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ABSTRACT

B Aoy il il

Work i~ Jduscribed which was undertaken to develop and

PRSI

improve techniques for measuring forces acting on rocket

=lede .  Sewerzal cpcoccific projects have been comrleted. The 3

il sl

Chaparral sled was instrumented and appropriate calibration
made for measurement of vertical forces acting on the sled
by the slipper. Resistance thermometers were also applied

for measurement of temperature in the vicinity of the gage.

A syudy 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 f ]
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- f

stand the behavior of the sled transducers under dynamic

[
s

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

highly accurate technigue of differentiating analog data, -
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I INTRODUCTION

The objective of tihe work undertaken for this contract

HERET" [T RN

was to develop technigques for measuring forces acting on
rocket sleds, either through instrumentacion 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 tne contracting agency, and con-
duct of the necessary development work. Each of the follow-
ing sections of tals report covers one of the separate pro-

jects undertaken on this contract.

-me
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II FORCE MEASUREMENT ON THE CHAPARRAL SLED

1l - 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 periocd followed by a deceleraticn period. The forces
acting on the sled during a run include thrust forces,
+braking forces, aerocdynamic forces, and forces exerted by
the track on the sled. These forces contain oscillatory
as well as sustained componenfs; 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 toc 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-
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 sliipper 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°F, but
this temperature is reached after the run, and it is not
reguired 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.
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The requirements for the instrumentaticn for this

particular problem may be summarized as follows:

1.

The instrumentation should give sufficient output
for use with standard recording and telemetr; sys-
tems currently in use by the appropriate test
facility, for a maximum expected load cf 50,000 1lb.
The instrumentation should be insensitive to cross
track and along-the-track components of force.

Any modificaticn to the structure must not appreci-
ably weaken it.

The instrumentation should be capable of with-

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.

Instrumentation of the slipper assembly.

Static calibraticn énd off-axis load tests.
Determination of error limits for the measurement
methiod developed.

Development of temperature measuring technique for
measuring the temperatures in the vicinity of the

straingages.

The following sections of this repor: describe the work

done on the above items.
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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
agssembly 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-
ified unit. The cost of fabricating one assembly is quite high,
chicfly because c¢f the amount of machining involved. The wide
variation in the manner locads 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-
vestijation 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.
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Photoelasticity is a whoie field method of stndy and the effect
of any modification can be evaluated in terms of the cntire
structure not just the locations of the modification. If the
modification proves to be unacceptable, the model must be
sc;;;ped but the cost involved here is small compared to the
cost of scraping a prototype assembly. Eguipment needed in a
model study 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 eguipment 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 procduce
the desired transducer,

2.1 Theory

Since strain gages

were to be used as sensors, a knowledge
of the relationships 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:

0, the stress at any point in the structure

€, the strain at any point in the structure

P, the applied load on the element of interest

t, a typical unit of length

w

T TR

A i A

ot

.




E, the mpodulus of elasticity of the material

u, Poissions ratio of the material
The relation between the independent and dependent variables
may be written as follows:

g

¢1(P,t,E,u)
(2.1.1)
€

¢2(p,t..'r:,u)

In non-dimensional form the above relationships are:

¢ P
-) = ¢ M
(E) 3 (Ezf) )
(2.1.2)
e = ¢, (L) .¥)
4 Et
The Cesign or operating conditions are:
1. Geometric similarity
P P
2 (—) = (=) or
Et" m Et™ p
Emtzm
P =P ) {(2.1.3)
m p(E t2
P P
3 My = up (2.1. %
The subscripts m and p refer tc the medel and prototype
respectively.

The prediction relationships between the model and pro-

t.otype are:

E
1. o _=o0 E‘R (2.1.5)
m

2. €= E (2.1.6)
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A model constructed using the above design conditinns,

particularly geometric similarity, would te difficult to make.

[ e T

It was desirable to simplify the construction of the model

e

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

| : assumptions were made,
The aerodynamic loading induced by the wings on either
side of the slipper, shown in Figure 1, was assumed to uve

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

AT Iot T b b AR 1

magnitude of load would be tranemitted if it were induced by
; : the sled track. Consequently, the wings were eliminatad 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-che-track loads. %
The etfect of the slipper material away from the vertical i
support plate in the track direction has only a small effect :
. i on the strain induced in the plate. However, the length of the
1 slipper would ccmplicate model construction, Therefore, the
length of the slipper which was considersd to affect the strain .-

field in one vertical plate was 3 inches.

o SR

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

the-track direction because the thickestephotoelastic plastic

1

l

|

3

y . available from manufacturer stock is 0.250 inch and the model
; of the vertical plate was to be 0.375 inch. To compensate for
i

|
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this distortion, it was only necessary for the applied load,
P, to produce similar stresses. Further, this magnitude of
applied lcocad in the mcdel 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 comkining

Equations 2.1.3 and 2.1.5. The result 1is

P m t2 (2.1.7)

Trhe primary purpose of this model is its response tc
tensile lnading so the stress is dependent on the tensile
area. This tensile area is the product (Lxh) where L is the
typical length dimension in the place normal to the *track
(this requires comgpiete gecmetric similarity in this plane),

and n is the aleng-the-track dimension. The product iLxh)

replaces t in Egquaticn 2.1.7. The stress predictior egua-
tion for the simplified mciel row bzeomes:

P b L
mom

o =c (2.1.8)
P_h L
P m mpPp

A similar analysis of the strain prediction equation re-

sults in the predicted strain for the simplified model being

e = EmPpBaaln

p m m mm
PmEphpr (2.1.9)
The model is full scale in the plane normal to the track

SO Lm/Lp is unity. The along-the~track scale factor is then

12




hm/hp, this factor must also be applied to the slipper section
of the nodel.

The three inch dimension of the slipper (before scaling
by hm/hp) was further scaled to make construction and handling
oif the model easier. This scaling was accomplished by the use
of & more rigid material for the slipper section than that used
for the vertical support plate. The scaling reproduced the
rigidity in bending cf the slipper by an appropriate length of
che more rigid material. The resulting expression for the

slipper length dimension, d, 1is

m m

d E h
d_ = E

{2.1.10)
m

ey

S5 F

The third design condition (um = pp) was neglected be-

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

Needed relationships for the photoelastic study are

<y - c.2=-g— {2.1.11)
K.n
T o= 5;— (2.1.12)
K_n
g = —g— (2.1.13)
. n = (31 - 02‘ % (2.1.14)

where < and ¢, are the principal stresses

p
<

T 1s the maximum shearing stress

13
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KO is the stress optical ccefficient
n is the observed fringe order
h is the model thickness
Gg 18 the stress value at a free boundary.
Equation 2.1.8 in terms of the shearing stress, 71, 1is
P thm

1 =1 RITT (2.1.15)

P m pmthm

Substituting equation 2.1.15 into 2.1.12 the following N

relationship is obtained between the shearing stress of the

prototype and the fringe order observed in the model

K n P
T _E (3.1.16)
m

g
E

t“l“'
'U’:'I

h
h_
p

For purposes of comparison of strength of the original
|and modified structures, it will be helpful tc define what
will be considered failure of the structure. The slipper
structure i1s constructed of annealed 4130 steel; and this mat-
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 dimensicnal similarity and the method of iaves-
tigation 1s photoeliasticity, failure will be based on maximum

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

the plane of geometric similarity.

14
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2.2 Model Design and Construction

The photoelastic plastic must be selected such thkau when
loaded the resultant mcdel will produce a fringe order which
will allow sufficient resolution for this application. The max-
imum 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

o]

"
Iu
w
o
tait=

by
=

w
wn
Q

l

{2.2.1)

g

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

between n and Ko becomes

o = 350
7KG

n = %2 (2.2.2)
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
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The photoelastic material selected should meet the above
criteria as well as be sutficiently rigid that the deformations
produced during model testing are not so great as to void the
validity of the model. Also, 1t is desirable that the materai.l
be easily machined and tuat 1t exhibit a minimal time edge
effect.

