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I. INTRODUCTION

Scientific ballcon platforms have be=za developed uver thes yesuvs to
carry payloads to the upper limits of the acmcsphere tc observe :nd record
a variety of phenomena. Both design and anslysic technicues, ac well as
£ilm quality, have steadily been improved sc that ballosn flights way bhe
performed on a relatively routine basis. Hoazver, scientists continue to
demand systems to carry heavier paylcads to higher altitudes for longer
durartions. This rvequires the manufacturer to produc: balloons which test
the limits of the state-of-the-art of film production and design ;ractice.
This fact is quite apparent from the success rate whe:i reviewed as a furc-
tion of payload. The degraded reliazbility of heavy lift systems has lad
NASA to impose a moratorium on flights with payloads In excess of 3500
pounda. Although this moratorium was subsequcntly lifted. it points cut
the need fcr a more precise approach to balloow design and manufscturing.
This can be accomplished by taking the results of various research efforts
in the past and bringing them to bear on the protlem.

The most widely used systom today is the natural-shaped balloon, de-
signed to have zero circumferential stress, and made of thin, bLalanced,
polyethylene film. Rotationally symmetric shapes are generated by assuming
the absence of any discontinuities such as seams and load tapes. The shape
computed in this manner is that of the float configuration. Since the ma-
terial is assumed to be inextensible, the manufactur:d shape is identical
to the computed float configuration. In addition, the state of stress in
the balloon wall is not considered a significant parameter ir the design
process although it is approximated in deterainiag the required thickness
of caps which are added to the basic design shape. '

Recently, Rand [1] has published 2 technique for analyzing the state
of stress in a fully deploved balloon by assuming the materials to be lin=-
early elastic and taking into account a compatible state of strain between
load tapes and film in the meridional direction. In this analysis, a load
transter mechanism is postulated which allcws the film to lobe out between
the load tapes and transfer loads back and fucth between tape and film by
virtue of a shear stress. Although the stress is computed quantitatively
in ¢tis manner for any particular balloon gore pattern, certain qualitative
results are worth noting. In particular:

e The state of stress in the balloon wall is biaxial instead of
*  uniaxial as previously assumed. The ratio of circumferential
to meridional stcress may vary from zero (uniaxial meridional
stress) at both ends of each gore to greater than one between
the maximum radius and the apex. This would imply that cir-
cular diaphragm, racetrack and uniaxial testing are only di-
rectly applicable at a few widely scparated points on a typi-

cal balloon.

e Yorces carried by the load tapes are not constant but are
transferred to film by means of a shear stress. This implies

[
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that the load tapes n+; go sleck al sow: point aziong the
gore. This feature.has been obsesvec by several invecti-
gators in actual flight cperations.

® The distribution of forces between film and fzpa i3 depead-
ent on the surface tempzrature of the bslloon due to the
irnfluence of material properties. Since the fapea anpeai
tuo have less sengsinivity to terperature theu the filu, any
significent change in temperature such as would cccur ac
sunset or sunrise will cause a significent load redistribu-

tion.

Although the gquantitative values of stress computed are 1o~ of gaf-
ficient magnitude in themselves to cause failure of the bslloor film based
on existing material dats, they ere sufficiently high to cause cracka to
propagate and provide a state conducive to amplific.tion in the presence
of any flaws or manufacturing defects.

Flight testing has been used successfully in the pas: te obtain data
on atmospheric properties, gas and ckin temperatures, ag well ss radiasnt
flux and pressure measurements. However, attempts to measure film or tape
stress and strain have not been completely successful. The hostile envi-
ronment is not only dynamic but the system must experience a wariety of
heat transfer mechanisms which alter not only the balloon temperaturs but
the sensor temperature as well. The films are so thin thst the presence of
a sensor usually results in a localized stiffening of the film which alters
the measurement. As a result, large gage lengths are used on very stiff
materials such as polyester films with only moderate success. There i3 a
very definite need to develop a strain gage suitable for flight which may
be ugsed to verify or negate the agssumptions contained in snalysis tech-
niques and material models previously discussed. In addition, the need s
been established for an analytic characterizaticn of thae tnia polyethyline
film used in the fabrication of scientific balloon platforis. This typs of
description of the mechanical response of the materia)l is necrssary 1if-
stresses are to be deduced from in-flight strain measurements.

