200 -21

20 -t-340 +11900 -8100 -41

10 +10 +350 -9650 -96

0 -290 -10150 -10150 ---

-10 -580 -20300 +10300 +100

-20 -830 -29000 +9000 +45

-25 -950 -33300 +8300 +33

-20 -760 -26600 +6600 +33

-10 -360 -12600 +2600 +26

0 +30 +1050 +1050 ---

-10 -350 -12250 +2250 +22

-20 -750 -26200 46200 +31

-30 -1060 -37100 +7100 +24
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Table V1 - Continued

Force
Applied Measured

Pounds Indicator- Force Error %
(xl000i Peflection Pounds Pounds Error

-40 -1300 -45500 +5500 +14

-50 -1550 -54200 +4200 +8.2

-40 -1160 -40600 +600 +2

-30 -760 -26600 -3400 -11

-20 -370 -12950 -7uSO -35

-10 -30 -1050 -8950 -89

0 +230 +8050 +8050 ---

-10 -160 -5600 -4400 -44

-20 -560 -19600 -- 400 -2

-30 -920 -32200 +2200 +7

-40 -1240 -43400 +3400 +9

-50 -1540 -5400 +4000 +8

-40 -1150 -40200 +200 +0.5

-30 -750 -26200 -3800 -13

-20 -360 -12600 -7400 -37

-10 -30 -1050 -8950 -89

0 +230 +8050 +8050 ---

10 +500 +17500 +7500 +75

20 +720 ±252 v  +52U0 +26

25 +820 +28700 +3700 +14.8

20 +640 +22400 +2400 +12

10 +260 +9100 -900 -9

o -120 -4200 -4200

10 +270 +9450 -550 -5.5

20 +640 +22400 +2400 +12

30 +920 +32200 +2200 +7.4

40 +1130 +39500 -500 -1.3

50 +1330 +46500 -3500 -7

40 +1000 +25000 -5000 -12.5

30 +660 +23.00 -6900 -23

20 +320 +1100 -8800 -44
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Table VI- Continued

Force
Applied Measured
Pounds Indicator- Force Error
(x1000) Deflection Pounds Pounds Error

10 -10 -350 -9650 -96

0 -290 -10150 -10150 ---

-10 -560 -19600 +9650 +96

-20 -790 -27700 +7700 +38

-30 -1020 -35700 +5700 +19

-4' -1240 -43400 +3400 +8.5

-50 -1510 -52800 +2800 +5.6

-40 -1120 -39200 -800 -2

-30 -730 -25600 -4400 -15

-20 -340 -17200 -2800 -14

-10 -20 -700 -9300 -93

0 +230 +8050 +8050 ---

10 +490 +17150 +7150 +71

20 +690 +24200 +4200 +21

30 +890 +31200 +1200 +4

40 +1110 +38800 -1200 -3

50 +1320 +46200 -3800 -7

40 +980 +34300 -5700 -14

30 +650 +23800 -6200 -21

20 +310 +10850 -9150 -46

10 -20 -700 -9300 -93

0 -290 -10150 -10150
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Table VII Summary of Vertical Calibration

Maximum load Load Magnitude of Error %
Pound3 Pounds Pounds Error

Low High

+ 20K 0 -810 1080 ---

+5K -1220 1450 -24 +29

+10K -550 1350 -5.5 +13.5

+15K -950 900 -6.3 +6

+20K -1100 500 -5.5 +2.5

+ 30K 0 -6200 2800 ---

+10K -4400 6100 -44 +61

+20K -2650 5100 -13 +25

+30K -210U 2900 -7 +9.7

+ 40K 0 -6700 6400 ---

+10K -7120 5300 -71 +53

+20K -4650 5000 -23 425

+30K -2800 3000 -9.3 +10

+40K -2200 1000 -5.5 +2.5

+ 50K 0 -10150 8050 ---

+10K -10000 10000 -100 +100

+20K -8800 9000 -44 +45

+30K -6900 7100 -23 +24

+40K -5700 5500 -14 +14

+50K -3500 4200 -7 +8.4
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Table VIII. System Calibration Data

Maximum Load RcaI Across Indicator- Indicated
Pounds Leads Deflection Forceohms Pounds

20,000 iMeg Red ,30 3510

500K and 262 7060

200K White 653 17600

iMeg Red -130 -3510

500K and -2o2 -7060

200K Black -653 -17600

30,000 iMeg Red 130 4030

500K and 262 8120

200K White 653 20600

100K 1304 40400

iMeg Red -130 -4030

500K and -262 -8120

200K Black -653 -20600

10OK -1304 -40400

40,000 iMeg Red 130 4160

500K and 262 8375

200K White 653 20900

lUOK 1304 41700

iMeg Red -130 -4160

500K and -262 -8375

200K Black -653 -20900

lOOK -1304 -41700

50,000 iMeg Red 130 4550

500K and 262 9175

200K White 653 22850

100K 1304 45600
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Table VIII. (continued)

Maximum Load R Across Indicator- Indicated
cal

Pounds Leads Deflection Force
Pounds

50,000 1M1eg Red -130 -4550

500K and -262 -9175

200K Bla;k -653 -22850

IOUK -1304 -45600

I

I2

II!
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3.3 Off-Axis Loading

A loading frame was constructed to apply off-axis and

alo:n-the-track loads to the unit. Figure 17 is a photograph

of this loading frame in use. This loading frame has a capac-

ity of 20,000 pounds in both tensiQn and compression. The load

is produced using a push-pull hydraulic cylinder and is moni-

tored by a strain gage instrumented force line constructed for

this application. The load is applied at the top of the unit

using the first loading jig constructed. At the bottom of the

unit, the load is transmitted through a section of sled track,

as in the vertical calibration.

The magnitude of loads applied in this phase of calibration

were not large enough to produce the hysteresis effect encoun-

tered in the vertical calibration phase. Figure 18 defines the

loads applied to the slipper assembly using the loading frame.

Only one along-the-track loading direction was applied as only

one direction of this load will be encountered in use. This

load would be directed toward che rear of the sled and applied

at the slipper by both friction between the slipper and the

track and by the aerodynartic drag on the wings of the slipper.

The sensitivity used for all data reduction in this section

is that used for the 20,000 pound vertical calibration. Due

to the simplicity of the data reduction, the indicator deflec-

tions are not giver. Table Ix is a summary of the off-axis

calibration. The erroze given here are due only to the horizontal

components applied, as the magnitude of loads applied were not
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Figure 17. U)-rxjS Loading Frame.
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Figure 18 Off Axis Load Definitions
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Table IX R~esu..lts of Off-Axis Load Tests

Load Load Components-Pounds Vertical %
Number Applied Horizontal Vertical Measured Error

Pounds Pounds

8 5K -i&280 4830 5290 9.5

10K -2560 9660 10600 9.7
15K -3840 14490 15300 5.5
20K -5120 19320 19600 1.5

-5K 1280 -4830 -4650 -3.7

-10K 2560 -9660 -9450 -2.2

-15R 3840 -14490 -13700 -5.4

-20K 5120 -19320 -18100 -6.2

2 5K 1280 4830 5120 6

10K 2560 9660 10100 4.8

15K 3840 14490 15100 4.2

20K 5120 19320 19600 1.4

-5K -1280 -4830 -4210 -12.7

-10K -2560 -9660 -8460 -12.5

-15K -3840 -14490 -12700 -12.5

-20K -5120 -19320 -17150 -11

9 5K 2500 4330 4550 5 j
10K 5000 8660 95r0 10

15K 7506~ 12990 13900 7

-5K -2500 -4330 -4550 5

-10K -5000 -8660 -8700 0

-15K -7500 -12990 -12650 -2.7

3 5X 2500 4330 4750 9.7
10K 5000 8660 9270 7
15K 7500 12990 13150 1.2
-5K -2500 -4330 -4070 -6

-10K -5000 -8660 -8200 -5.3

-15K -7500 -12990 -12150 -6.4
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Table Ix Results of Off-Axis Load Tests (continued)

Load Load Components-Pounds Vertical %
Number Applied Horizontal Vertical Measured Error

Pounds Pounds

10 5K -3535 3535 4000 13

10K -7070 7070 7600 7.5

-5K 3535 -3535 -4000 13

-10K 7070 -7070 -7800 10.5

4 5K 3535 3535 4000 13

10K 7070 7070 8200 16

-5K -3535 -3535 -3940 11

-10K -7070 -7070 -7450 5.4

13 1K 1K 0 0

2K 2K 0 0

3K 3K 0 87

4K 4K 0 145

5K 5K 0 174

6K 6K 0 174

7K 7K 0 0

7 iK 0 -145

2K 2K 0 82

3K 3K 0 82

4K 4K 0 435

5K 5K 0 435

6K 6K 0 720

7K 7K 0 720
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large enough to produce the hysteresis effect. Negative applied

loads signifies that the force link attached to the hydraulic

cylinder is in compression.

It is seen in Table IX with the exception of load 2, that

when the vertical component of force applied is greater than

10,000 pounds and less than 20,000 pounds, the maximum error in

the measured force is 6.2%. The false signal produced by a pure

horizontal load (loads 7 and 13) is 7.3% or less of the applied

horizontal load. Compared to the hysteresis effect present,

these errors are small. Also, when the vertical component is

large, the horizontal component must be a small fraction of the

vertical or the sled would twist off the track, which at times

it has done. For these reasons, the error induced in the signal

due to horizontal components of force will not be significant

and will not be discussed further.

Table X shows the false vertical force signal from the in-

strumentation due to the along-the-track loading. On first

,loading the along-the-track did produce a false signal equal

to about 40% of the applied load, with a large zero shift after

the load was removed. The second loading in this direction pro-

duced a false signal of only 12% of the applied load. In use

the along-the-track force will vary, but it will always be in

one direction. Also, it will be applied simultaneously with

vertical and horizontal components of load. Due to the lack of

knowledge of the magnitudes of this load component in use, the

effect of this behavior cannot be evaluated.
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Table X Along-the-Track Loading

Applied Load False Vertical Force Indicated - Pounds

Pounds First Loading Second Loading*

500 0 0

1000 30 120

1500 250 210

2000 460 ---

2500 650 350

3000 860 ---

3500 1080 ---

4000 1350 400

4500 1500 ---

5000 1650 590

4000 1600 480

3000 1450 270

2000 1400 270

1000 1350 270

0 1350 270

'*Immediately applied after first loading sequence and after
the indicator was re-zeroed.
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3.4 Comparison with Model Tests

The model study predicted that the bridge circuit in the

prototype would give an indicator deflection of 1400 iE when

the prototype is subjected to a 50,000 pound vertical load.

When the prototype was subjected to 50,000 r-unds, the in-

dicator deflection was approximately 1350 pc. Table X shows

these values. It is noted that when the load was -50,000

pounds, the indicator deflection was approximately -1550 Li.

However, these values do not include the effect of the zero

shift since this was not encountered in the model studies.

When this is included, a 50,000 pound load is associated with

an indicator deflection of approximately 1700 c. The model

prediction of the sensitivity of the instrumentation should then

be compared to this higher value of net strain. On this basis

the model study was accurate to 83%.

This close agreement between the predicted sensitivity of

the resultant instrumentation and the actual sensitivity verifies

the validity of the model. This then indicates that the failure

loads for the slipper assembly obtained from the model study as

given in Table I, are also representative of the prototype

behavior.