With these requirements in mind, the photoelastic material
selected was FSM-1 plastic made by Photoelastic, Incorporated.
It has a stress cptical 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. Egquation 3.l.5 is used to determine some of the require-

ments of the model slipper material selected.

4 = pmm (2.1.5)

Substituting the parameter of the plastic selected and reguiring
that the resultant along-the-track slipper dimension be approx-

imately 0,75 inches fcor cenvenience, this relzaticnship beceomes

(3) (340,000) (0.25)

.75 = E_0.375
s

or

E_ = 9.08 X 10° psi (2.2.3)

e




The material selected for the slipper section of the model
must have a modulus of =lasticity of approximately 9X105 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 moduius of elasticity of approximately 106 psi,
is vecry 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. Eguation 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 porticn 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 plastiés to dissimilar materials is

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

T

Plastic manufacturera had no recommendations of how to prcduce

A

. this bond.
Several different room cure epoxies were tested; all the
resulting bonds were very étrong in shear and all bonds failed

at very low tensile stress values at the surface of the photo-
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elastic plagtic. 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 forned by beveling the
flat cdge of the part and filling the resulting groove with the
bending 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
simpliified 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 photoelacstic

Qata was recordea using the Polaroid camera shown. Both the
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horizental and vertical lcads applied to the mcdel were pro-
duced using weights and a lever system. Figure 4 defines the
lcads applied to all models.

The loading at the lower end of the mcdel 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 this 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, the= metal plates were
replaced with plexiglas plates which inore closely models the
rigidity of the sled parts.

Application of the compressive locads 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 #nart in a manner similar to the stand-
ard technique used in applying a constant moment to a beam under
test Along with this locading technigque extreme care was needed
in placing the model in the lo=ding franie. Because of this
difficulty, the compressive data was not as heavily weighted as
the data obtained from the tensile loading.

The following section 1s a discussion of all the models
studied with particular emphasis on the final design and the

testing which lead to this design concept.
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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 medel 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 approximavely four and is just left of
the center in the photograph. This load condition will be used
as an example of how the failure loads of the original structure
were obtained.

To interpret this data equation 2.1,11 is used,

KnP Lh
c m
T = mm (2.1.11)
p 2 hum Lphp

Substituting values previously given one obtains

(40) (&) {P ) (1) (.25)
R S R VIR CETIR SR PSRN

~
]

-~
[]

0.60 P (2.4.1)
P

The viecld siress of the slipper .aeterial is 130,000
psi. This is equivalent to a shearing vield stress of 65,0C0
psi. Using this value of shearing stress in equation 3.4.1,

the maximum allowable force in the prototype,

Ppmax’ 1s
obtained.
- 65,000
pmax .60
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Ppmax = 108,000 poundés

This 13 the maximum vertical force that one of the twd
vertical supports plates can support before yield. If it is
assumed that each of the two support plates will carry an egual
portion of the ioad applied to the structure, the maximum allow-
able load 1s twice the above.

Usiny the above method of data reduction and the load de-
fini1tions 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 17T 2T C 1C 2C H
Failure

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

2.5 Modified Model Studies

Study of the original model i1ndicated 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 locat‘ons. These are located
approximately at 45° 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 pcssible 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 locads is approximately

as indicated in Figure 7 below.

Vertical Loading Horizontal Loading

Figure 7 Genecral State of Strain Induced in the tiodel
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The first approach to the design of a stress raiser to
meet the requirements was to use a through hole 1n the support
structure. Point A of Figure 7 was selected ¢35 the first loca-
tion to modify for installation of the sensc¢rs. 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 lcading 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 1n a bridge circuit reguires that adjacent gages of a
bridge be at the same temperacure.

The second throu
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-guarters of an inch above
the air deflector. The geometry of these Loles 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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Each of these six models had certalic chatacieristices 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 fiist;
however, their effect was considered to be excessive.

Due to the lack of success with this design concept of a
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 sign:ificantly 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
dinmples were formed by partially penetrating the model material
with a ball mili, advancing the tool a small horizontal dis-

tance and witndrawing 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 he 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 iight rays except 1n 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 investigation 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 wag constructed to investigate
the weakening effect of the discontinuities intrcduced.

The models instrumented with strain gages were designed
using the same techniques as for the photoelastic models. The
plastic of the photcelastic models was replaced with plexiglas
3/8 inch thick, which was the same thickness as the vertical
support plates of the suppcrt 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 foll strain gages,
and evaluated in a manner similar to that of the photoelastic
models. These three models had different hcorizontal 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 diameter spherical cutting end.
Strain gages were mounted on Loth sides of the plastic, to help
eliminate bending effects during testing. The eight gages were
connected in a 249  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 }ts backing and bonding
agent has the effect of locally reinfdrcing the area where 1t
is mounted. If, as in this case, the thickness of the plastic
is large compared tc the gage and backing thickness and the
plastic has a modulus of elasticity of the same order of mag-
rnitude 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 considezred.

These models were subjected to> the same loading conditions
that the photoelastic models were sukjected to. The loading

directions are defined in Figure 4. The output of the 240 4
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Figure 9. Model of Final Design.
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bridge was measured with a Budd strain indicator. This

instrument is calibrated in ue; 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 1in all the

eight strain gages. Throughout thae remainder of this paper,

the terms, units of indicator deflection and net strain are

used in this sense.

When 3z vertical load of 336 pounds was applied to the model

of Figure 9, the indicator deflection was approximately 1300 iec.
The response of the instrumentation was essentially linear with

the magnitude of the vertical load applied. The sensitivity of

the i1nstrumentaticin on the model to vertical load was then 336/

1300, or .258 lb/ict

Additicnal information obtained from this model was that
concerning the cross talk introduced in the vertical force in-

, Strumentation due to> a horizontal load. The horizontal load-

ing of the gaged plexiglas model produced a false output of the
vertical instrumentation eguivalent 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

nagnitude of loads expected, the false signal duc to horizontal
loading will not be sigrnificant.

The photoelastic model of this dimple design was made in

order to determine the amount of weakening caused by the dimples
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and was not geometrically similar to the modeled protetype.
The thickness of the model was .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 orugr to kXeep 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 1in
"the photoelastic model was tound to be 0.090 1inch.

Tpe‘d}mpled photoelastic model was studied in an identical
manﬁe; as previous models. However, 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 c¢f the dimpies, for reasons previously
state’'. Table IT shows a comparisoun of the prototype yield
strength obtained from the studies of the unmodified melel, and

the photoelastic model of the two dimple design.
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Taple 11 Comparison of Modilied and

Unmodit:ed Structure Strength

Yield Strength of Prototype

Pounds
Load Original Photceiastic
Location Mode]l Model % of Strength
T 216K 264K 118
1T 214K i?&K 82
2T 172K 132K 78
H 34K 38K 111
C 214K 172K 80
2C 172K 152K 88

T = percentages greater than 100% are uncza2rstandable when
it is considered tha. the modifications to the structure
chanced the state of strain in the entire structure. Also,
the position of the cpoxy slipper section of the model on the
track has some effect on the induced strain, and this pesiftion
varied from cne test to another.