In order to support the efforts of the National Aeronautics and
Space Administration to determine the state of stress !n nigh altitude
balloons by flight testing, the Southwest Research Izmstitute is conduciing
a research prograa for the purpose of understanding the thin film and de-
veloping a methcd to measure its response, The purpose of this report is
to document the development of a unique sensor capsble of monitoring tha
strain in the wall of a typical balloon when exposed to the hostile envi-
ronment of ascent and float.
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II. LITERATURE REVIEW

The need to measure elther strass cr sirain in thin balloon rilms
has been reccgnized for many years. A variety of very unique devices have
been designed and developed; but, to data, succescsful flight mrasurements
hava2 not been reported.

One of the mrst unique devices appearing in the literature i« the
"fi{lm stresc transducer" develorsd for the Alr Force Cambridge Research
Laboratory [2]. This is the cnly translducer reported which attempts to
measure stress directly rather than strain. The device consists of a nar-
row plate which is attached o the filu in such a way that it tchaves as a
rigid body. When displaced frcm ifrs equilibirium position and released,
the plate would oscillate at a frequency governed by the stress in the film
normal to the axis of the plate. The device was calibrated at room temper-
ature and demonstrated that ~he relatiorship between frequency and iiln
stress was parabolic as expected. A number of these transduvcers w:re fab-
ricated for hangar inflation tests [3]. Unfortunately, the tran:Jucer was
nonlinear, sensitive to orientatiori, and subject to electrical "noise"
which could mask the data. Two events were necessary to measure the fila
stress: the "rigid plate” had to be excited somehow and the subsequant
natural frequency of oscillation then measured. Excitation was attempted
electrically with a magnetic coil and the subsequent motion monitored with
strain gages mounted on thin brass reeds. The electrical signal which was
intended to cause the plate to oscillate, also caused an electriczl signal
to be generated on the gages intended to monitor the subsequent motion.
This.problem was eliminated by activating the striker showm in Figure 1 us-
ing a nylon line. It was fouud that the stress measured by this rechnique
was dependent on the sharpnecs and force of the pull on the line. B3v care-
fully controlling the force on the line used to excite the striker. the
film stress could be measured to within 5 percent at room tempatrature over
a narrow range of stresses.

This device was used during hangar inflations of a small balloon
fabricated of 2-mil polvecthylene film. No data has been found {u- this de-
vice other than calibration data. Although the concept is uniguz, i% w=s
not developed sufficientlv to provide useful in-flight stres: measurements.
The principal on which the device iy based appears to have a number of
anomolivs which would require add4itional research to understand even the
cause of the various measuring difficulties.

An investigation of the feasibility of using low modulus strain
xdges for stress analysis of balloon structures was commissioned by the
National Center for Atwospheric Research (NCAR). The results of this in-
vestigation were reported by Hauser [4] and indicated that strain could be
measured up to 50 percent at temperatures from +25°C to -80°C. (ages were
made of silver or aluminum deposited chemically or by vacuum metalizing
onto a plastic film substrate. is substrate could then be bonded to
polyethvlene film and the film strain measured. CUnfortunately, Hauser
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concluded his investigation by neting thzt che low modulus strain gagses
were not vet ‘‘optimized” ‘n terms of labrication, application and calibra-
tion.