The model was also designed to predict prototype behavior

for cross-track loads. Comparisons between model and prototype

behavior were made for these conditions. The model predicted

a false signal for pure horizontal loading equal to 16% of the

applied load. Corresponding values for the prototype ftom Table

IX, loads 7 and 13 are 7.2%.
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4 - PROTOTYPE INSTRUMENTATION - TEMPERtTURE MEASUREMENT

4.1 Description

It was decided to measure the temperature in the vicin-

ity of each dimp-e, in order to better understand the temp-

erature history of the gages and the possible effect on the

bridge output. The sensor selected for use was a resistance

thermometer manufactured by BLH Electronics, their part num-

ber RTP-28F-5.

This sensor has the same general appearance as the

sirain gage being used, 4n that it is a free-filament type.

However, it was larger, the grid size being 9/32" x 1/4",

and the filament was made of platinum. The resistance at

700 F .:rs 50.8 + .1 ohms. Two of these resistance thermometers

were mounted on the front plate of the slipper assembly, one

each immediately above each dimple. The mounting technique

used was the Rokide process.

Measurement of temrperatuie with these sensors required

a knowledge of how the resistance changed with time. Two

channels were available in the sled instrument package for

making these measurements, and each had a fixed amplification

factor of 10. It was necessary that the circuitry used with

the resistance thermometer have an output within the range

-250mv to +250mv for the temperature range 70'F to 1000"F,

so the output of the system would be within thQ zane + 2.3'

as required for the telemetry system.
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bridge circuits were used with the sensors to accomplish

this. One leg of each bridge was a sensor, and the resis-

tances in the other legs were selected to satisfy two re-

quirements: 1) the bridge unbalance in voltage be within

the required limits for the temperature range of interest,

and 2) the bridge output be linear with respect to temper-

ature over the required range.

Figure 19 defines the quantities used in the equations

required in the development of a circuit to satisfy the

above requirements. The equation for the output voltage

e ,for an initially balanced bridge is given by

e RI.R2-R2 R1  R3 R4-ReAR 3
E R 2- + 2

(R1+R2 ) 2(RI +R (ARI+AR2) (R3+R4) 2+(R3+R4) (AR3+AR 4 )

For this temperature circuit, R1 will be the resistance

thermometer, and R2, R3 , and R4 will be fixed resistcrs. The

above equation then reduces to

et

e = -R 2R1
E 2(R1+R 2) +(RI+R 2 ) AR 1

since AR2 = AR AR4 = 0.
R2 3

If R is large, say 100, then the equation may be put in

the form
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eo -AR /RI

E6R
102+1.01 

The second term in the denominator is the one which

makes the circuit nonlinear. For the resistance thermometer

selected, the ratio of resistance at 1000 to thau at 70°F

is 2.743, so - at 1000°F would be 1.74. Computation then

shows that neglecting the nonlinear term will introduce an

error of about 1.5% in the results, and this was considered

an acceptable value. Since the resistance thermometer is

50.8 ohms at 70°F, a value of 5000a- was selected for R2 .

R 4 would be 50' from the condition for an initially balanced

bridge.

In order to utilize the full range of the telemetry

system during the run, it was necessary that the bridge out-

put be approximately -250mv at ambient temperature, and

+250mv at the maximum expected temperature. The value of

R .cmputcd s3 tlh, output would Le about -240mv at 70 'F was

2462,? for 24 volts excitation. Computation also showed that

the bridge output would be approximately +200mv for a tem-

0perature of 1000 F. These values for output satisfied the

first requirement prev:Lously mentioned for the bridge.

Therefore, the nominal values of the parameter selected

for use were as follows:

R, = 50.K, (the resistance thermometer)

R2 = 50002

R, = 25002
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R. = 50

E = 24 volts.

When the actual r sistors were selected for use in uhe

bridges, these nominal values for R and R3 were not easily

found. Tbh actual value of these resistanceL used in the

circuit were 4960!? for R and 24102 for R3 .

In the construction of the actual bridges, the resis-

tances other than the sensors were potted in epoxy in a

phenolic mounting board. This was done to minimize the

possibility of damage for the circuit from the vibration

environment at the slipper. This mounting board was bolted

to the front plate on the slipper, and may be seen in Figure

12 at the top of the large circular opening

4.2 Calibration

When the bridges were constructed, it was not possible

to use nominal values of resistances given above. Calibra-

'tion curves were run by heating the unit slowly and measuring

the bridge outputs and temperature. This procedure also made

it possible to check the manufacturers' resistance-temperature

function, to eliminate the error introduced in the circuit

due to lead resistance, and to eliminate the error introduced

by the loading effect of the amplifiers into which the bridge

output looks.

The initial temperature for the calibration test was

79°F and the final temperature was 390°F. Figure 20 shows

plots of the data obtained.
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Calibration of the circuitry and data records may be

done with calibrate resistors, in a manner similar to that

used for strain-gage circuits. Table XI gives this infor-

mation.
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Table XI. Calibration of Temperature
Measuring Circuits

Calibrate I  Output, volts Change in Output, Temperatur
Resister, T T volts T Change,
- ohms 1 2 1 and 2 OF

-.231 -.208 .0 Reference2

20 K -.161 -. 139 .070 147

10 K -.093 -. 070 .138 291

5 K .045 .067 .275 579

4 K .110 .132 .341 717

3 K .222 .245 .453 955

2 K .442 .463 .671 1410

1The calibrate resistor is to be placed across the black and
red leads.

2The reference temperature for this calibration table i 790 F.
The temperature during calibration should be recorded. If it

,is not 790 F the LT for the RCa should be added to the actua]
temperature.
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5- CONCLUSIONS AND RECOMMENDATIONS

The feasibility of measuring force transmitted by a

component of a vehicle has been investigated by development

of a technique for measuring vertical force on the front

slipper of the Chaparral rocket sled. The conclusions from

this work are as follows;

1. It was possible to develop a method of measuring

a particular force component transmitted by the

structure used in this work through instrumenta-

tion of the structure itself with electrical re-

sistance strain gages, and meet the specified

requirements.

2. The error limits of the measured force are sig-

nificantly greater than those obtainable with

commercial transducers.

3. The bolted joint which is loaded in shear and

located in the vicinity of the strain gage loca-

tion significantly lowers the accuracy of the

measurement due to relative motion at the joint

causing a zero shift in the circuit.

4. The accuracy of the system due to a zero shift

depends on the maximum previous load applied, the

magnitude of load of interest, and the recent

past load history.

5. If the system is subjected to only a uni-direc'ional

force, the accuracy is greatly increased.
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Conclusion five will be clarified by an example. If

the maximum loal previously applied is +35,000 pounds all

the succeeding applied loads are greater than zero but less

than +35,000 pounds, the accuracy of the measured load will

be + 8t at any magnitude, not just for the peak load.

There is one topic regarding thib problem which is not

discussed in this section. This concerns the frequency

response characteristics of the resulting system. Through-

out this development work, static loads have been used, but

the unit will be used to measure varying loads. The question

arises as to what will be the upper frequency limit on this

instrumentation. Theoretical studies have been conducted on

this particular problem. Since it is common to essentially

all of the force measuring systems developed under this con-

tract and the preceeding ones, the discussion of this work

is given in a separate section of this report.

There is one significant recommendation which can be

'made as a result of this work. In the event other sleds are

designed for which there will be a requirement to measure

vertical force at the slipper in a manner similar to the

Chaparral sled, an effort should be made to avoid transmit-

ting the load from the sled body to the slipper through

bolted joints loaded in shear.
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III STUDY OF THE "TECH-2" SLED TRANSDUCERS

The purpose of the work done on the Tech-2 sled trans-

ducers was to investigate the accuracy of the units as fur-

nished, and to modify the strain gage installation as re-

quired to improve the accuracy if this was considered desir-

able. These transducers, which were designed and constructed

by a different agency, were designed to measure vertical

load and roll moment when used as a pair. The testing work

done involved calibration of the vertical force instrumenta-

tion and a check of the accuracy of this channel when the

unit is subjected to off-axis loads.

Prior to loading the transducer, it was necessary to

design and construct a loading fixture. Figure 21 shows two

units of the transducer assembled in the loading fixture.

This unit was loaded to +20,000 lb. in the vertical

'direction, +7,000 lb. in the cross-track direction, and to

+4,000 lb. in the alcng-the-ticQk direction. In addition,

it was subjected to a wide range of combined loads. Figure

22 defines the various loads which were applied. Table XII

gives the data obtained and the results. The readings were

taken using a Budd Type 350 strain indicator. The applied

force values were computed using a sensitivity factor which

was determined from the data of load E.

A stud- of the errors in the measured force indicates

that the strain gage instrumentation as originally applied

gives results for which the accuracy is significantly less
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Note: 1. Letter identifies the loading condition.
2. The loading condition with the letter inparentheses is run with the two transducer

units notated in the fixture 900 from that
shown.

Figure22. Loading conditions for the Tech-2 Transducer
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Table XII. Data and Results for Initial 'Iests
on Tecn-2 Transducer

Reading Indicated Force Vertical Force
Load A B A B Meas. Applied % Error

A 2000 -47 5 -144 15.3 -128.7 0 ---
4000 -74 32 -226 98 -128 0 ---
6000 -94 65 -229 199 -89 0 ---
7000 -109 74 -334 226 -108 0 ---

-2000 47 5 175 18.6 193.6 0 ---

-400C 97 14 360 52 412 0
-(000 242 24 530 85.6 615.6 0
-7000 162 34 605 127 732 0 ---

B 2000 54 92 165 282 447 765 -41.5
4000 137 220 420 675 1095 1530 -28.4
6000 233 352 715 1U80 1795 2300 -22.0
8000 338 505 1030 1540 2570 3060 -16.0

-2000 -52 095 -194 -354 -548 -765
-4000 -117 -190 -415 -706 -1141 -1530 -25.2
-6000 -189 -294 -703 -1095 -1800 -2300 -21.8
-8000 -265 -410 -985 -1530 -2516 -3060 -17.8

C 2000 148 184 452 562 1014 1410 -28.1
4000 325 400 995 1220 222- 2830 -21.8
6000 510 631 1560 .930 3/ 4240 -17.7
8000 -15 876 2190 2680 48. 5650 -13.8
9500 885 1073 2900 3280 6180 6720 -8.0

-2000 -142 -171 -528 -636 -1164 -1410 -17.4
-4000 -305 -350 -1160 -1300 -2460 -2830 -13.2
-6000 -477 -537 -1770 -2000 -3770 -4240 -11.1
-8000 -643 -736 -2390 -2780 -3770 -5650 -8.5
-9500 -787 -890 -2930 -3310 -6240 -6720 -7.15

D 3000 341 370 1040 1130 2'70 2770 -- 2.
6000 722 790 2210 2420 4630 5550 -16.6
9000 1132 1232 3460 3760 7220 8310 -13.2

12000 1580 1716 4840 5250 10090 11100 -9.1
13500 1822 1974 5570 6050 11620 12500 -7.0
-3000 -323 -340 -1200 -1265 -2465 -2770 -1-7
-6000 -674 -707 -2500 -2620 -5120 -5550 -7.75
-9000 -1032 -1070 -3840 -39?! -7-10 -8310 -5.9

-12000 -1402 -1452 -5200 -5400 -10600 -11100 -4.5
-13500 -1582 -1638 -5900 -6110 -12000 -12500 -4.0