The results (f these test

i

n

..... this design
would be satisfacteory from the standpoint of bridge linearity
and response to horizontal lcads and strength of the structure,
An adaitional factcer to be chocked from the results of the
model study was that of adequate bLridge out fo: the pro-
totype. In making this check, use must be made of the {ollou-
ing facts. The single plexiglas plate mcdels both of the
vertical plates of the protstype, and the instrumentation is
on both sides of the plexiglas, instead of only one side, as

will pe the case for the two vertical plates of the sliypper
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assemply 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 1a the dimple, the ocutput from the model bridge 1s
slight?ly reduced from the value it would be 1f all the vertai-
cf1 gages were mounted in dimples. When lcaded, this model *
in effect models both vertical plates of the prototype and the
model lcad 1s 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.
The 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 protctype 1is
e = EE:EEEEEEE (2-1.4)
Emehpr )

(4 5x10°3 (1200) (2 :1)9) (1) (.375)

)

(3x10 ) (336 (1)(.375)

u

This shows that the net strain in the prototype when sukject

to a vertical load oi 50,000 pounds 1s approximately 1400 Lt.
The output voltage for an initially balanced strain gage

bridge which has been unbalanced by inducing strain in the

gages 13

E = — (2.5.1)




where

EO is the cutput voltage

Es is the bridge voltage

F 1is the gage factor of the gages

€ het is the net strain induced in the bridge due to the

loading

Using the above value of strain and equation 2.1.5, the output
voitage in terms of the supply voltage when a ioad 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)
E :_____.i___
o 4

or, in terms of a vcltage ratio

E"o -4
=— = 7.5x10 er 50,000 pounds.
E
s
]
It was concluded that instrumentation of the prototype in

the manner 3just discussed would produce the needed transducer.
The modifications to the existing structure would not appre-
ciably weaken the structure, the instrumentation would have
sufficient sensitivity, it would give a linear output with the
apprlied vertical load, and it would be essentially insensitive

to components of load other than the desired vertical component.




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. Thesa 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 technigue cculd have been used to install the free fila-
ment wire gages. Flectrical properties of ceramic adhesives
deteriorate with increased temperature and the maximum oper-
ating temperature 1is 1000°F. The Rokide bonding is usable to
above 1500°F and its electrical properties are stable to this
temperature. Aiso, the Rokide bonding has superior dynamic
characteristics compared to those of the ceramic bonding tech-
nigue and the installation procedure using Rokide is less conm=~
plicated than with the ceramic bonding technigue., For these
reascns the Rokide flame spray bonding technique was selected
for installation of the sensors. The physical installation
of the sensor was performed at Holloman ARir Force Base by

their instrumentation 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..s0ors were then connected in a wheatstone bridge using nich-
~ome wire. This wire is usable to a maximum of 1700°r. The
phy¢ tcal connection of the wire to the ribbons of the sensor
was acccmplished by spot welding. The insulation used was
fiberglass sleeving. This sleeving is stable to about 500°F.
To tie 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
Mining Company was used.

e Rokide bond 1s 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 waterproofed. The waterproofing
selected and recommended by BLH was their "Barrier H." It is

'

a thermc setting barrier which 1s stable to 800°F and is oil
resistant. In this application, waterproofing reguired that
the mounted gages first be heated to 250°F to drive off all
moisture. Then the liguid waterproofing was applied and oven
cured at 600°F for several hou's.

The final lead connection was accomplished by f_.rst spot
velding constantan ribbon to the four nichrome wire leads from

the wvheatstone bridge. Standard shielded four conductor wire
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was then soldered to the constantan ribbon. The solder used
had a melting temperature of 450°F, but these solder joints
were located in the cylindrical section of the slipper assem-
bly where the temperature was not expected to ke 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. &s 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
cf the wire in constructing the circuit is required to mini-
mize temperature induced signel from the instrumentation.

The wiring is held in place by both the cover plates and
thermo-setting tape.

The along-the-track loading signal will be cancelled due
to the symmetrical loucations of the strain sensors of the
front and rear suppert plates. When the structure is loaded
in the along-the-track directicn, the active gages on one of
the vertical plates will be subjected to2 tensile strains
while the gages on the second vertical plate will be subjected
to compressive strains.

Figure 12 1s a photograph of the cumpleted transducer

with the front cover plate lying in the foreground.
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Figure 12.

Instrumented Structure.
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Figure 13.

Vertical Calibration.
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3.2 Vertical Ca’ibration
“he load on the prototype at the bottom of the struc-
turce was applied by use of a section of the sled track in a
manner similar to that used 1in the meodel tests. The load at .
the teop of the structure was applied to the assenbly by using *
the bolt circle notmally used for 4ttaching the fore ané aft
bodies of tue sled to the structure. Both tensile and com-
pressive loads were applied i1n this marner. Two different
icading jigs were constructed and used 1in the vertical cali-
bration. The reasons for this will ke discussed later. &All
vertical testing was conducted using a 60,0CC pcund universal

testing racnine. Flgure 13 shows photographs of the unit
under tension and compression testing. The loading iig in
these twe photographs was the first of the two constructed.
It consisted of twec vertical 1,/2 inch steel plates with a
3/4 incit plate welded ketween them, through which the load
was cransmitted.

This jig was bolted to the structure using grade 9 bclts
having a yvield strength of 130,000 psi. The bolts go through
the loading jig, the cover plates, and the instrumented struc-
ture. Bolts were tightened to a torgue of 15 foot pounds or
more prior to all tests.

The initial vertical testing indicated that for cyclic
tensile-compressive loading above 20,000 pounds, the signal
from the instruamentation produced an applled force-signal
curve resembling the typlcal hysteresis locop. A& skhetch of
this response is civen in Figure 14.
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The testing procedure uvsed 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 gzeroed.

3. A tensile locad of 50,000 puvunds was applied as shown
in Figure 13 in increments ¢f 10,000 pounds, the
indicator rsading recorded at each of these
increments.

Numerical valumss will be stated in order to clarify this
behavior. A 50,000 pound tensile load prouduces 1400 units of
responge. After removing the load, the indicator read -350
units. Application of a compressive load of 50,000 pcunds
gave an indicater reading cf =-1750 units. After removal of the
load, the indicator returned tco the original zero.

If the load following the applicat.on and removal of the

i

a .
ddbwd

a

I tenslle load had keen ancther tensile load, the in-

(7]

dicator reading at 50,000 pounds would have been 1400 again.
lUpon returning to no load, the zerc 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 loade as long a3 no compresgsive loads are
aprlied. The above response ia reversed i1f the loading se-
guence 1s reversed.
This type of curve is indicative of the behavior tor all
magnitudes of load from 20,000 to 590,000 pounds. 1he amcount

of hysteresis is dapendent of the magnitude of the maximun
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load applied and the curve does collapse to an approximate
straight line below maximum loads of 2,000 pounds. In-
formation. showing the degree of this hysteresis will bLe given
later. .

Considerable effort was expended in an effort to under-
stand this phenomenon and correct the 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 wiaich suggested that
either the slipper assembly or the lcading jig was yielding.
Several additional studies were made ir. order to understand this
phenomenon.

The loading jig was reinforced and tests conducted. This
did not produce any change in the response of thc unit.

A slipper assembly made of Vascomax 300 (an alloy with a
yield strength of 200,000 psi) was studied under load. 1t be-
haved as the instrumented structure he prototype was coated
with stress coat and the points of high strain were located.
Twenty of these high strain locations were instrumented with
foil strain gages. Under a lcad 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 lcad condition

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

cations the strain was of opposite sign to that induced by the
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appliec load. However, du: to the low values of strain at the
points believed tc be hLigh strain points, it was cencluded
that the failure of the strain gage 1lastrumentation to return
to the original zero was not due to yileld of the structure.