In a subsequent presentation of this concept to the Western Regional
Scrain Gage Cowmittee [5], it was poivted out that the subsivate weuld in-
crease the stiffness of the ballcon {iim "by perhaps 75 perceat" at rovorm
temperature. In additicn. the zage factors repocted for various gages weavre
a function of not only temperaiure but the strain level itsel?. No attemnt
was mcde td separate resistance changes due Cto temperature from resistance
changes due to straxin. There is no reccrd of any further development of
this tvpe of strain sessing devigs. ‘

Another approach to the weasurement of f{ilm strain was ropovted by
Scefan [6] of the National Scientific Ballooa Facility (HS3F). Iu this
technique, a Myvlar strip :s masked in a sawrooth pattern and pesses through
1 slot in the head which carries a light source 2nd a photoelectric cell.
The end of the tape and %“he head are anchcred tc the balloon Iilm about S0
mm apart. As the tilm elongates, the tape is pulled through the cell and
the sawtooth masking causes a4 variation in the photocell ouzput. The
power leads and signals run theough fine wires to an amgplifier fastened to
the load tape and the amplified signal is then carried along the load tape
to the telemerry package. This approzch was attempted: hLowever, the sensor
was reported to be troublesome in field operations. ... the lights burn
out, output is extremely voltage-sensitive, and power consumption is fairly
high..." In addition to the difficulties reported with this optical de-
vice, the inability to mcasure compressive strain is a notable limitation.

In addition to the techniques already mentioned, a3 review of the
literature suggested other possibilities such as the use of piezoeleec:ric
films and magnetic devices such as Hall-offect probes. liach of these ap-
proaches were explored and subsequently ¢liminatad as viable solutions to
the problem. In the case of piezoelectric films, a charz: is generated as
a function of either stress or strain depending on polarization. Unfortu-
nately, this is a dvnamic effect and no charge is produced for a slowly
changing stress or strain. The Hall-effect probes available are somewhat
temperature sensitive ard would require the use of exceptionally strong
magnets and thermal compensation.

The results of this literature review indicate that the need has
heen recognized and oany actenpts have been made to measure balloou film
stress or strain in-flight for over twentv vears. Each attempt has been
thwarted by a varietv of electrical, mechanical or optical rroblems. How-
ever, cach actempt has added to the bodv of knowledge so that 3 gage nav
aow be rossible which avoids each of the problems experienced in the past.



I1Y. GAGE DEv.iOPMENT

A gage has been developed which is suitable {or in-{light mrasure-
ments of ballocon film strain. In oriy:r to design this device in a manner
vhich' would avoid the problems reaported in the preceding section, a sat of
design conditions had to be established which wers both necessary and rea-
sonable. 'Although the stress transduce: develcpecd for AFCRL is iantaresting,
it waz decided to attempt tc measure strain or displacement ratiier than the
irdirect force mcasurement. With this in mind, the following design condi-
tions were established:

1) Low Modulus - The sensor will be atrached tc thin polyethvlene
film. If a force is required to deform the sensor as the film strains,
that force must be small relative to the ferce reg..red to displace tha
film, For design purposes, it 1s assumed that the ilm is linearly 2lastic
with a Young's modulus of 0.0689 GPa (10,000 psi) at rocm temperature zad
0.689 GPa (100,000 psi) at low temperatures.

2) Temperature Seusitivitv - The sensor will be required to func-
tion from relatively warm temperatures (+25°C) as might be experienced dur-
ing an afternoon launch to the lowest temperatures (-80°C) anticipated dur-
ing ascent through the tropopause.

3) Directional - Since strain is a tensor bv definition, it has
certain directional properties. The gage developed wist be sensitive to
strains or relative deforwiations in a giver direction.

4) Film Reinforcemeni - The attachment of the gage to the film will
crz2ate a local discontinuity in both film stress and strain. The influenre
of this discontinuity shoulc be minimizec.

3) In-Plane Forces - Thu state of stress in a cypical balloon will
vary in direction depending on the position along the gore and the point in
the flight trajectory. The gage developed should be insensitive to all
forces in directions other than the direction of che strain to be measured.