E 5000 668 659 2040 2010 4050 5000 -1.0
10000 1480 1470 4525 4500 9025 10000 -. 9
15000 2355 2347 7200 7180 14380 15000 -. 4
20000 3272 3272 10000 10000 20000 20000 0
-5000 -628 -619 -2340 -2300 -4640 -5000 -7.2-
-10000 -1320 -1273 -4880 -4740 -9620 -10OU0 -3.8
-15000 -2030 -1970 -7550 -7450 -15000 -15000 C
-19000 -2600 -2525 -9650 -9400 -19050 -19000 +2.6
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Table XII. (Continued)

Reading Indicated Force Vertical Force
Load A B A B Meas. Applied % Error

F 3000 392 365 -12nG 1117 2317 2770 -16.4
6000 802 755 2460 2310 4770 5550 -14.0
9000 1277 1182 3900 3620 7520 8310 -9.5
12000 1680 1800 5150 5500 10650 111 0 -4.0
13500 2080 1936 6350 5920 12270 12500 -1.8
-3000 -366 -326 -1360 -1210 -2570 -2770 -7Ty
-6000 -738 -6S6 -2750 -24a0 -5230 -5550 -5.75
-9000 -1150 -1030 -4280 -3840 -8120 -8310 -2.3
-12000 -1615 -1432 -6000 -5340 -11340 -11100 +2.14
-13500 -1835 -1645 -6825 -6125 -12950 -12500 +3.60

G 2000 201 175 615 535 1150 1410 -18.4
4000 418 375 1230 1145 2425 2830 -14.5
6000 658 590 2020 1800 3820 4240 -9.9
8000 925 825 2830 2520 5350 5650 -5.3
9500 1145 1016 3500 3100 6600 6720 -1.8

-2000 -200 -162 -745 -605 -1350 -1410 -4.25
-4000 -400 -325 -1490 -1210 -2700 -2830 -4.6
-6000 -608 -500 -2260 -1860 -4120 -4240 -2.84
-8000 -840 -695 -3120 -2580 -5700 -5650 +.89
-9500 -1060 -872 -3940 -3250 -7190 -6720 +7.0

F 2000 124 85 380 324 704 765 -8.0
4000 264 195 810 595 1405 1530 -8.2
6000 430 323 1320 995 2315 2300 +1.65
8000 608 440 1860 1345 3205 3060 +4.7
-2000 -122 -81 -460 -302 -752 -765 -1.T
-4000 -244 -160 -910 -595 -1505 -1530 -1.6
-6000 -364 -238 -1355 -885 -2240 -23G0 -1.1
-8000 -545 -350 -2625 -1300 -3325 -3060 +8.65

1 1000 6 4 78.4 12.3 30.7 0 ---
2000 13 8 39.8 24.5 64.3 0 ---
3000 22 17 67 52 119 0 ---
4000 16 19 49 58 107 0 ---

-1000 -11 +11 -41 41 0 0
-2000 -12 416 -44.6 59.5 14.5 0 ---
-3000 -12 +16 -44.6 59.5 14.5 0 ---
-4000 -10 +18 -37.2 67 29.8 0 ---

3 1000 50 54 153 165 318 380 -16.3%
2000 98 104 300 318 618 765 -19.3%
3000 150 158 460 485 945 1150 -18.7
4500 230 244 705 -/46 1451 1720 -15.6

-1000 -44 -46 -164 -173 -337 -380 ---. 3
-2000 -8b -92 -320 -343 -653 -765 -13.4
-3000 -128 -136 -476 -505 -981 -1150 -14.7
-4500 -190 -210 -7 06 -782 -1488 -1720 -13.5
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Tablc XII. (Continued)

Icading Indicated Force Vertical Forco
Lo3d A B A B Meas. Apl ied % Error

K 2000 158 184 484 564 1048 1410 -25.6
4000 322 380 985 1160 2145 2830 -24.2
5500 460 546 1410 1670 3080 3890 -20.8

-2000 -170 -168 -634 -625 -1259 -1410
-4000 -322 -338 -1200 -1260 -2460 -2830 -13.2
-5500 -444 -475 -1650 -1770 -3420 -3890 -12.2

L 2000 213 233 652 713 1365 1850 -26.2
4000 432 469 1320 1430 2756 3700 -25.6
6000 664 730 2000 2240 4240 5550 -23.6
8000 928 1015 2840 3100 5940 7400 -29.7

-2000 -210 -224 -780 -835 -1615 -1850 -12.7
-4000 -414 -440 -1540 -1640 -3180 -3700 -14.0
-6000 -622 -662 -2320 -2460 -4780 -5550 -13.9
-8000 -832 -896 -3100 -3315 -6415 -7400 -13.3

M 5000 500 646 1780 1960 3760 5000 -24.6
10000 I2,8 1394 3980 4260 8240 10000 -17.6
15000 2090 2296 6400 7000 13400 15000 -10.7
20000 2940 3090 9000 9450 18450 20000 -7.75
-5000 -556 -598 -2060 -2220 -4280 -5000

-10000 -1126 -1214 -4180 -4525 -8705 -10000 -12.95
-15000 -1728 -1844 -6425 -6860 -13285 -15000 -11.4
-19000 -2224 -2356 -8300 -8750 -17050 -1.9000 -10.3

N 2000 204 236 625 722 1347 1850 -27.2
4000 418 476 1260 1460 2740 3700 -25.9
6000 660 732 2020 2040 8260 5550 -23.3
800C 936 1016 2860 3100 5960 7400 -19.2

-2000 -207 -210 -770 -780 -1550 -1850 --- ,. 2
-4000 -420 -418 -1560 -1558 -3118 -3700 -15.7
-6000 -636 -624 -2370 -2320 -4r0 -550 -15.5
-8000 -876 -860 -3260 -3200 --.460 -7400 -12.7

0 1000 34 84 257 2[,7 514 707 -27.3
2000 164 156 50- 504 1006 1410 -28.7
4000 336 34 2 30 1048 2078 2830 -26.6
5500 484 48S 1480 1490 2970 3890 -23.6

-1000 -78 -86 -290 -320 -610 -707 -13.7
-2000 -152 -168 -565 -625 -1190 -1410 -15.6
-4000 -300 -322 -1120 -1200 -2320 -2830 -18.0
-5500 -432 -452 -1610 -1680 -3290 -3890 -15.4

p 1000 42 50 128 153 281 380 -26.0
2000 83 102 254 132 566 765 -26.0
3000 126 154 392 470 862 1150 -25.0
4000 176 204 537 625 1162 1490 -21.0
4500 198 229 605 700 1305 1720 -24.2

-1000 -44 -44 -164 -164 -328 -380 -137
-2000 -86 -86 -320 -320 -640 -765 -16.4
-3000 -124 -126 -460 -470 -930 -1150 -19.2
-4500 -186 -182 -690 -680 -1370 -1720 -20.2
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than desirable. However, in the event it becomes necessary

to use a set of transducers instrumented in this way, cali-

brate resistor information was taken, and this is given in

Table XIII.

Since the errors in the initial desian were excessive,

it was considered necessary to redesign the strain gage

installations. Figure 23 describes the revised instrumen-

tation for one of the units of the transducer.

This unit was then retested in a manner identical to

that used previously, and the data similarly reduced. The

results of these tests are given in Table XIV. Compirison

of the errors for the initial and revised design shows some

improvement. Specifically, for the combined loads involving

a cross-track comp..nent, the revised design shows improve-

ment when the cross track component is small, but some loss

of accuracy is observed for loads having large cross-track

'components. For the load conditions involving along-the-

but one geontetry, and this is the one having no vertical

component.

While the improvement in the accuracy of the transducer

was not obtained for each loading condition, overall improve-

merit was obtained. Conditions for which there was no im-

provement were the ones for which the vertical component was

small and errors for these conditions arc not as important.

The calibrate resistor information for the transducer

with the revised instrumeptation design is given .n Table XV.

94



Tble XIII. Calibrate Resistor Data on Tech-2 Transducer -

Initial Instri'mentation. Strain Gage Bridge
Design.

cal 1Equivalent

Unit ohms Location
Force2

A 30,000 BE and A - 7,500
20,030 BE and A -11,10C
10,000 BE and A -22,200

30,000 BE and F + 6,000
20,000 BE and F + 9,000

10,000 BE and F +18,000

B 30,000 G and HL - 7,500
20,000 G and HL -11,100
10,000 G and HL -22,200

2C,000 G and KL 6,000
20,000 G and KL , 9,000
10,000 G and KL +18,000

'me iocation of the calibrate resistor is specified in terms
of the lead wire identification code given on Gcodyeai Aero-
space Corp. drawing number 345N-110.

2Positive force indicates tension; negative indicates compres-
sion.
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Figure 23. Revised Strain Gage Instrumentation for One Unit of

Tech-2 Transducer.

96



rI

Table XIV. Data and Results for Tech-2 Transducer with
Revised Instrumentation

Reading Indicated Force Vertical Force
Loa A B A B Meas. Applied % Error

A 2000 -18 -10 -193 -107 -300 0 ---
4000 -30 -20 -320 -214 -534 0
6000 -40 -18 -430 -300 -730 0 ---
7000 -46 -32 -490 -343 -833 0 ---

-2000 16 16 175 175 350 0 ---
-4000 34 22 374 242 616 0 ---
-6000 62 21 680 352 1032 0 ---
-7000 76 30 835 330 1165 0 ---

B 2000 25 26 277 277 558 765 -27
4000 50 50 535 535 1070 1500 -30
6000 76 82 815 880 1695 2300 -26
8000 102 102 1090 2180 2180 3060 -29

-2000 -10 -14 -110 -154 -264 -765 -65
-4000 -30 -38 -330 -417 -747 -1530 -51
-6000 -46 -54 -505 -590 -1095 -2300 -52
-8000 -62 -70 -650 -770 -1450 -3060 -52

C 2000 64 64 685 685 1370 1414 -3
4000 122 122 1310 1310 2620 2818 -7
6000 176 176 1880 1880 3760 4242 -13.7
8000 240 240 2570 2570 5140 5656 -9
9500 282 282 30200 30200 6040 6720 -10

-2000 -54 -54 -594 -594 -1188 -1414 -16
-4000 -112 -112 -1230 -1230 -2460 -2828 -13
-6000 -158 -158 -1740 -1740 -3480 -4242 -18
-8000 -210 -210 -2310 -2310 -4620 -5656 -18
-9500 -248 -248 -2730 -2730 -5460 -6720 -19

D ..3000 132 132 1410 1410 280 275 2. 5

6000 254 254 2720 2720 5440 5500 1.1
9000 364 364 3900 3900 7800 8250 5.5
12000 516 516 5520 5520 11040 31000 .36
13500 558 558 5970 5970 11940 12400 -3.7

-3000 -124 -122 -1370 -1340 -2710 -2750 -1.4
-6000 -248 -238 -2730 -2620 -5350 -5500 -2.7
-9000 -352 -340 -3870 -3740 -7610 -8250 -8
-12000 -476 -460 -5240 -5060 -10300 -11000 -6.3
-13500 -530 -512 -5840 -5650 -11490 -12400 -7.3

E 5000 246 239 2630 2460 5090 5000 1.8
10000 478 460 5120 4930 10050 i0000 0.5
15000 724 690 7750 7390 15140 15000 1
20000 958 912 10650 9750 20000 20000 0

-5000 -256 -236 -2770 -2480 -5250 -5000 -5
-10000 -476 -446 -5200 -4900 -10100 -10000 -I
-15000 -696 -664 -7660 -7300 -14960 -15000 =0
-20000 -934 -896 -10300 -9800 -20100 -20000 -0.5
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Reading Indicated Force Vertical Force
Load A B A B Meas. Applied % Error