Impact testing was then initiated to determine if the be-
havior under dyaamic loads would be the same as for static
loads. The slipper assembly was bolted to the loading jig and
and entire assembly cvclicly loaded in tension only. Then a
37 pound weight was dropped on the assembly from a height of
14 feet. The irdicated force applied was approximately 50,000
pounds with a pulse duration of 0.7 milliseconds. This impact
load resulted in a zero stift equivalent to +11,000 pounds
which was approximately the zero shift encountered in static
testing when a 50,0006 pound load was applied. This result made
further study necessary.

Further ccnsideration of the character of this problem
led to the belief that the difficulty was relative motion be-
twveen the loading fixture and the slipper assembly. No slip-
paye WOuld nerus e+ Low 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 wnrough this pin. Extensive testing
was conducted usinyg this new loading jig. The results of this )
testing were essentially the same as those obtained with the
use of the first jig.
Although this testing did not result in any change of
the transducer's responce another i1mportant 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 lcadin¢ jig. But a factor of two \
in the rigidity of the two Joading 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 mountad in the same manner as with the loading
fixture attached. :
Since the difficulties encountered with the instrumen-
tation as indicatod by the presence of the hysteresis loop,
were the result of the sled design and not the instrumentation,
the calibraticn procedure taken was one to include a study of
the effect of 1oad reversal u.ad load magnitude on accuracy.
This procedure is described below.
The loading jig of Figure 15 was installed using new grade
9 kolts with 15 foot-pounds of torque. The lcading 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 applicd 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 Jig
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intervals of luvad not greater than 10,000 pcunds. The data
cotalned was then reduced in the manner previously discussed

Since the amou.ut ©f hystercsis increased as the pecak load
wag increased, it waz noocdsary wo usc a different sensitivity
factor for the different peak lcads. These sensitivity factors
were chosen such that the errors in the mecasured load would be
small at or near the peak loads.

The data obtainwva from this calibration procedure is given
il Tables 1I1I through VI. Included in these tables are the
indicator deflectionr, the sensitivity factor, the measured lcad,
the magnitude of the error in the measured load the the percent
error of the measured load.

Table V1I is a summary of Tables [II through VI. The er-
rors shown 1n Table VII are the maximum that occurred through-
cut the loading sequence. Wi%h these tables and Figuue 10,
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. 1In Table VII, the percent
..... in many Ccases are quite high; however, the magnitude of
error relative to the maximum loai 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 should have a
tolerance of 1% or better.

In addition to vertical calibration, the unit was sub-
jected to off-axis lcading in the plane perpendicular to the
sled track and aleng-the-track loading.
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Table ILI _Calibrat:on for 20,000 Found Maximum Force

Sensitivity Factor = 27 Pounds/Unat of 1lndicator-Deflecticn
Force
Applied Measured
Pounds Indicator- Force Error %
(x1000) Deflection Pounds Pounds Error
-5 -140 -3780 -12290 -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 A
0 +40 +10680 +10890 -—-
-5 -150 -4050 -950 -19
-10 -350 -9450 -550 -5.5
-15 -550 -14850 -150 -1
-20 -740 -2000C 0 0
-1 -560 -15100 +100 +1 ’
-10 ~360 -9700 -300 -3 '
-5 -150 -4050 -950 -19
0 +40 +108C +1080 ---
5 +240 +6450 +1450 +29 .
10 +420 +11350 +1350 +13.5
5 +240 +6450 +1450 +29
o +40 ~1ngd +1080 -—- .
5 +230 +5250 +1200 +2
10 +410 +11080 +1080 +10.8
15 +570 +15400 +409 +2.7
20 +710 +19200 -800 -4
15 +550 +14850 -150 -1
10 +370 +10000 0 0
+180 +4860 -140 -2.8
-3C -810 ~810 ---
5 +150 +4050 -950 -19
10 +330 +8900 ~100 -1.0

24




Table 111 - Continued

r'orce
Applied Measured
Pounds Tndicator- Force Error 8
(x1000) Deflection Pounds Pounds Error
15 +520 +1405¢0 -950 ~6.3
20 +700 +18900 -11060 -5.5
15 +540 +14600 -400 ~2.7
1¢ +370 +10000 0 0
5 +180 +4860 -140 -2.8
0 -20 ~-810 -810 -——
-5 ~230 ~6200 +1200 +24
-13 -41aQ -11089 +1089 +10.8
-5 ~210 ~5670 +670 +13.4
0 ~-30 -810 -810 ~=-
-5 =210 -5670 +670 +223.4
=10 -410 -11080 +1080 +10.8
-15 ~59¢ -15900 +900 +6
-20 ~760 -<0500 +500 +2.5
-15 ~570 -15400 -400 -2.7
-10 -370 -10000 0 0
-5 -170 ~459¢Q -410 -8.2
Y +30 +810 +810 -
-5 -150 ~4050 ~3350 -19
-10 -360 -9700 ~300 -3
=15 -550 -14850 -150 -1
-20 -750 -20200 +300 +1.5
=15 -270 -15400 +400 +2.7
-10 ~370 -10000 0 0
-5 ~160 -4320 ~-680 -13.¢
0 +30 +810 +81¢ ---
5 +220 +59490 +940 +18.8
10 +410 +11050 +105¢0 +10.5%
15 +580 +15650 +650 +4.3
20 +730 +19700 ~300 ~1.5
15 +550 +14850 ~150 -1

R N

o




- e er——y - ——————

Table IV - Continued
Frice
Applied Measured
Pounds Indicator- Force Error %
(x1000) Deflection Pounds Pounds Erxcr
0 -80 +2480 +2480 -—-
-5 -27¢0 -8370 +3370 +66
-10 -470 -14600 +4600 +46
-15 -660 -204590 +5450 +36
-20 -810 -25100 +5100 +26
-25 -930 -28800 +3800 +15
-30 -1050 -3250¢C +2500 +8.3
=25 -860 ~-26600 +1600 +6.4
-20 -670 -20800 +800 +4
-13 -470 ~14600 =400 -2.6
-10 -270 --8370 -1639 -16
-5 -80 -2480 -2520 ~-50
0 +100 +3100 +310%8 -—-
-5 -5 -2790 -2210 -44
-19 -290 -90006 -1000 -10
-15 -480 -14900 -100 -1
-20 -680 -21000 +1000 +5
-25 -880 -27200 +2300 +9.2
-30 -1069 ~32800 +2800 +9.3
-25 -8R0 -258700 +70¢ +2.8
-20 -660 -20500 +300 +2.5
-15 -470 ~ =-14500 -300 -3.3
-10 -270 -837¢ -1630 -16
-5 -70 -2170 -2830 -56
0 +100 +3100 +3100 -
5 +290 +3000 +4000 +80
10 +4490 +13600 +3600 +36
15 +570 +17700 +2700 +18
10 +380 +11800 +1800 +18
5 +190 +5900 +90¢C +18
0 -20 -620 -620 -——
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Table 1V« Continued
Force
Applied Measured
Pounds Indicator- Force Error §
{x1000) Deflection Pounds Pounds rror
5 +180 +5570 +570 +11 ¢4
10 +370 +11500 +1509 +1
i5 +560 +17300 +2300 +13
20 +680 +21100 +110Q0 +5.5
25 +800 +24800 ~-200 -1
30 +910 +2820¢C ~1800 -6
25 +740 +23000 -2000 -8
20 +570 +17700 -2300 -11.5
15 +390 +12100 2500 -1
10 +200 +6200 -3B00C -38
5 -10 -310 -4690 -94
0 -200 -620" -5200 —-=-
-5 -360 -3110% +610C +120
-10 -520 -lgloc +6100 +61
-i5 -600 ~318530 +36C0 +24
=290 -800 = 24850 +4800 +24
-3 =930 ~ 28800 +3800 +15
-30 -1060 -329¢0 +2300 +9.7
=25 -&70Q ~-27030 +2000 +8
-20 -670 ~oCEOD +80¢ +4
-15 -480 ~149060 ~10¢0 -1
~10 =280 -S0G06 ~1000 -10
-5 -80 -2480 -2520 ~54
G +90 +2790 +2790 -
5 +280 +BE8C +3680 +73
10 +430 +13300 +3300 +33
15 +560 +17300 +2300 +15
20 +670 +20800 +800 +4
25 +790 +24500 -500 -2
30 +900 +27900 -210¢ -7
25 +730 +22700 -2300 -9
59
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Table IV - Continued