6) Strain Sensitivity - Although polyethylene films are capablz of
400 percent strain to failure at room temperature, strains less than a few
percent are anticipated during a typical flight. The sensor should be
capable of measuring 10 percent temnsile and 5 percent compressive strain

Jduring flight.

7)Y Linearitv - The sirain gage should responé in a linear nanner
with strain regardless of supply voltage or temperature. In addition, the
sensor must exhibit no hysteresis or time dependence so that cvclic strain
data may be obtained for ‘at least one day.

8) Compatibilitv - The sensor should be both zechanically and elec-
trically compatible with existing Yalloon syvstems. ZIlectrical power and
output signals should be readily adaptable for current telemetry packages.

. m_g____mmmum
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The gage should bave passive thermal characteristicc which will preveut
damage to the balloon film. The geometric design shonld be suciy as tc

prevent damage t¢ the film during violent maneuvers such 2s launch and

ascent.

Each of these design conditions must be satisfied if a successful
strain measurement is to be expected. Current belloons =re typically
fabricated of polyethylane {ilm having a 12.7 micronr (0.5 =mil) thickXuness.
Any sensor that meets the requirements of suc® a thin balloon shoxld be
usable on thicker films, stiffer materials such as polyestrer film and fak-
rics such as anvlon, rayon and other talloon or parachute wmnterials.

The design of this sensor has evolved from the inabilizy cof each
preceding design to meet a particular requirement. The origiral concept
was based on satisfyving the first two conditions of low modulus and temp-
erature sensitivity. The film elongation wac te cause the bending of a
very flexible beam to which foil strain gages ware bonded. The use of
four active gages in a Wheatstone bridge arrangement would proviue auto-
matic temperature compensation and maximum eiectrical amplification. The
beam could be imagined as a strip of thin shim stock rolled ints a semi-
circular shape. The ends of the strip were attached to the ballcon and
separated by the gage length. The flexibility of the beam and, therefore,
the modulus of the sensor could be reduced by either increasing the radius
or treducing the thickness of the shim stock.

A number of transducers were fabriccted on tihe basis of this bsnding
principal, calibrated and tested both at room temperature and reduced temp-
eratures. These tests were quite useful in ~stablishing the proper beam
stiffness. These transducers were fabricated from 127 micron (5 mil)
stainless steel shim stock and attached tc 12.7 micron (9.5 mil) polyethylare
film. Tensile tests with and without th2 s~nzor attached :‘ndicated a 2 per-
cent interference of the sensor with the film. However, two conditlions were
observed which demanded a redesign of the sensor prior to further develop-
aent. The first condition was a long term drift in the output signal when
the transducer was displaced for some time. The problem was ultimately
traced to hysteresis in the stainless steel at relatively low stress levels.
This would ulzimately require the sclecticon of 3 material with a high pro-
portional limit rather than a high vield stress.

The second condition was the observation that large output signals
were generaled when relativelv small forces were applied in the transverse
Jirection. These signals were caused by twisting of the sensing element
when side Yorces were applied. Although this does not represent a problem
in the laboratory, it would render the sensor useless for flight testing
where the direction of the load cannot be controlled. Therefore, the sensi-
tivity of this design to in-plane forces in the transverse directions de-
manded a ne- transducer configuration.

The problem of transverse load sensitivity was addressed in several
wavs. The semicircular beam was rotated 90° onto its side which had the ef-
fect of changing the reaction to tramsverse loads from torsion to bending.
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in this case, the bendiny would cause sn iurlection coiat oo the center o
thu span where the strain is measured. Ia the event of 1svoumetric trans-
verse loads, a4 svrmetric gage could be used to electricilly compensate Jor
any -aadvertent strain.  Therefore, the final gage wenfiguration is in che
form of a thin narrew stzip of metal, formed into a4 uvircular section .sg
anchored to the balloon film so that the plane containiigy e circle iz
parallel to the surface of the film. The basic z22¢e conficuration has heen
dictated bv the requirements for laiw modulus, teaperature sensicivizv and
an ability to operate in a biaxial stress field. In the foilowin., seczion,
the detail design procedure will be outlined so that zhe sensor mav de
sized and its response predicted. :
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IV. THIN F{ILM STRAIN TRANSDUCER