F 3000 150 142 1600 1520 3120 2750 13
6000 294 274 3140 2930 6070 5500 10
9000 426 394 4550 4210 8760 8250 6.2

12000 574 528 6140 5650 11790 11000 7.2
1350 650 600 6950 6420 13370 12400 9.1
-3000 -138 -132 -1520 -1450 -2970 -2750 8
-6000 -274 -262 -3020 -2880 -5900 -5500 7.3
-9000 -412 -390 -4550 -430u -8850 -8250 7.2

-12000 -542 -518 --5970 -5700 -11670 -11000 6
-13500 -610 -576 -6700 -6340 -13040 -12400 5

C 2000 84 82 900 877 1777 1414 25
4000 164 154 1750 1650 3400 2828 20
6000 246 226 2630 2420 5050 1242 19
8000 324 298 3470 3180 6650 5656 18
9500 388 350 4150 3740 7890 6720 17

-2000 -80 -74 -880 -815 -1695 -1414 20
-4000 -152 -142 -1670 -1560 -3230 -2828 15
-6000 -222 -208 -2440 -2290 -4730 -4730 12
-8000 -296 -276 -3220 -3040 -6260 -5656 11
-9500 -344 -322 -3790 -3550 -7340 -6720 9

H 2000 50 44 535 470 1005 765 31
4000 108 88 1150 940 2090 1530 37
6000 164 134 1750 1430 3180 2300 38
8000 214 180 2290 1930 4220 3060 38

-2000 -52 -38 -570 -417 -987 -765 29
-4000 -102 -84 -1125 -922 -2042 -1530 33
-6000 -144 -122 -1570 -1340 -293U -2350 27
-8000 -184 -160 -2050 -1760 -3810 -3060 25

1000 0 0 0 0 0 0 0
2000 2 -6 21 -64 -40 0 ---
3000 6 -12 64 -128 -64 0 ---
4000 12 -12 128 -128 0 0 0

-1000 -4 10 -44 110 56 9 ---
-2000 -10 21 -110 230 120 0 ---
-3000 -16 30 -176 330 150 0 ---
-4000 -20 36 -220 400 180 0 ---

J 1000 18 12 193 127 320 380 -15.7
2000 42 24 450 257 707 765 -5.8
3000 62 40 665 430 1095 1150 -3.9
4500 92 76 1020 810 1830 1720 6.4

-1000 -16 -8 -176 -88 -264 -380 -30
-2000 -36 -20 -400 -220 -620 -765 -19
-3000 -56 -30 -615 -330 -945 -1150 -17.7
-4500 -86 -46 -945 -505 -1450 -1720 -15.7
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Table XIV. (CoT'tinued)

Reading Indicated Force Vertical ForceLoad A B A Meas. Applied % Error
K 2000 72 56 770 600 1370 1414 -0.34000 142 112 1520 1200 2750 2828 -0.35500 200 152 2140 1630 3770 3890 -0.3

-2000 -72 -56 -790 -615 -1405 -1414 0-4000 -146 -144 -1540 -1210 -2750 -2828 -3-5500 -194 -144 -2140 -1580 -3720 -3890 -4.5
L 2000 86 86 920 920 1840 1850 04000 170 160 1820 1710 3530 3700 -4.66000 262 240 1800 2560 5360 5550 -3.48000 346 324 3700 3460 7160 7400 -3.2-2000 -84 -84 -925 -925 -1850 -1850 0-4000 -166 -166 -1820 -1820 -3640 -3700 -1.6-6000 -250 -242 -2750 -2660 -5410 -5550 -2.5-8000 -336 -314 -3450 -3700 -7150 -7400 -3.4
M 5000 234 220 2510 2360 4870 5000 -2.610000 474 442 5080 4740 9820 10000 -1.815000 716 674 7620 7200 14820 15000 -1.220000 750 898 10200 9620 19820 20000 -0.9

-5000 -208 -230 -2290 -2530 -4820 -5000 -3.6-10000 -414 -450 -4550 -4950 -9500 -10000 -5-15000 -622 -668 -6850 -7350 -14200 -15000 -5.5-20000 -838 -880 -9200 -9700 -18900 -20000 -5.5
N 2000 80 88 855 940 1795 1850 -34000 160 172 1710 1840 3550 3700 -46000 240 260 2570 2780 5350 5550 -48000 320 350 3420 3740 7160 7400 -3

-2000 -86 -86 -945 -945 -1890 -1850 -2-4000 -160 -168 -1760 -1-53 -3610 -3700 -2.4-6000 -236 -250 -2600 -2750 -5350 -5550 -3.6-8000 -314 -326 -3450 -3590 -7040 -7400 -5
0 2000 54 70 575 750 1325 1414 -0.64000 110 140 1180 1500 2680 2828 -0.55500 152 192 1620 2050 3670 3890 -0.6

-2000 -52 -66 -570 -725 -1295 -1414 -8.5-4000 -104 -134 -1150 -1480 -2630 -2828 -7-5500 -142 -182 -1560 -2000 -3560 -3890 -8.5P 1000 10 20 110 220 330 380 -15.7
2000 22 40 236 430 666 765 -12.9
3000 36 60 385 642 1027 1150 -10.7
4500 56 92 600 985 1585 1720 -7.9-1000

-2000 -380
-3000 -765-4500 

-1150
-1720
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Table XV Calibrate Resistor Data On Tech-2
Transducer--Revised Instrumentation

RCal Across Indicator Indicated Force

Ohms Colors Deflection Pounds

iMeg Green +123 +1320

500K and +242 +2590

200K Red +605 +6475

lOOK +1205 +12900

50K +2420 +25900

lMeg -123 -1350

500K an. -242 -2660

200K White -605 -6650

100K -1205 -1325

50K -2420 26600



IV INSTRUMENTATION OF THE TRANSDUCER FOR THE
MODULAR MONORAIL SLED

1he hardware for the mcdular monorail sled transducer

was furnished to the contractor for instrumentation in a

manner to permit measurement of vertical force and roll mo-

ment. The work involved on this problem involved placement

of strain gages, wiring of the bridge circuits, calibration,

and testing under combined load conditions.

The strain gages which were mounted on this unit were

BLH biaxial rosettes type FAB-25-12S6. A total of eight of

these rosettes were used, two on each of the four legs of

the hardware. Each rosette was miunted so it was centered

on the large edge of each leg, with one gage of the rosette

aligned with the vertical load axis of the unit. The cement

used for bonding was BLH cement type EPY60C0 This cement was

reported to be useful for temperatures to 600 F.

The bridge design was similar to that used in previous

transducers. Two bridges were used. One involved all the

strain gages on the two legs which were on one side of the

track, and the other including the gages on the legs on the

other side of the track. Each bridge was wired to measure

the vertical force on its side of the track. Gages along

the vertical axis were in opposite legs (2 in each leg),

and gages in the transverse direction were in opposite legs.

This method gave two bridges, each having a resistance a-

cross corners of 240.'. The vector sum of the forces as
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measured by the two bridges gives the total vertical force

acting; and the vector difference multiplied by the effective

distance between the two forces gives the roll moment. Fig-

ure 24 shows the completed unit.

Loading of this unit, both for calibration and for the

combined load tests was accomplished using a loading fixture

which was furnished. It is shown in Figure 25. Figures 26

and 27 describe the various loads which were applied to the

transducer using this fixture. Load conditions A and AA

correspond to the calibration loads. The others are tests,

involving the application of more than one component of

force.

The data and results of these tests are shown in Table

XVI. The output of the bridges was read with a Budd P-350

strain indicator, as on other transducer tests. The measured

force was computed from the indicator reading using a sensi-

tivity factor of 1801b/unit of deflection, for both bridge

-a 2 . " value for "meaud moment" and "false moment"

was computed using 1.75" as the distance between F1 and F2 .

A review of the errors in vertical force obtained with this

unit show that the accuracy of force measurement possible

with this unit are very good.

Table XVII gives the calibration data required to

calibrate the circuits during use. This calibration infor-

mation may be stated in terms of the output voltage. This

value for the sensitivity is 0.0279mv out/volt for each

1000 lb of force.
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A-AC

Figure 24. Modular Monorail Force Transducer.

1 C3



Ir

Figure 25. Loading Fixture for Modular Mornorail Transducer.
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Table XVII. Calibrate Resistor Data on Nodular i onorai!
Transducer

Calibrate Resistor, . Indicator Equivalent
Deflection Force

1,000,00 123 2,200

500,000 243 4,350

200,000 596 10, 5r%

100,000 1198 21,OO

50,000 2395 43,000

Note: 1. Resistors ha-ving a tolerance of 1% or less shoul-i
be used.

2. On Side 1, the calibrate resistor across biack
,ind green is equivalent to a conopressive force.

3. On Side 2, the calibrate resistor across white
and green is equivalent to a co.pressive force.
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V DYNA.MIC RESPONSE OF A STRAIN-GAGED FORCE LINK

1 - iNTRODUCTION

In miny problems involving force measurement, a

commonly used -ulution is to place strain gages on a link

which transmits the load in simple tension or compression.

The strain gage readings are related to the applied forces

through a calibration curve obtained under static cornditions.

When theze force-links are used to measure dynamic loads,

it is then necessary to consider the conditions under which

the slatic calibration curve may be used for reduction of

dynamic data.

If the load on the link is Static. the strain (and

hence the strain reading) is a function of tne applied load

only, and accurate measurements would be obtainable with

the fcrc -11k. ji ever, if tne load is dynamic, the strain,

in the link is a function of position and time due to the

finite wave propagaticn velocity of the strain wave, as well

as the apl.'ed load. Under these ccndition.s, there will be

time 4 i- bCtween t"Ie alj.lied plSe and the, strai- in t.c,

,i adLo t-o, there will b,1 reflections of the str11.

wave fro. the ether end of the force link, whicn is usual lv

fixed. Tiese refiected waves wil be Cutlr oseo Cr t

wa% of the dpiPl.ud load. Eac:i cl the above fa.toris -.! 1

cause a distortion of the -neasurcd icrce w.rct th,: fqo nucy

content of the apjiliud force is t ; hig!.

ii7



The purpose of the work undertaken for this section ot

the report was to investigate the degree of distortion of

impulsive forces when measured by a force-link of this type

using wave propagation theory. Since the instrumentation

of the Chaparral sled and force transducers developed for

sled use are based upon the samfe principle as force links of

the nature discussed above, the results of this work are

directly applicatle to these units.

This investigation is based upon wave propagation

theory, since the frequency response limit is caused by the

time delays due to a finite wave propagation velocity. The

appropriate differential equation was solved with the de-

sired boundary and initial conditions using a numrerical

technique.

11
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2 - THEORY

The theory upon which this study is based is that of

the one-dimensional wave equation. The form of the equation

used for this study applies to the propagation of elastic

waves in a rod. When the dependent variable is the strain

in the bar, it may be written as:

2 2S(5.2.1)

where c = longitudinal strain in the bar

x = position coordinate of the particle of interest

t = time

E = modulus of elasticity of the bar material

P =density of the bar material.

The travelling wave solution to this equation may be used

to show that Jis the propagation velocity of the st-YA i1

wave and c will be used to represent this quantity.

The assumptions used in deriving this equation ara as

follows:

1. Strain is one-dimensional.

2. Material is linearly elastic.

3. Stress is uniformly distributed across cross-

sectional area.