Force
Applied Measured
Pounds Indicator~ Force Error % 2
(x1000) Qgglectlon Pounds Pounds Error
20 +560 +1726G0 ~2700 -14
15 + 380 +11800 - -3200 -21
10 +180 +5.190 ~-4430 -44
5 N -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
Applied Measured
Pounds Indicator- Force Error $
{x1000) Deflection Pounds Pounds Error
10 +400 +12800 +2100 +28
20 +720 +23000 +3000 +15
30 +970 +31000 +1000 +3
40 +119%0 +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 +17560C -24090 -12
30 +890 +28500 -1500 -5
40 +1180 +37800 -2200 -5.58
30 +840 +27900 -2100 -7
20 +490 +15700 -4300 -21
10 +120 +3840 -6160 ~62
0 -210 -6720 -6720 -——
-10 -5lc¢ -163060 +6300 +63
-20 -780 -25000 +5000 +25
-10 -400 -12800 +2800 +28
0 +40 +1280 +1280 ---
-10 -390 -12500 +2500 +25
-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 -3220 -39
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Table V - Continued

Force
Applied . Measured
Pounds Indicator- Force Error )
(x1000) 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 +6400 +6400 -—-
10 +430 +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
-0 -1000 -30C00 c 0
-40 -1270 -4064Q0 +600 +1.5
-3C -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 YV - Continued
Force
Applied Measured
Pounds Indicator- Torce Error %
(x1000) Deflection Pounds Pounds Errxors
30 +860 +27700 -2300 -7.7
20 +520 +16650 -3350 -17
10 +130 +4150 -5850 -58
0 -200 -640C -£400 -—-
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\
: Table VI Calibration for 50,000 Pound Maximum Force
Sensitivity Factor = 35 Pounds/Unit of Indicator Deflection
Force
Applied Measured
Pounds Indicator- Force Error %
(x1000) Deflection Pounds Pcunds Error
10 +400 +14000 . +4000 +40
20 +720 +25209 +5200 26
30 +970 +33900 +3900 +13
40 +1200 +42000 +2000 +3
50 +1360 +47600 -2400 -4.8
40 +1020 +35700 -4300 -11 7
30 +680 +23800 -6200 -21 \
20 +320 +11200 -88C0 -44
10 0 0 -10000 ---
0 -390 -10500 -10500 -—-
10 +390 +3150 ~-6850 -68
20 +450 +15750 -4250 -21
30 +800 +280C¢C -2000 -7 ,
g 40 +1080 +37800 -2200 -5.5
50 +1350 +47200 -2800 -5.6
' 40 +1010 +35300 -4700 -12
30 +680 +23800 -6200 -21
20 +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 +6200 +31
-30 -1060 =37100 +7100 +24

64

il




Table VI -~ Continued

Force
Applied Measured
Pounds Indicator- Force Error 3
(x1000: lPeflection 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 -7050 -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 +25200 +5200 +26€
25 +820 +28700 +3700 +14.8
20 +640Q +224G0 +2400 +12
10 +260 +9100 ~-900 -9
Q ~120 -4200 -4200 ---
la +270 +9450 -550 -5.5
20 +640 +22400 +2400 +12
30 +920 +32200 +2200 +7.4
40 +1130 +39509 -500 -1.3
50 +1330 +46500 ~3500 -7
40 +1000 +25000 -5000 -12.5
30 +660 +23 .00 -6900 -23
20 +320 +11.00 -8800 ~44
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Table VI- Continued

Force
Applied , Measured
Pounds Indicator- Force Error )
(x1000) Deflection Pounds Pounds Error
1¢ -10 -350 -9650 -96
0 =290 -10150 -10150 -——-
-10 -560 -19600 - +9650 +96
=20 -790 -27700 +7700 +38
-30 -1020 -35700 +5700 +19
-43 -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 -

66




Table VII

Summary of Vertical Calibration

Maximum ILoad Load Magnitude of Error 3
Pounds 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 i
+20K -1100 500 -5.5 +2.5 )

+ 30K 0 -6200 2800 --- :
+10K -4400 6100 -44 +61
+20K -2650 5100 -13 +25
+30K -210¢ 2900 -7 +9.7

+ 40K 0 -6700 6400 --- \
+10K -7120 5300 -71 453
+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 i

+50K -3500 4200 -7 +8.4 :
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Table V1II.

System Calibratioun Data

Maximum Load Rcal Across Indicatgr- Indicated
Pounds ohms Leads Deflection Feorce
Pounds
20,000 1Meg Red .30 3510
500K and 262 7060
200K wWhite 653 17600
1Meg Red -130 -3510
500K and -2062 -7060
200K Black -653 -17600
30,000 1Meg Red 130 4030
500K and 262 8120
200K White 653 20600
100K 1304 40400
1Meg Red -130 -4030
S00K and ~-262 -8120
200K Black -653 -20600
100K -1304 -40400
40,000 1Meg Red 130 4160
S00K and 262 8375
200K White 653 20900
1u0K 1304 41700
1Meg Red -130 -4160
500K and -262 -8375
200K Black -653 -20900
100K -1304 -41700
50,000 1Meg Red 130 4550
500K and 262 9175
200K White 653 22850
100K 1304 45600
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Table VIII. (continued)

Maximum Load Rcal Across Indicator- Indicated %

Pounds N Leads Deflection Force E:

chins p : =

ounas ]
50,000 1Meg Red -130 -4550
S00K and -262 -9175

200K Black -653 -22850 g

100K -1304 -45600 %
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3.3 off-axis Loading

A loading frame was constructed to apply off-axis and
alona-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 tensian 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 locad 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 calibracion
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 locading 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 the rear of the sled and applied
at the slipper by both friction between the slipper and the
track and by the aerodynarmic drag on the wings of the slipper.

The sensitivity used for ail data reduction in this section
is that used for the 0,000 pound vertical calibration. Due
to the simplicity of the data reduction, the indicator deflec-
tions are not giver. Taple IX is & summary of the off-axis
calibration. The errors given here are due only to the horizontal

components applied, as the magnitude of loads applied were not
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Figure 17. Ori-Axis Loading Frame.
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Table IX PResults of Off-Axis Load Tests

Load Load Components-Pounds Vertical ]
Number Applied Horizontal Vertical Measured Error
Pounds Pounds
8 5K -1280 4830 5290 9.5
10K -2560 9650 10600 9.7
15K -3840 14490 15300 5.5
20K -5120 19320 196060 1.5
-5K 1280 -4830 -4650 -3.7
-10K 2560 -9660 -9450 -2.2
-15K 3840 -14490 -13700 -5.4
-20K 5120 -19320 -18100 -6.2
2 SK 1280 4830 5120 6
10K 2560 9660 10100 4.
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
10K 5000 8660 9550 10
15K 7500 12990 13900
-5K -2500 -4330 -4550
-10K -5000 -8660 -8700
~15K -7500 -12990 -12650 -2.7
3 SK 2500 4330 4750 9.7
10K 5000 8660 9270 7
15K 7500 12990 13150 1.2
-5K -2500 -43139 -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 e7
4K 4K 0 145
5K 5K 0 174
6K 6K 0 174
7K 7K 0 0
7 1X 1K 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 hydraulaic
cylinder 1s in compression.