Figure 28 shows a sketch of the system to which this

equation will be applied. This sketch represents a force

link fixed at one end with the forcing function to be

119
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measured, (Ft), applied at the other end. The cross section

of the link is not restricted to being circular. Strain

gages are normally mounted on the surface of the link at

some position, and force measurement is based upon their

signal.

To determine the pulse signature which would be ob- I
tianed from the gages for a given forcing function applied

at the fre? end, the governing equation must be solved for

c(x ,t). The required initial and boundary conditions are
0

as follows:

e(x,O) = 0 (5.2.2)

(xo) = 0 (5.2.3)

(L,t) = 0 (5.2.4)

E(O,t) F( 2 I

, Uwhere U is particle displacement and -t is particle velocity.

The technique used for solving this problem was that

of characteristics. This method of solving partial differ-

ential equations of this type has been well discussed in the

literature, for example, in Crandalll; and the description

here will be limited to how it was applied to this problem.

Crandall, S. H., "Engineering Analysis," McGraw-Hill Book
Co., Inc., 1956.
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The plane of interest is the x - t plane, as shown in

Figure 27. The dependent variable c must be calculated at

each grid point in a manner such that equations 1 through

5 are satisfied. The difference equations for making these

calculations take on three separate forms for the three

regions, i.e., the boundary at x =0, an interior point, arid

the boundary at x = L. These difference equations are:

(a P- S ) + Pc(vp-VS) = 0, along -c (5.2.6)
x=0 F(to)

C - F , from the boundary conditionF A(5.2.7)

(aP-a) -pc(vP-V = 0, along +c (5.2.8)
O<x<L 0PL (a S) + Pc(vp-VS) = 0, along -c (5.2.9)

(0P-CQ) Qc(VP-V ) = 0, along +c (5.L 10) 1
x = L

% = 0, from the boundary condition 
(5.2.11)

'In these equations, o, v and A are the stress, particle

velocity and bar area respectively, and the subscripts

P, Q and S identify the corresponding point in the (x,t)

plane. The points for each set of equations are identified

in Figure 29. The point P identifies the node at which the

variables are being computed. Subscripts Q and S identify

points for which the variables have been determined from

previous calculations, or were known from the boundary and

initial conditions. These equations were solved for the

desired dependent variable at each point and evaluation cof

the rebulting equations in the appropriate order was done
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oi a dilytal corputer.

There is one important deticiency in the theory as ap-

pl ied to this prcblt... This is the fact that the thuory is

based or. a perfectly elastic material, and consequently will

not account foi los;es. When a disturbance propagates

through a real nateril, there will be ar attenuation of

the disturbance du- to internal friction. This will cause

a decay of the amplitude of the disturbance with time. Thu

resalts from this study will not show this decay.
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3 - PROCUDURE

The equations were solved for three type-s of forcin g

fuInctions. One was the ramp function as chown in Fijurc 30

Thi. funution was used to determine the effect of rise time

on the measured force. In this study, i, was the rise time,

and solutions .:crc obtained for rise times varyi:-.g from

1.0 L/c to 30.0 L/c. The quantity (L/c) represents the

time required for the disturbance to travel one length of

the force link.

Another forcing function used was a half sine pulse

as shown in Figure 31. This was used to determine the

response for a transient representative of what might be

encountered in use. The pulse duration here is Y, and

coitFutotions were made for this pulse for F from 1.0 L/c

to 20 L/c.

The last type of excitation used was a steady state

sinasoidal pulse. This was used to obtain information re-

iated to what would be considered the frequency response

of the force link. The time parameter used to define these

pulses was the time required for one complete period of the

: ~pulse, and the symbol used for this was also F. -

In performing the computations, 11 grid points were

used along the length of the force link, which gave infor-

mation on the strain distribution along the force link in

* increments of 0.1 L. The time increment, -t, was then

determined from the slope of the characteristic lines.
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Thu nutierical vcl,.os o! the material properties used in the

computations were those of steel, but since all results

were prcsen-ed in nundimensional form, this was ,.ot restric-

tive on the applicability ol the results.

In thu computation of thc force as would be m.easurd

bL the transuucer from the strain in the link, it was

assup ed that the strain indicated by a gage having a finit e

length would be the same as for a zero length gape located

at the desire position. UsQ was then made cf the rulation,

F = LEA (5.2.12)

to determine the force from: the strain values.
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4 - RESULTS

The results of this work indicate that the fidelity

of the measured pulse is dependent upon both the position

of the strain gages on the bar and.the time parameter used

in defining th inputs. The effect of these parameters on

th-: measured pulse is most easily seen through a stady of

typical results. Figures 32 through 34 show results for

the iamp func.ion, Figures 35 through 39 show similar plots

for the half sine pulse. The results for the harmonic

excitation are shown in Figures 40 through 44.

The results for the half sine pulse and harmonic

forcing are significant enough for further discussion. For

the half sine pulse, it is noted that there is a considerable

amount of "ringing" of the transducer for the shorter pulses.

,In this case, "ringing" is used to mean that the signal does I
not go to zero after the applied force does, but continues

to oscillate. This phenomenon may expiain the appearance of

some of the data obtained with force transducers during sled

runs. In additicn to the ringing, these results also show

considerable amplitude and phase distortion. For the longest

pulse run3, i.e., - = 20L/i, it is noted that fairing of the

data would tend to eliminate both the phase and amplitude

distortion, but if this was not done, the peak measured j
force could be off by as much as 15%.
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A study of the results for the case of harmonic foicing

also shows that significant distortion in the measured pulse

can be introduced, Even for the lowest frequency pulse used

in the work ( = 20L/c), the pulse signatore is d storted,

particularly for the gage location at x/L = 0.8. Also, a

beat phenomenon with amplification for all gage positions

is observed for F = 5L/c.

1.

i
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S
- CONCLUSION$

The fcllowing conclusions can be drawn from the results

of this study:

1. A force transducer composed of a Saged bar will I
not give a signal representative of the applied

force if the rise time or pulse duration is too

short. There may be significant difference in

both the shape of pulse signature and the indicated

peak force.

2. The degree of difference in the applied and measured

quantities increases as the distance between the

strain gages and the end to which the force is ap-

plied ir:reases.

3. When accuracy of the peak force is the criterion

for comparison, the rise time of a ramp function

must be greater than 5L/c for approximately 5%
'. r

accuracy. For similar accuracy with a half sine

pulse, the duration of the pulse vhould be greater

than lbL/c. Accuracy is increased as the rise

time or pulse duration increases.

Certain idealizations have been made in this study which

need to be emphasized, since they dffect the applicability

of these results to real situations. A discussion of two j
of these here is pertinent.

It has been asswmed that one end of the force link is

fixed, meaning no motion occurs. In any actual application
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of force transducers, this cannot be accomplished. The

supporting end will always undergo some deformation. The

effect of this deformation on the measured signal has not

been investigated.

The second idealization which is not achieved in prac-

tice is the assumption that the foice applied is uniformly

distributed across the end. This assumption results in the

work showing that if strain gages were applied at this end,

the force link would be valid for all pulses. However,

in practice, the applied force will in general not be uni-

formly distributed. Therefore, if the gages were located

very near the end of excitation, the nonuniform distribu-

tion could introduce significant error which could not be

evaluated. Experience dictates that the effect of nonuni- t
form distribution at both ends of the transducer can be

minimized by locating the gages at the center. This has I
, been done for all transducers develop~ed for track use.

A ccmparison of the system investigated and a sled I
with a transducer between the slipper and sled body shows

that there is considerable difference. Further studies of

Chis particular problem using a similar technique with a more

representative model for a sled could prove to be of value

in understanding the measurements made. The results given

here are those from the initial investigation, and further

work is required for checking and expansion of the investi- -

gation.
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VI A NUMERICAL DIFFERENTIATION TECHNIQUE

In the previous contract from the Air Force Missle

Development Center to the University of New Mexico, a

technique was developed for compensation of accelerometer

datA using digital techniques in order that the frequency

range of accelerometers could be extended. in the process

of developing this technique, it was necessary to develop £
a method of numerical differentiation which was highly ac-

curate. Since this was not the main purpose of the initial

study, the steps necessary for using this new process for

numerical differentiation were not described in detail in

the report. During the course of this contract, a small

amount of time has been expended in order to do this.

This section of the report does not give the theory

behind the technicue, since this was given in the final

rerort of the Previc-us contract, number F29600-67-C-0017.

This section only states how to use the method.

This work was considered pertinent to this contract

since there are many instances where differentiation of

test data is required, and most methods of accomplishing

this are highly unreliable. Experience has shown this to

be substantially better than others studied. I

This technique obtains a value for the first and

second derivative at every data point. An airay of values
is generated for each data point and the mean of this array

is taken to be the derivative at that point. The array is L
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generated by fitting all possible polynomials of specified

order to all possible segments of the data curve that con-

tain the data point as an interior point. The polytable

technique is used to fit the polynomials to the segments.

Table XVIII on the following page is a FORTRAN IV

listing of the technique. This program requires data in

the following order and form:

1) Read in the polytable row by row using the format

5E14.7.

2) Read in NDPTS, NTNTI, DIGINC by the format 215,

E14.7, where: NDPTS is the number of data points,

NTNTI is the number of different independent vari-

able calculating increments, and DIGINC is the in-

dependent variable digitizing increwent.

* 3) Read in the values of the dependent variable at

each data point by the foriaL 5E14.7.

4) Read in NTDINC, MINORD, NORDMX by the format 315,

where: NTDINC is the number of digitizing incr_-

ments, MINORD is the minimum order of the polv-

nomial to be fit, and NORDMX is the maximum order

of the polynomial to be fit for the first calcu-

lating increment.

5) Read in NTDINC, MINORD, MAXORD for the second

calculating increments.
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Table XV:ii. Program to Find the First and Second
Derivative of Digitized Graphical Data.