It is seen 1in 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 lcad. 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
1t 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 icading. On first
loading the along-the-track did produce a false signal egual
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. 1In use
the along-the~track force will vary, but it will always be in
one direction. Alsc, it will be applied simultaneously with
vertical and horizontal components of load. Due to the lack of
knowledge of the magnitudes of this lnad component in use, the

effect of this behavior cannot be evaluated.
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Applied Load

Table X Along-the-Track Loading

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 -—-
400C 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 segquence 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 pe when
the prototype 1s subjected to a 50,000 pound vertical load.

When the prototype was subjected to 50,000 p~unds, the in-
dicator deflection was approximately 1350 pe. Table X shows
these values. It 1is noted that when the load was -50,000
pounds, the indicator deflection was approximately -1550 ue.
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 1ndicator deflection of approximately 1700 rc. The model
predicticn 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 7Table 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 egual to 16% of the
applied load. Corresponding values for the prototype fiom Table
IX, loads 7 and 13 are 7.2%.
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4 - PROTOTYPE INSTRUMENTATION - TEMPERATURE 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 cof the gages and the possible effect on the
bridge output. The sensor selected for use was a resistance
thermometer manufacturced by BLH Electronics, their part num-
ber RTP-28F-5.

This sensor has the same general appearance as the
strain gage being used, in that it is a free-filament type.
However, it was larger, the grid size being 3/32" x 1/4",
and the filament was made of platinum. The resilstance at
70°F .:zs 50.8 + .1 ohms. Two of these resistance thermometers
were mounted on the front plate of tie slipper assembly, one
, each immediately above each dimple. The mounting technique
used was the Rokide process.

Measurement ¢f temperature with these sensors reguired
a knowledge of how the resistance changed with time. Two
channels were available in the sled instrument package for
making these measurements, and e2ach 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 1UCOYF,
so the output of the system would be within the range + 2.5v

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-
guirements: 1) the bridge unbalance in voltage be within
the required limits for the temperature range of interest,
and 2) the bridge cutput be linear with respect to temper-
ature over the required range.

Figure 19 defines the guantities used in the eguations
reguired in the Qevelopment ©f a circuit to satisfy the
above reguirements. The eguation for the output voltage
e, for an initially balanced bridge 1s given by

LR=R, 4 -R, &
o R LR,=R,LR) RyLR,~R, 2R,

- +
E 2 \ 2 K :
(Rl+R2) +(R1+R2)(uRl+AR2) (R3+R4) +(R3+R4)(AR3+QR4)

For this temperature circuit, R; will be the resistance
thermcmeter, and R,, R3, and R, will be fixed resistcrs. The

above equation then reduces to

- A
E 2 .
(Ry+R,) +(R1+R2)uRl
since aRz = AR3 = AR4 = 0.
)
If N is large, say 100, then the eguation may be put in
1

the form

Mol AR e

[

Wrawn



ey AT

. -

Bridge Circuit

Figure 19.
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The second term in the denominator is the one which

makes the circuit nonlinear.

For the resistance thermometer

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

is 2.743

! R

so =2 at 1000°F would be 1.74. Computation then

1

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

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

R, would be 502 from the condition for an initially balanced

bridge.

In order to utilize the full range of the telemctry

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, ccmpu

24620 for 24 volts excitation,

he output would ke about -240mv at 707F was

Computation also showed that

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

perature of 1000°F.

These values for ocutput satisfied the

first regquirement previously mentioned for the bridge.

Therefore,

for use

Ry

-~

R,

R

-
<2

were as
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R, = 500

E

I

24 volts.
When the actual resistors were selected for use in che
bridges, these nominal values for R, and R, were not easily
found. Thu actual value of these resistance:s used in the
circuit were 49c¢0 for R2 and 2410.: for R3.
In the construction of the actual bridges, the resis-
tances other than the sensors were potted in epoxy 1in a
phenolic mounting board. This was done to minimize the
possibility of damage for the circuit from the vibraticn
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 otf 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 tempcrature for the calibration test was
79°F and the final temperature was 390°F. Figure 20 shows

plots of the data obtained.

82

-
s mas il

L JT P PP




220 A N
© Bridge cxcitation: 24V
- . '».\ )
T \\ C  Lata Focints

200

1

| \Q

AN ~= >
150 \ clrcult 2
\\
AN
\\ AN
AN

>
E \_ A
" I circuit 1 N
2 \
o 10 T AN N
3 \\ <
3
° :
A .
: '
=120
‘ " C
N
\
N\ N,
I & .

5
e
/

. i
| -
70
)C /
S —_— — ————————
o ¥, ) . , ]
7o 10¢ 150 209 250 305 35

Temperature, °F

Figure 20. Temperature Circuit Calibration Curves.

(]



Calibration of the circuitry and data records may be
done with calikrate resistors, in a manner similar to that

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

mation.
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Table X1. Calibration of Temperature
Measuring Circuits

Calibrate Output, volts Change in Qutput, Temperaturc :
Resister, T m T volts T Change, §
- ohms 1 2 1 and 2 °F .
« -.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

lThe calibrate resistor 1s to be placed across the black and
red leads.

2The reference temperature for this calibration table ig 78°F,
The temperature during calibration should be recorded. If it
.18 not 79°F the LT for the Rcal should be added to the actual
temperature.




5 - CONCLUSIONS AND RECUMMENDATIONS

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:

l. 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. 7

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 z2=ro 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 lcad of interest, and the recent
past load history.

5. If the system is subjected to only a uni-direccional

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

There is one topic regarding this 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 guestion

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 wnich can be

‘made as a result of this work. In the event other sieds 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 lcaded 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-

guired 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 1lb. in the vertical
direction, +7,000 1lb. in the cross-track direction, and to
+4,000 1k, in the along-the-track direction. In addition,
it was subjected to a wide rénge of combined loads. Figure
22 defines the varicus 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 valuves were computed using a sensitivity factor which
was determined from the data cf 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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Trowsducer units

wy £ (NY
(M)

Note: l. Letter identifies the loading condition.

2. The loading condition with the letter in
parentheses is run with the two transducer

units notated in the fixture 90° from that
shown,

Figure 22, Loading conditions for the Tech-2 Transducer
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Table XII.