DIMENSION PUYTA8(999)vDATA( 500)*X( 90#9)9DIFTAe(?q91,

I YMEN( 500)oVPMEN( 500)@YPPMEN( 5001.YSTD( SOO)*

2 YPSTO( 500)9YRPSTO( 500).NV( 500) ,NYPI 500)*

3 XOC 500)9C0F(g99,NYPP( 500)
READ(5.999! ((PCYTA8(IJJ.J=I.9).I=Iw9)

READ(50zi98) NOPTS.NTNTI .OIGINC

REAC(5%999) (DATA(Nd*Nul.NOPTS)I
00 200 NTIW..S=I*NrNT!
READ(59,S'') NTDINCqMIINORD .NCROMX -

00 1C NGPT=I.NOPTS
YMEN(IIOPT)=0.
YPMFN(NDPT)=0.0
YPPM.EN'(NDPT)=0.0
YSTO(NDPT)=0.0

YPSTD(NDPT)=OoO
YPPSTD(NDPTJ=. 0.
NY(NOPT)=0

NYP(NOPT)=0

10 NYPP(NDPT)=O
NA)(FN=NDPTS-N INORD*NTOI NC-I
MINPI M I NRDG I
INTPT S=N0R0MX*NT01 NC-I
FNT INC=NTOINC
D0 2C INTPI*1INTPTS

F INT=It'TPT
XAASE=F INT/FNTINC
00 20 NPOW=19NDRDMX

2C X( INTPT9NPC2W)=XdASE**NPOU
DO 140 NAXST=1,NTDINC

M4AXORD"NOROJAX

MAXMI=MAXORD-1
00 30 NP=1.tAXMI
NPTI=(NP-1 )*NTOINC&NAXST
NPT2=NPT 1&NTD INC

;!3C DIFTAE3(NP&1Il)=OATA(NPTZ)-OATA(NPTI)
00 40 J=29MAXA1
IF INAL=MAX0RD&I-.4
00 40 1=2oIFINAL

* 4C iIFTABII.j)=DIFTAB(IIJ-1)-oIFTAB(I.J-1)

00 140 NAXIS=NAXSToNAXFN*NTDINC
NP TNA T=NAX IS&MAXOR0*hTD IHC

* NPTLST=NPTNXT-N7OI NC

00 50 J=19NAXPI
IFINALN-AXORD-J

* 00 50 Iinl.IFINAL
50 0IF7AB( I.J)=DIFTAd(1fIoJ)

IF(NDPT:E-NPTNXT) 65.55.55

5;5 V)IF7AB(MAACRO.1I=OATA(NPTNXT)-DATA(NPTLST)1_
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"able XVIII. (continued)

DO 60 J=.AXCRD
IRMAXOkD61 -j

to 0IFTAO(I,!)zO1FTAl3(1&1,J-1)-DIFTAU(1.J-1)

GO TO 67
e! MAXCRD=MAXORO-1

MAXMiI-MAXORD-1
el 00 7C NCOF=L.MZNCRD

CUF( NCOF.I1NORD)O 0
DO 70 NTERM=NCO 9M I NORD

70 C0F(NCOF.MzNORO)=c0F(NWFMN9R16PYTA(NcoF#NTERM)
I *DIFTABCI*NTER4)

00 eC NORO=MINP1,MAXORO
COF(NUAOqNORfl-1 ,=0.
00 CO NCOF-19NORD

eQ COF(NCOFsNOROI=COP(NCOF.NORD-I )&POYTAB(NCOF.NORDJ*
1 OIFTAB(19NORDI

N INM It'ORO
NXPTMX=NTD INC*MAXORO-1
NXPTMNZNTD INC*MI NQRO-1
Do 14C NXPT=INXPTMX

F(NP-NXPTN) 10000,90
So NlNz1fiNXPT/NTO1NC

10C NOPT=N)XPT&NAXIS

00 140 NORD=MN*.AX0RDI

YP=CGF( 1.NCRO)
'PP=2.*COF 129NORD)

00 130 NPOb-1,NORO,
IF(NPOW-2) 1309120#11C

110 FP=NPOV*(NPOW-1)
YPP=YaP&GFPSCCF(NPOWICRO)*X(NXPT.NPOW-2)

12C PPsNPOV

YP=YP&FP*CoF(NPOW.Ne2RDaeX(hXPTNPOW-1)

133j NYPP(NDPT)=NYPP(NDPT)&1

YPPMEN(NOPT)ZYPPMEN(PNOPT)&YPP/(FNTINC*DIGINC)**2
YPPSTO(NOPT)=YPPSTDIPDPT)&(YPP/(FNTINCIOIGI NC)**2)**2

13! NYP(NDPT)=NYP(NDPT)&1

YPMEN(NOPT)=YPMEN(NOPT)&YP/(FNTINC*O1G1NC)
YPSTO(NDPT)=YPSTO(NOPT)4(VP/(FNTINCDIG1NC))**2

137 NY(NODPT)=NY(NDPTJ&I
YMEN( NDPT)=YMEN( NDPT)6Y

14C YSTO(NOPT)=YS7D(PKOPT)&Y**z
WRITE(6.999) tTOINC .01GINC.MNIO,K~OROMX
DO 160 NDP7=1.NDPIS
XN=NDPT- 1
IF(NY(VNOPT)) 0.Ch5

1,!C OEN=NY(NOPT)
ARG=(YSTD(NoPT)-YNEN(NDPr1*.2/OEN)/DENj
IF(ARG) 15291E2.154

1!2 YSI0(N0PT)=0.0

GO TO 1!5
It4 YSTD(ND.'T )SURT(ARG)
it! 'VMtN( NOPT )=YMEN( NDPT )/DENIF(NP(ND 7)) evoictI.



Table XV2III. (continued)

146C DENSN~YP(NOPT)
ARGr(YPSTD(NDPT)-YPMEN(NOPTI**2/OEN)/DEN -

IF(ARG) 1629IC29164
162 YPSTO(NOPT)-0.0

GO TO 105
164 YPS10(NOPTI-SORT(ARG)
16! YPMEN(NDPT)=YPMEN(NOPT)/DE:N

IF(NYPP(NDPT)) aeogiecitio

170 0EN=NYPP(NOPT)

ARG=(YPPSTD(NOPT)-YPPMtEN(I%DPT)**2/OEN)/DEN

IF(ARG) 17291729174
172 YPPSTO(NOPT)M0.O

GO TO 175
174 YPP ETD I NOPT )-SORT (ARG)
175 YPPMEN(NOPTI=YPPMEN(NDPrIDEN
lE0 XD(NDPT)mXN*OIGINC

WRITE(69995) (N*XD(NI.OATA(NItYMEN(N).YSTD(N),NY(N).

1 ti=1*NOPTS)
WRITE(6*993)
WRITE(69994) (N.VPMEN(N).rPSTO(N),NYP(N).YPPMENCNJ.

I ~YPPSTOCI%)9NYPP(Nf.N=IvNOPTS)
200 LONTINtdE

CA C FORMAT(5E14*7)
s~e FORMAT(215*E14.7)
S57 FORMAT(2315)

s9 FORMAT( IHI 25X* 61HE COMPUTING INCREMENT WASO 9159 TIMES
I v*THE*9/IeX*0OIGItIZING, INCREMENT WH4ICH WAS09E1697t

2 0 , AND THE',/iex*$MAXIMUM ANZI MINIMUM ORDER PCLYNOMIALS j

4 11X**YMEN.v9X94*VSTD**6X**hY*//)
s5o! FOFkMAT( 15X91594E13.59I5)

994 FORMAT(15X.15.2El2.q.15.2E12.4.15)

$5*3 FORMAT( 1H1.18X.'N'5#.PMEN,*7Z.'YPSTDo 4X.*NYP' .4X,
I OYPPMFN%6X.*YPPSTO4X9NYPP/)
CALL EXIIT

END
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The variable names used in the output are defined as

follows.

N = the number of the data point

X = the value of the independent variable

Y = the value of the dependent variable

YMKEN = the mean value of the array repiebenting Y

YSTD = the standard deviation of the array repre-
senting Y

NY = the number of elements in the array representing Y

YPMEN = the mean value of the array representing the
first derivative

YPSTD = the standard deviation of the array repre-
senting the first derivative

NYP = the number of elements in the array representing
the first derivative

YPPMEN the mean value of the array representing the
second derivative

YPPSTD = the standard deviation of the array repre-
senting the second derivative

NYPP = the number of el,.-ments in the array representing
the second derivative.

The polytable required to use this technique is given

in Table XIX.

Examples of the output obtained from this program are

given in Tables XX, XXI, and XXII.

The function used in generating these tables was

sin x. Different digitizing increments were used in gener-

ating each of these tables to show the effect of this para-

meter.

It has been found that when the tecnnique. is used on
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TABLE XIX POLYTABLE FOR CURVE FITTING

pll 1.000 p1 2  -0.5000000 PI +0.3333333E 00

21 0.0 = +0.5000000 p2 3 = -0.5000000E 00

P31 =0. 0.0 p3 3 ' 0.1666660E 00

p P41 =0. 0 P42 " 0.0 P4= 0.0313
P = 0.0 p5 2  0.0 p5 3  0.0

P61 =0.0 P62 0.0 P 63 0.0

51 53P = 0.0 p6 2 = 0.0 p6 3 = 0.0

p91 0.0 P92 =0.0 p93 = 0.0
=0. p = 20 0 0.0

P1 4 = -0. 2500010E 00 p1 5  +0.2000000E 00
p24 = +0.4583330E 00 p25 -0.4166664E 00

24 2502000E0
P3 4 = -0.2500000E 00 p3 5 = +0.2916654E 00

P44 = 0.4 166664E 00 p45 = -0.8333331E 00

P5 4 = 0.0 P5 5 = 0.8333329E 00

64= .0 p 6 5 = 0.0

P74 0.0 p7 5 = 0.0

p 0.0p oo84= 0.0 P 0.0

f

P94 p 0. 95 = 0.0

S151 I
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TABLE XIX (continued)

PI6  -0.1666666E 00 P = +0.1428571E 00

P26 = +0.3805555E 00 P27 = -0.3500000E 00

P = 0 .3125000E 00 P 3 7 = +0.3222220E 00

P = +0.1180555E 00 P4 . = -0.1458331E 0046 4
P = -0. 2 083333E 00 P 5 7 = 4 0.3472221E-01

P66 = .1388889E 00 P 6 7 = -0-4166663E-02

P = 0.0 P77 = 0.1984125E-03

p86 0.0 P 8 7 = 0.0

P 0.0 P9 7 = 0.096 9

PI8 = -0.1250000E 00 p 9 = +0.1111111E 00

P28= +0.3241069E 00 p2 9 = -0.3019839E 00
P = -0.3256944E 00 P 3 9 = +0.3255180E 00

P48 +0.1678321E 00 p4 9 = -0.1854166E 00

P -0.4861110E-01 p5 9 = +0.6186341E-01

P 6 8 = +0.7986106E-02 P6 9 = -0.1249999E-01

P = -0.6 944439E-03 p 7 9 = +0.1504628E-02

P = 0.2480159E-04 P8 9 = -0.9920634E-04

P = 0.0 P99 = 0.2755732E-05
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Table XX. Example 1 on Use of Numerical Differentiation
Technique.

THE CCMPLIhtG INCREMENT WAS I TIMES THE~
LIGIJIZIN(. INC.OEMENT *HICH- WAS 0*3141593E 00 9 AND) THE

M.AXIMUM ANL PIKZMUP' C5kDER PCLYKVNIALS USED WERE I AND q

Y YMEN YSTO NY

1 0.0 0.0 0.0 0.0 0
2 .~tzCC 0.3C902E 00 0930902E 00 3*41Y96E-03 1

.3 CeO2e3L E 00 0.5e779E 00 O*5U775E 00 ).0 15
'. C. eE CO o.eOG02E 00 0*8OQO2E 00 0.15804E-02 21

-C.12t CtE 01 0.55106E 00 0.95I0ziE 00 0.10834E-02 26

6 C.1t7CkE Cl 0.1COOOF 01 0.'-#999E 00 0.28527E-02 30
7 C-edO C! 0.95106F 00 0.95105F 00 0.96165E-03 33

CC.21Y'1J1t 01 O.eCrv02E 00 0.80901E 00 O*Z0830E-02 35
1 0.1ic1.32-L 01 0.5e779E 00 0.5877dE 00 O.d7649E-03 46

L ; C.2E2'74E G1 0.3C902E 00 0.30902E 00 0.0 36
11 C.- 141(E Ck O.C5539E-06 -0*709.37E-06 3.43577E-05 16

12 C.J4!!5bE C1 -0.3CS02E 00 -0*30902E 00 0.0 -36

IJ C-33?t' a CI -0.5e778E 00 -0*5877aF 00 0*563-42E-03 36

14 C.4Ct'.1 : C1 -0.eC(;02E 00 -0.80901E 00 0.205-1$E-02 36
It C.-,eL Cl -C*'10IoE 00 -0.9510SE 00 0.92071E-03 36

14b C.47126L 01 -C.10000E 01 -0.99994E 00 0.2#3378E-02 .36
17 0.t5 ttt 01 -0.9Z106E 00 -Oo95105E 00 0.65104E-03 36
ld C.52-407E C1 -0.80902E 00 -0.80901E 00 0.21593E-02 36

1't C.b(L-4L 01 -C.5e779E 00 -0.58778E 00 0.65104E-03 36

L20 C.b~tejCM C1 -0.3CS02E 00 -0.30902E 00 0.0 36
21 C.OitJ2L Cl -C.32769E-06 0.68785L-06 O...9423E-05 36

2 CG. 65 1,7 2EC I 0.3CS02E 00 0030902E 00 0.0 36
23 CobS115L C1 0.56779E 00 0958778E 00 0.67108E-03 36
24 C.722 ]7-- 11 0.8C9O2E 00 0*80901E 00 0.20568L-02 36

2t C.E~if 01 C*95106E 00 0.95105E 00 0.92071E-03 36
2t C.7 -t4CE C1 C*lOOOOE 01 0*99993E 00 0.29 115E-02 36
7 C.-1161 CI C.S5106E 00 0.95105E 00 0*92071E-03 36

2e C.et2--1 G Cl 0.C1;02FE 00 C-80901E 00 a.20588E-02 36

2 C.f&7GtEE G1 0.t56779E 00 0.56i77SE 00 0*84573E-03 36j
..C C.11110LE C1 C.3CY02E 00 0*30901L 00 0.4 6394E-03 36

Z'l Cs924&tE C1 -C.23772E-07 -0.12931F-05 0#44271E-05 36

j~2 C.'.73tqt. C1 -0.3CSOZE 00 -0*30902E 00 0.0 36
3j C.10CEZ-L C2 -0.5e779E 00 -0.58776L 00 0.87346E-03 35

'14 C.Iu.2tL7- 02 -C.EC9C2E 00 -0*80901E 00 C*21503E-02 33
Z! t L. I Ct IL C2 -0.S.C106E 00 -0*9blOSE 00 Q.lO0d6E-02 30

2oC.1C'.,tE C2 -C.I0000E 01 -0.~9999 00 3.24226E-02 26

J7 C*1l1-'CE 02 -0*9 106E 00 -0.951051E 00 0.14764E-02 21

21-' C.11c-24L C2 -U.E0902E CO -0.80901L 00 0.50429E-03 15
3 1 C . II ,3F& 02 -0.5E779E 00 -0.58776F 00 0.59d02E-03 a

41 Celi '2E C2 -L@JCSC2E OC 0.0 0.0 0
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Table XX. (continued)

N YPMEN YFSTD 'yP YPi.'MzjN YPPSTD NYPP

1 C-C C 0 0 U0, 0.0 0
C.94SCE CC C.5213F-02 b -0.3090C 0C O* 1353F-02 7

3 C s -CI CC C*33e3E-02 15 -0.5872C 00 0. 1864E-02 14

4 C.5-73E 00 C.2152E-C2 21 -0.8083U 00 0.2227F-02 20
5 C.3Ce8E 00 CoI IC5E-02 2t -0.9504E 00 0,2817E-02 25
t -C.E857E-0e O.C576E-03 30 -0.9494E 00 09307?E-02 29
7 -C,3CeE CO C.9912E-03 33 -0.9506E 00 0*3164L-02 32
e -C.5E75L 0C 0C22eLE-02 35 -0.60B6E 00 0.2415E-02 34
9 -OECeOh 00 0*3122E-02 36 -0.5875E 00 0.1974E-02 35

10 -C9506E 00 C*3320E-02 3b -U.3089E 00 0.7382F-03 35
11 -C.S95E 00 0,3SC6E-02 36 .-0.7501E-05 0.6323E-03 35
1 -C,95C6E 00 C*31e9E-02 36 0,3089E 00 0.7916E-93 35
13 - #t:0 6L 00 0.2912E-02 36 0.5875E 00 0. 1960E-02 35
14 -C.587tE OC C.2387E-02 36 0*80b6E 00 0.2287E-02 35
15 -C.-ceC8 00 C.7e6E-03 36 0#9506E 00 0.3160E-02 35
it C*2751E-05 C.6CC3&-OJ 36 0.9995E 00 n p3026E-02 35
17 Ca3Ce9E OC C.766E-03 36 0.9506E 00 0.28010-02 35
I d C.5E75E CC 0.21E4E-02 36 0.8086L 00 0.24710-02 35
19 C.Ct6f 00 C.2912E-02 36 0.5875E 00 0.1557E-02 35
20 C.95CbF CC C.JIp9E-02 36 0.3089E 00 0.7195F-03 35
21 C 5E:0 C C.3960E-02 36 0.6012E-05 0.6320E-03 35
22 C.' ;C([ 00 C.3320E-02 3t -0.3089E 00 007916E-03 35

23 C.eCeoE 00 C.283E-02 36 --'.5875E 00 0.1904E-02 .35

24 C.bk75L CO Co2171E-02 36 -0.8086L 00 0.2557E-02 35
2_t C.3C8SE CO C*9629E-03 36 -0.9506E 00 0.3097L-02 35
26 -C.1e42E-05 C.6CO2E-03 36 -0.9995E 00 0.3026E-02 35
2? -C.3cy51 CO C.q766E-03 36 -0.9506E 00 0.3167E-02 35

,2d -O.bk75E CC C.2226E-02 36 -0.80136E 00 0.2557E-02 35

2 - C .E C eCE 00 C.2Se3E-02 36 -0.5875E 00 0.1522F-02 35

30 -C.S5CoL 00 03189E-02 36 -0.3089E 00 C,7742E-03 35
.21 - C.~~ 9 ;S LC 0.37596E-02 36 -0.6230O--OS 0.6019E-03 35
22 -C.9!:C6E 00 C*35C6E-02 36 0.3089E 00 097916E-03 35

3-' -C.0E6L 0C Co3C57E-02 35 0.5875E 00 O.1765L-02 34
34 -C.5E75L0 CC C.2223E-02 33 080dbE 00 0.2490E-02 32

3J -C.3CLeE CC C.IO1g9E-02 30 0.9505E 00 0.3162L-02 29
Jb Co32t0t-0t 0.7Ce4E-03 26 0.99931_ 00 0.3026E-02 25
37 C.30C8L CC 0*12S6E-OZ 21 0.9502E 00 093026E-02 20
cd .sbE71E 00 C,25C91-2 15 0.8082E 00 0.2462E-02 14
j C C.8C72U 00 C.4395E-02 8 05874E 00 01988E-02 7
4C L.., 0.0 0 0.0 0.0 0
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* Table XXI. Example 2 on Use of Numerical Differentiation
Technique.

Ttit COmPLI I G I NCREMENT *AS 2 TI ULS THEILI(.111111t-( INCREFOELNT WHICti WAS 0.3141593f 00 , ANDi THL
IMAXI.L.NL PI1NIOUP CRCILR PL.LYKCPJIALS USED 4F-RF 1 AND 9

N~ Y 3NYIN

C .3110 k 00.039ZE0 939 0 00 0.819E02

3 C .. 2tJ&L C C.E77S 00 .5u60E 0.0 74 374E-0 1
4 ,&c4LG 0*8C902E 0.030732E 0.085-224E-02 25

C.IiEb-t 0.l *SeC6E 00 0.94948E 00 0.656.)3E-02 32
t i-CL 1 *c.c0ti01 0.99d74C 0 t5b2746E-02 39

7C.1itecac Co5106E C 0*95003E 00 0.74116E-02 4r5
t C.1'091El ~OE 0 0E'2 0.80827F 00 0*62366tE-02 51

. cjij 13 Z;'CI0*5e779E .0 t7 2 IF 00 04 9 6ddE-0 2 56
IC C.2h274E C O.03C902E 00O.30876F 00 3*34197E-02 61
11 C*'-110F C1 O.t5539E-06 -0.15847F-04 0.26678E-02 65
12 C.245tt C1 -C.23C902E OC -0.30882E 00 0.325aOE-02 69
13 C e27(,P9E C I -0.Ek77dE 00 -095874LE 00 0.431'35E-02 72
141 C.4Cd41c C1 -C.tCS02E 00 -0.80851E 00 0.bi3179E-02 7b
It C.4-*Ht2L C1 -0.S5106E 00 -0*95047e 00 0.b9224E-02 77
16 C.'i7124L C1 -C.IOOOOE 01 -0999939E 00 0).6230SE-02 79
17 C.bC2btfL 01 -0.*5506E 00 -O.95044E 00 0.Sb918E-02 H~O
Id L . t3'mf7L~ C I -0.eC9O2E 00 - 0.80 84 tE 00 0.51902F--02 d1
19 cc ci -0.5e?79E 0C -0.58727E 00 0.4117SE-02 H1
210 C . L~ oCL C I -0.3C';02E 00 -0.30859E 00 .o32023E-02 81
;21 C c)ZE32L 01 -0. 3276cE-06 0.28664E-03 0.24936E-02 81
22 Cotec73E C1 0.3C902E 00 Oe30914E 00 0.-12010C-02 81

1"3 Coti 1ltE 01 0.5e779E 00 0.587?JF 00 0.42304E-02 81
2 C .7 i. z7C C I C.ec902E 00 O.80&79E 00 0.53666E-02 80
2z C.I2 c C1 C09510bE 00 0.95067E 00 0.5'9127E-02 79
2c L.7tt4CL C1 0.1CCOOE 01 0.99949F 00 a*62639E-02 77

;2? 0 .t tt I. C I0.95i106E 00 0.95046E 00 Oo60347E-02 75
2e C.v4E23L C1 C.?HC902L 00 0,80839E 00 O.53666E-02 72
P~ .L 7 E 1 01 C.5E779E 00 0.5871BE 00 0.44.364E-02 69

3u C. IIUCL Cl 093C902E 00 0.30549E 00 0.33959E-02 65F.
G1 . 4r Cl1 - 0. 23 72E-07 -0.38212E-03 0*2d679E-02 61

. C. , 7 -ti ,L C I - 0. 3C 10,E 00 -C.30923F 00 0.36400E-02 156

.33 C.ICC5-- C2 -C.5E779E: 00 -0.58775E 00 0.52749E-02 51
34 C IC2CL7L 02 -0.oeC9OZE 00 -Ood0867E 00 0.67155E-02 45

C5 .CI CrIlt: Cie -$Do 5106E 00 -0.95036E 00 U.81074E-02 39
SC.I c itE C - -0. 1 OCOE 01 -0*49875L 00 0.91610E-02 32

7? (.1I110 02 - 0. S5 I 06E 00 -0.94937F 00 fO.96319E-02 25
C~ C. I It4L C 2 -0. iCli02E 00r -0 o807titE 0 0 0.97512E-02 17

I. 1 1I Ce -0.5E779E 00 -0.58957t 00 0.'16212E-02

C. lct~ C2 -U.309C2E 00 0.0 0.0 0 I



Table XXI. (continued)

fN YPME4N YPSiTI NYP YPPMEN YPPSTD fNYPP

I CC.0 0 0.0 0.00
2 ,'q4e9 00 0.5757E-02 8 -0*31b1E- 00 0.32511-01
3Cvd04OE 00 0.1333E-01 16 -095933E 00 0.28I11-Ot 14
40*5e44E 00 C*86e9E-02 24 -0.8109E 00 092914E-01 21