Pata and Results for Initial Tests

on Tecn-2

Transducer

Reading Indicated Force Vertical Force
Load A B A B Meas. Applied % Error
20090 -47 5 -144 15.3 -128.7 0 ---
4300 ~74 32 -226 u8 -128 0 -—-
6200 -84 65 -229 199 -89 0 ---
7000 -109 74 -334 226 ~108 0 -—-
-2000 47 5 175 18.6 193.6 0 ---
-402¢C 87 14 360 52 412 0 ---
-€9300 142 24 530 85.6 615.6 0 -~-
-7000 162 34 605 127 732 0 -=-
2000 54 92 165 282 447 765 -41.5
4000 137 220 420 675 1095 1530 -28.4
6000 233 352 715 lug0 1795 2300 -22.0
8000 338 505 1030 1540 2570 3060 -16.0
-200v -52 095 -194 -354 -548 -765 -28.14
-4000 -1317 -190 -435 -706 -1141 -1530Q -25.2
-6000 -189 -234 -705 ~1095 -1800 -2300 -21.8
-8000 -265 410 -985 ~1530 -2516 ~3060 -17.8
2000 148 184 452 562 1014 1410 -28.1
4000 325 400 985 1220 227 2839 -21.8
6000 510 631 1560 930 34 . 4240 -17.7
8000 15 B76 2190 2680 48. . 565¢C -13.8
900 £85 1073 2200 3280 €180 6720 -8.C
-2000 -142 -171 -528 -636 ~1164 -1410 -177%
-4000 -305 =350 ~-1160 -1300 ~-24¢60 ~2830 ~13.2
-6000 -477 -537 -1770 -2000 -3770 -4240 -11.1
~8000 -643 -736 ~-2390 -2780 -5770 -5650 -8.5
-9500 -787 -890 -2930 -3310 -6240 -6720 -7.15
3000 341 370 1040 1130 2170 277¢ -21.6
6000 722 79C 2210 2420 4630 55590 -16.6
9000 1132 1232 3460 3760 7220 8310 -13.z2
12000 1580 1716 4840 5250 10099 11100 -9.1
13500 1822 1974 5570 6050 11620 12500 -7.0
-3000 =-323 -340 -1200 =1265 -2465 -2770 -17.0
-6000 =~-674 -707 -2500 -2620 -5120 -5550 -7.75
=9000 -1032 -1070 -3840 -399% -7320 -8310 -5.9
-12000 ~1402 -1452 -5200 -5400 -10600 -11100 -4.5
-13500 ~1582 -1638 -5900 -6110 -12000 -12500 -4.0
5000 668 659 2040 2010 4650 5000 -1.0
10000 1480 1470 4525 4500 9025 10000 -.3
15000 2355 2347 7200 7180 14380 15000 -.4
20000 3272 3272 10000 10000 20000 200350 0
-5000 -628 -619 -2340 -2300 -4640 ~500C¢ -7.2
-10J00 -1320 -1273 -4880 -4740 -9620 -10000 -3.8
-15000 -2030 -1970 -7550 -7450 -150960 -15000 ¢
~19000 -2600 -2525 -3650 -9400 -19059 -19000 +2.6
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Takle XII. (Continucd)

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

F 3000 392 365 .12nC 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 10630 111¢Q -4.0
13500 2080 1936 6350 5920 12270 12500 -1.8
-3000 -366 =326 -1362 -1210 -2570 -277¢ -7.2
-6000 -738 -€36 =-2750 -2430 -5230 -5550 -5.75
-9000 -1150 -1030 -4280 -3840 -8120 ~8310 -2.3
-12000 -1615 -1432 -5000 -5340 ~-11340 -11100 +2.14
-13500 -1835 -1645 -6825 -6125 -12950 -12500 +3.60

G 200¢ 201 175 615 538 1150 1410 -18.4
4000 418 375 1230 1145 2425 2830 -14.5
6000 658 590 2020 1800 3820 4240 -9.9 y
8000 925 825 2830 2520 5350 5650 -5.3
9500 1145 1l0le 3500 3100 6600 6720 -1.8

-2000 -200 -le62 -745 -605 -1350 -1410 -4.25
-4000 -400 -325 =-1490 -1210 -2700 -2830 -4.6
-6000 -608 -500 -2260 -1860 -4120 -4240 -2.84
-8B000 -840 -695 -3120 -2580 -5700 -5650 +.89
-950C -1060 -872 -3940 -3250 -7190 -6720 +7.0

K 2000 124 85 380 324 704 765 -8.0
4000 264 195 810 595 1405 1830 -8.2
6000 430 323 1320 995 2315 23090 +1.65
8000 608 440 1860 1345 3205 3040 +4.7

-2000 -122 -81 -460 -302 -752 ~7€5 -1.7

-4000 -244 -160 -910 -595 -1505 -153¢C -1.6
¢« -6000 -364 -238 ~-1355 -885 -2240 -23¢0 -1.1

-8000 -545 -350 -2625 -1300 -3325 ~3060 +8.65

I 1090 3 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 S8 107 0 -—-

-1000 -11 +11 -41 41 0 0 -—~-
-2000 -12 +i6 -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 -—-

J 1000 50 54 153 l6S 318 380 -16.3%
2000 98 1Cc4 300 318 618 76¢% -19.3%
3000 150 158 46C 455 945 1150 -18.7
4500 230 244 7058 746 1451 1720 -15.6

-1009 -44 -46 -164 -173 -337 -380 -11.3
-2000 -84 -92 -320 -343 -653 =765 -13.4
-3000 -128 ~-136 -476 -505 -981 -1150 -14.7
-4500 -180 =210 -706 -782 -1488 -1720 -13.5
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Load

2000
4000
5500
-2000
-4000
=5500

2000
4000
6GC00
8000
~2000
-4000
-600¢C
-8000

5000
loooeo
15006
20000
=-500¢
106000
15000
19000

2000
4000
6000
800G
=2000
-4000
-6000
-8000

1000
2000
4000
5500
-1000
-2000
-4000
-5500

1000
2500
3000
4000
4500
-1000
=2030
-3000

~4500

Tablce XII.

(Continued)

Reading Indicated Force Vertical Ferce
A B A B Meas. Applied § Error
158 184 484 564 1048 1410 ~25.6
322 380 985 1160 2145 2830 -24.2
460 546 1410 1670 3080 3890 -20.8
-170 -168 -634 -625 -1259 ~1410 -21.4
-322 =338 -1200 -1260 =2460 -2830 -13.2
-444 =475 -1650 -1770 -3420 -3890 -12.2
213 233 652 713 1365 1850 -26.2
432 469 1320 1430 2756 3700 ~25.6
664 730 2000 2240 4240 5550 -23.6
928 1015 2840 3100 5940 740C -19.7
-210 -224 -780 -835 -1615 -1850 <12.7
-414 -440 -1540 -1640 -3180 -3700 -14.0
-622 -662 -2320 -~24€0 ~4780 -5550 -13.9
-832 -896 =-3100 3315 -6415 -7400 -13.3
580 646 1780 1969y 3760 5000 -24.38
1238 1394 3980 4260 8240 10000 -17.6
2090 2296 6400 70006 13400 15000 -10.7
2940 3090 9000 0450 18450 20000 -7.75
~-856 -598 =-2060 -2220 -4280 -5000 ~133
1126 -1214 -4180 -4525 -8705 -10000 -12.95
1728 ~1844 -6425 ~6860 -13285 -15000 -11.4
2224 -23%6  -8300 -8750 -17050 -19000 -10.3
204 236 625 721 1347 1850 -27.2
418 476 1280 1460 2740 3700 -25.9
660 732 2020 2040 8260 5550 -23.3
936  1¢lé 2860 3200 5960 7400 -19.°
-207 -2i0 -770 -780 ~15%0 ~1850 T2
-420 -418 -1560 ~1558 -3118 -3700 -15.7
-636 -624 =-2370 -2120 -4590 -5550 -15.5
-876 -660 -3260 -3200 ~LEET -7400 -12.7
84 84 257 RIS 514 707 -27.3
164 136 50 504 1006 1410 -28.7
336 342 3030 1048 2078 2830 -26.6
484 488 1480 1490 2970 3890 -23.6
-78 -86 -290 -320 -610 -797 -13.7
-152 -168 -565 ~625 ~1190 -1410 -15.6
-300 -322 ~-1120 -1200 -2320 -2830 -18.0
-432 -452 -1610 -1680 -3290 -3890 ~15.4
42 50 128 153 281 380 -26.0
83 102 254 132 566 765 -26.0
128 1:4 392 3470 662 1150 -25.0
176 204 537 625 1162 1490 -21.0
i98 229 605 700 1305 1720 ~-24.2
-44 -44 -164 -164 -328 -380 -13.7
~86 -86 -320 -320 -640 -7€5 -16.4
-124 =126 -460 -470 -a30 -1150 -19.2
-186 -182 -690 -680 -1370 -1720 -20.2
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than desirable. However, in the event it becomes necessary
tc use 2 set of transducers instrumented in this way, cali-
brate resistor information was taken, and this 1s given in
Table XIII.