6- 0. 10601-03 C.5C19E-02 38 -0.41 )Z 01 0.2855E-01 -35
7 - C .3jC3E 00 0.5451-02 44 -0.9523E 00 0.25751-01 41
8 - C.5tb5t: 0C C.6944E-02 50 -0.8106t 00 0.22081-01 47
9 -C.&C76E 00 C.8278E-02 55 -0.5891E 00 0.1614E-01 52

10 - C . S ,fz CO0 0.~id50E-02 60 -0.309S3E 00 0.1493C-01 57

12 -C.*997t OC C.e4C7r--02 6b 0&3094E1O 00 014001-01 65

19 -C.8C72E 00 09713E-02 80 0.5885E 00 0.1611E-01 777
20 -C.5LSCL OC 0.5101B-02 80 0*83005 00 0.1320E1-01 77

252 C - JC2E 00 0.7397E-02 80 -0.3921E 00 091923E-01 77

16 2 C.eC43L 00 C.35C251-02 8e -0.588001 F00 0.1516E-01 75
1? C *JC8FE GO 0.44239E-02 78 -0.95201E 00 0.1971E-01 75
18 C.5E72E 00 0.5627E-02 89 -0.80981 00 0.17571-01 77
26 C.t:4H2E-00 0.7123E-02 70 -0.5001E 00 0.2013-01 73
20 -C*SCIb 00 C.471E-02 70 -0.30515E 00 01201E-01 71

22 C.571E C0 C9bCC9E-02 71 -0.3092E 00 0.1293E-01 67
23 -C.ECt!31 00 0.75201-02 8 -0.5887E 00 0.156E-01 65

24~ 0 C Cte3-0 C*5696L-0ie 69 -0*098E 00 0.1757E-01 76

i Co~ea C 0*4f&-Z~ 60 -0*92900 0.1947F-01 7
26 -. W56t- 04 0 s735211?- 02 ?b 0.81011E 00 092037E-01 73

21 - C.3CE6E 06C49E-02 38 -0.9524E 00 0.27891-01 71
286 -C.575E CO C.bCC9E-02 31 -0.811E 00 0.215E-01 28
27; -0.E06E 00 0*758C1E-02 24 -0.5287E 00 0.1645E-01 21

32 0C.5483 00 O.1022E-02 16 0.80921 00 0.31541-01 14

a4 0C.bC671 CC 0.7529E-02 44 0.5)11 00 0.2381E-01 71
20 OC.Cb 000649-2 3 0.920 0.089-0 04

36-C*75E03C532E0 3 e98E 00.01E01 237026EO .8II2 24092E0 *05-1 2
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Table XXII. Examnple 3 on Use of Numerical Differentiation
A Technique.

1L C014PUdTING INCREMENI WAS 3 TIMES THE
)IITIZ1N(.% 11CREMENT WHIICHi WAS 0*3141593E 00 . AND THE

MAXIMUM ANt) IINLOM CRDER POLYlNOMIALS USED WERE I AND 9

X YMEN YSTO N

I0o .C 0.0 0.0 0
dC.21'41C CO 0.3C9C2E 00 0.-1053E 00 0.204.3tE-01 9j

.3 C.o2t3;E JO 0.bE779E 00 0*58636E 00 0.22722E-0I18 t

'4 C,.1;424rE 00 0.eC902E 00 0.80577E 00 0.23236E-01 26
b 0.1256cE 01 0.95106E 00 0*94612E 00 0.23245E-01 34

o 0.1570E CI 0.ICOOOE 02 0.99448L 00 Oo22105E-01 42
7 Colec!Cd CI 0.*S506E 00 Q.9464IE 00 0*19924E-0I 49

e Coiel9S1E 01 0.eo9o2E 00 0.80581E 00 09.17186E-01 56 I
1; C0251.JOc 01 0.5e779E 00 0.5861SE 00 0*14723E-01 63

I0 C.2c,274, C.' 0*30902E 00 0930847E 00 0.122'42E-01 69

I1 0.:214 1 t 01 0.6553GE-06 0*37363E-03 0.10945E-01 7S
12 C. 34 55t C I -0.3C902E 00 -0.30795E 00 0.11336E-01 81
I ' 0.3769rL CI -0*5e778E 00 -0.S5i614E 00 0.126371E-0t $36
14 C '1E 01 -0.EC9O2E 00 -0.80700E 00 0.14144E-01 91
15 C.425o96E CI -0.95106E 00 -0.94876E 00 0915102E-01 95
lo 0*47124E CI -C.IOOOOE 01 -0.99744E 00 0915394E-01 98
17 L.bC~tEE 01 -0.55106E 00 -0.94832E 00 0914dI1E-01 101

I e C. 5 24 07E C I -O.eC902E 00 -0.80618E 00 0*13733E-01 103
Ili C.5t!;4(Y 01 -0*5E779E 00 -0.58498E 0) 0,12418E-01 10*

20 C .5'i t CE 01 -0.3C902E 00 -0.30628E 00 0911761E-01 105

22 C.b6-473E C i 0930902E 00 0.31179E 00 0*14213E-01 104
23 C. 6co I E CI t .SE779E 00 0*590#31E 00 0.16803E-03 103
24 C.72257E 01 0.EC90ZE 00 0*81266E 00 0.20137E-01 101

25 0.75:19L CI 0995106E 00 0.95510E 00 0*23035E-0I 98
2t C.7L-54CL 0 1 0.1COOOE 01 0.10044E 01 0.25543E-01 95
27 C.oI81 CI 0.G5I06E 00 0.95592E 00 0*27830E-01 91
2e C.tl4e23E Cl C.8C902E 00 0*81342E 00 0.28804E-01 86

~ .76~ 01 0*5e779E 00 0.59130E 00 0.28368E-01 81

.2 2 cl.c II CtE CI 0.3CS02E 00 0.3111SE 00 0.27043E-01l 75
31 C.;'424tE Cl -0*23772E-07 0.49016E~-03 U.25140E-0I 69C
j2 C.97.id'E GI -093C902E 00 -0*31027E 00 Q.; 4012E-01 63
3.3 C#10C52E C2e -0*5e7?9E 00 -0.59043E 00 0.24372E-01 561
34~ C.103t)7E 02 -0.Le0902E 00 -0.o31314E 00 0.27474E-01 49
3t C.10601 02 -U.g5106E 00 -0.95695E 00 0.32649E-01 42

C6 * .i P C2 - 0. 10C CO0E 01 -0.10087E 01 0*38693E-01 34
37 0*1L10IO 02 -0 . 951C6E 00 -0&96292F 00 0. 44A1)4E-0 1 26I

F ) C . I16 24E 02 -o.ecqC2E 00 -0.82822E U 0 0.4575i0E-01 17

4,0-I - J tlUt 02 -C.5E779E 00 -0.t.1725E 03 0.44537F-01 Aj
40 C.1225ZE C2 -0*30902E 00 0.0 0.0 0
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Table XXII. (continued)

14 YPMEN 'VPSTD NYP YPFPMEN YPPS1D NYPP

I 0.0 0.0 0 0.0 0.0 0
2 C.9564E 00 C.rEbE.-02 8 -003412E 00 O*It334E 00 7

3 0.eC*4E 00 0*2357E-01 16 -0*blB2E 00 0*1187E 00 14

4 0*5790E 00 O.2618E-01 24 -0*8321E 00 0*9997E-01 21

5 0.3013L 00 C.ISS3E-01 32 -0.*9642E 00 0.895IE-Oi 28

6 -O.3019E-02 0.1760E-01 40 -0.1004E 01 0*8022E-01 35

7 -093085E 00 C.2CC8E-01 47 -0.9495E 00 O.6735E-01 42
t -C*5e45E 00 0.2329k-01 54 -0.8076F 00 095t347F-01 49

9 -C.8050E 00 -25C0E-01 61 -0*5922E 00 0.7263E-01 56

IC -09;466E 00 0*2595E-O1 67 -0.3126F 00 0.6730E-01 62
11 -C.9959E CC 0.2C573E-01 73 -092395E-02 0.6285E-01 68

12 -C.9476t C0 C.2420E-01 79 093096E 00 0.6213E-01 74

13 -0.eC64Az 00 0*2178E-01 84 Oob903E 00 0.6267E-01 79
14 -CoS~E61 CC C.Ie77E-01 89 0.81.39F 00 0.6353E-01 84

15 -C*30te0E C0 0*162CE-01 93 0.9560E 00 0#6445E-01 88

16 C*4770E-02 C.ItSC5L-01 96 0*1008E 01 096371E-01 91

17 C*3092E 00 C*16C2E-01 99 0.9586E 00 0.6193E-01 94
16 C.5E76k CC 0.LeC8E-01 101 0.8147L 00 096142E-01 196

19 0.ti067E 00 C.2046E-01 102 0*5921F 00 0.5926E-01 97

20 C*95COE 00 092222E-01 103 0*3115E 00 0.5732E-01 98

21 C69S99E 00 Ce23C.3E-01 10.3 0.1394E-02 0.5649E-01 98
22 C.51t4E 00 Ce2282E-01 102 -0*3097E 00 0.5768E.-01 97

23 0.eC9f 00 0.2162E-01 10)1 -0*5902E 00 0.5971E-01 96

24 0.b6bb 00 C.2C15L-01 99 -0.8136E 00 0*6096E-01 94

* 25 0*31IZSE 00 0.1514E-01 96 -0.9566E 0fl 0.6350E-01 91
26 C.3C22E-C2 C.lS38E-C1 93 -0*1006E 01 096525E-01 819
27 -C.3052E 00 C.2124E-01 89 -0*9558E 00 0.659IE-01 R4
2d -C.5E24L 00 C.2376E-01 84 -0.8123E 00 0.6559E-01 7V

e9Y -0..bO4jE 00 C.2623F-O1 79 -095898E 00 0*6462E-01 74
JO3 -C.S465L OC c.2e34E-01 73 -0.3077E 00 0.6207F-01 68

31 -C*S~rbd 00 0.2v41E-0L 67 0.2252E-02 0.65b7E-01 62
.j2 -C.94bIL 00 0.2S48E-01 61 0*3114E CCOs07077L-01 56

33 -i..6078L 00C 0.2892E-01 54 0*5831E 00 0.5516E-01 49
* 34 -C.54;C6E 10 C*2654E-01 47 0.8023F 00 096062E-01 42

35 -CsJ160LV 0C0 .2317E-01 40 009483C 00 0.7-352F-01 35
j6 -C.13S5E-01 C.2244E-01 32 091006E 01 0.8454E-01 28
J7 0.2c; 15E C0 092659E-01 24 099699E 00 0 .9tp56E-0 1 21

3e C.5718t CC cs2e31E-01 16 0.8403E 00 0.1190E 00 14
jy C.ec08E CC 0*256,bE-01 8 0#6282E 00 0*1605C 00 7

'.LQ 0.0 0.0 0 0.0 0.0 0
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graphical data, the smallest digitizing increment is not

necessarily the best. If the increment is too small rela-

tive to the precision of the input data, poor results are 4

obtained. As yet, it has not been possible to develop a

quantitative technique of identifying when this occurs. i
However, it has been found that a study of the results

obtained with several digitizing increments, coupled with

a general knowledge of the behavior of the quantity being

determined (i.e., the derivative) permits good results to

be obtained. The reader is referred to the previous con-

tract report for a more detailed discussion of this.
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