Since the errors in the initial cdesign 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 1in Table XIV. Comparison
of the errors for the initial and revised design shows some
imprevement. Specifically, for the combined loads involving
¢ nross-track component, the revised design shows improve-
mernt when the crcss track component is small, but scme loss

of accuracy is observed for loads having larage cross-track

components. For the lcocad conditions involving along-the-
track compenents, there is significant improvement for all

but one geometry, and this is the one having no vertical
component.

While the improvement in the accuracy of the transducer
was not obtained for =acn Joading ccndition, overall improve-
ment was obtained. Conditions for which there was no im-
provement were tne ones for which the vertical component was
small and errors for these conditions are not as important.

The calibrate resistor information for the transducer
with the revised instrumertation design is given .n Table XV.
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akle XIII. Calibrate Resistor Data on Tech-2 Transducer -
Initial Instrvmentation. Strain Gage Bridge

Design.
R .
cal 1 Lguivalent
Unit ohms Location >
Force
A 30,000 BE and a - 7,5C0
20,020 BE and & -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
20,000 G and KL + 6,000
20,000 G and KL + 9,000
10,000 G and XL +18,000

The location c¢f the calibrate resistor is specified in terms
of the lecad wire identification code given on Geodyear Aero-
space Corp. drawing number 345N-110.

Positive force indicates tension; negative indicates compres-
sion.
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Table XIV. Data and Results for Tech-2 Transcducer 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 16 195 175 350 0 -—-
-4000 34 22 374 242 616 0 -—-
-6000 62 21 680 352 1032 ¢] -—-
-7000 76 30 835 330 1165 0 —-——

B 2000 25 26 277 277 5538 765 =27
4000 50 50 535 S35 1070 1590 -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

Cc 2000 64 64 685 685 1370 1414 -3
4G00 122 122 1310 1310 2620 2818 -7
6000 176 176 1880 1880 3760 4242 -13.7
8000 240 240 2570 2570 5140 5656 -9
95900 282 282 30200 302900 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
-B00D =210 -210 -2310 ~2310 -4620 -5656 -18
-9500 -248 -248 -2730 -2730 -5460 -6720 -19

p 3000 132 132 1410 141 28206 2759 2.5
6000 254 254 2720 2720 5440 5500 1.1
9000 364 364 3900 3900 7800 8250 5.5

12000 5lé 516 5520 5520 11040 119000 .36
13500 558 558 £970 5970 1194¢ 12400 -3.7
-3000 -124 -122 -1370 -1340 -2710 -2750 ~-1.4
-6000 -248 -238 -2730 -2620 ~5350 -5500 -2.7
-9000 -352 -3490 -3870 -374¢ -7610 -8250 -8
-12000 -476 -460 -5240 -5060 -10300 -119000 -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 10000 0.5
15000 724 690 7750 7390 15140 15000 1
20000 958 912 10650 97590 20000 20000 0
-5000 -2t6 =236 -2770 -2480 -5250 -5000 -5
-10000 -476 -446 -5200 -4300 -10100 -10C00 -1
-15000 -696 -664 -7660 ~73090 -14960 -15000 =
-20000 -934 -8% -10300 -9800 -20100 =-20000 -0.5
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Reading Indicated Force Vertical Force
lLcad A B A B Meas. Applied & Error
3000 150 142 1600 1520 3120 2750 13
6000 294 274 3140 2930 6070 5500 10
8009 426 394 4550 4210 8760 8250 6.2
12000 574 528 6140 5650 11790 11000 7.2
13500 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 -4300 -8850 ~-8250 7.2
12000 =542 -518 ~5970 -5700 -11670 -11000 6
13500 -610 -576 -6700 -6340 -13040 -12400 5
2000 84 82 900 877 1777 1414 25
4000 164 154 1750 1650 3400 2828 20
6000 246 226 2630 2420 5050 242 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
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 -293¢ -2350 27
-8000 -184 -160 -2050 -1760 ~-3810 -3060 25
lo000 0 0 o . 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 Sé 2 -—-
-2000 -10 21 -110 230 120 0 -—-
-3000 -16 30 -176 330 150 0 -—-
-4000 -20 36 -220 400 180 0 ---
1000 18 12 193 127 320 380 -15.7
2000 42 24 450 257 707 765 -5.8
3000 2 40 €65 430 1095 1150 -3.9
4500 g2 76 1020 810 1830 1720 6.4
-1000 ~-16 -8 =176 -88 -264 ~380 -30
-2000 -3¢ -20 =400 -220 -620 -765 -19
~=3000 -5S6 -30 -615 -330 ~945 -1150 -17.7
~-4500 -8¢ -46 ~945 -505% -14%0 -17290 -15.7
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Table X1V,

{(Continued)

Reading Indicated Force Vertical Force
Load A B A T Meas. Applied & Error
2000 72 56 770 600 1370 1414 -0.3
4000 142 112 1520 1200 2750 2828 -0.3
5500 200 152 2140 16390 3770 3890 -0.3
-2000 =72 -56 =790 =615 -1405 -1414 0
-4000 -14¢ -144 =1540 -1210 ~2750 -2828 -3
=5500 -194 -144 -2140 -1580 -3720 -3890 -4.5
2000 86 §6 920 920 1840 1850 0
4000 170 160 1820 1710 3530 3700 ~4.6
6000 262 240 1800 2560 5360 5550 -3.4
8000 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 =Z410 -5550 -2.5
-B000 -336 -314 -3450 -3700 -7150 -7400 -3.4
5000 234 220 2510 2360 4870 5000 -2.6
10000 474 442 5680 4740 9820 10000 -1l.8
15000 716 674 7620 7200 14820 15000 -1.2
20000 750 898 10230 9620 19820 20000 -0.9
-5000 -208 -230 -2230 -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
2000 80 88 855 940 1795 1850 -3
4000 160 172 1710 1840 3550 3700 -s
6000 240 260 2570 2780 5350 5550 -4
8000 320 350 3420 3740 7160 7400 -3
-2000 -86 ~86 -9453 -945 ~1890 -1850 -2
-4000 -160 -~16%8 -17¢¢0 =1850 -3610 -3700 ~2.4
-6000 -236 -250 -2600 -2750 -5350 -5559 -3.6
-8000 -314 -32¢ - 3450 -359¢ -7040 -7400 -5
2000 54 70 575 750 1325 1414 -0.6
4000 110 140 1189 <2 2680 2828 -0.5
5500 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
-3500 ~142 -182 -1560 -2000 -3560 ~3890 -8.5
1000 10 20 110 220 330 380 -15.7
2000 22 40 236 430 666 765 -12.9
3000 36 60 385 642 1027 115¢ -10.7
4500 56 92 €00 985 1585 1720 -7.9
-1000 -380
-2200 ~765
-3000 -1150
-4500 =1720

99

LT T




ETrT™ =y

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

Rcal ACross Indicator Indicated Force

Ohms Colors Deflection Pounds

1Meg Green . +123 +1320

SO0K and +242 +2590

200K Red +605 +6475

100K +120S +12900 ‘
S0K +2420 +25900

1Meg Jresn -123 -1350

SO0K am.; -242 -2660

200K White -605 -6650

100K -1205 -1325
50K -2420 26600
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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-25-1256. A total of eight of
these rosettes were used, two on each of the four legs of
the hardware. LEach rosette was mounted 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.

used for bonding was BLH cement type EPY60C. 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 legqs (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 forc=zs as
101
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measured by the two bridges gives the totul 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 accomplishéd using a locading fixture
which was furnished. It is shown in Figure 2