In order to assess the influence of the various geometric and sater-
ial paramcters oa the overall gage response, it was recessary to dnvelop
the governing c¢quations relating forces and displacewments o stresses and
strains in the sensor. Duz to the nonlinear germctry, euergy methods wers
employed to obtain these relationships. A complete devivakion Gf thesa
equzcions is contained in the appendix to this report znd oniy the resalts
of zne analysis are presented here.

As the balloon film is strained, €f, the transducer ring will be
displaced an amount q. Assuaing the {ilm straic ls constant between the
points of attachment to the ring, the relationship between these varizbles
will be given by:

! T | 4

1

The force, P, required to digsplace the ring through this displacement is
derived in the appendix and given by:

' 3
PR v 2y
5 (703) ~ 2

Here, EI is the bending rigidity or stiffaess of the strip forming the ring.
For the purposes of sizing the transducer, the iforce must be small relative
to the force required to produce the film strain in order to satisfy the

first design condition.

The ring is anchored to the film by a tab with finite dimensions.
This tab serves to collect the necessary force required to deform the ring.
In order to utilize the transducer to maeasure strain in the laboratory where
25.4 =m (1 inch) wide film specimens zre rou<inely usec, the tab width was
arbitrarily selected to be 25.4 mmm. Assuming the <zress is uniaxial, the
film force may be estimated to be:
e
P LTI ’ (3
Equations (1) and (2) may be combined with equation (3) to obtain
. the ratio of transducer force to film force. When this is accomplished, an

expression for the transducer properties may be obtained as a function of
- film properties and desired load ratio. This expression is given by:

11 PRECEDING PAGE BLANX MOT FILMED
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An additional constraint on siziug the transducer is sascciated with
the desize to aveid hysteresis an” maintain linearity over the eutire rrnge
of measurement. Therefore, the maximum stress experienced by the ring wust
be limited to the prowortional limit of the material and, in fact, shkouid
be reduced by.some appropriate Factor of Safety. This factor should be
greater than 1.5 but less than 5 to minizize weight. Th2 maxivum stress
has been derived in the appendix and occuys at the point of applicrtion of
the force to the ring. The magnitude of this stress is ziven by:

g —=td (5

A A
(5 -1)
! RN \F -1

1
1

The transducer;is to be designed for a taximum tensile strain of 10
percent which will allow the displacement in Equation (5) to be expressed
in terms of the radius, R. The width, b, of the ring should be as small as
possible and still accommodate standard precision strain gages. Therefore,
a width of 10 mm 13 assumed for the ring since a standard gage is 6.5 mm
wide. The area moment of inertia of the ring may then be expressed in
terms of the thickness only:

3

bt

The actual material properties may be eliminated at this point by
combining Equations (4), {S5) and (%) so as to eliminate the modulus of
elasticity. The transducer thickness may be expressed as a funciion of
radius for assumed values of stress and P/Pg, 1n this znalysis, the ratio
of transducer load to film force will be assumed to vary from one to fsur
percent when applied to a 12.7 micron polyethylene film at room tempera-
ture. The results of this analysis are presented in Figure 2 for stress
levels of 50 MPa (7,250 psi) amd 100 MPa (14,500 psi) since these levels
are within the capabilities of most structural materials.

The results presented in this figure are very useful in estimating
the size of the transducer. In order to relieve the choice of material,
the design should be within the boundaries of the solid lines so that the
stresses and modulus will be acceptably low. The radius of the ring will
be related to the gage length of the transducer. If the anchor points are
at the edge of the ring, then the gage length will be equal to the diameter..

X
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In order to size the gage length, the primary concern i3 ‘he minimization
of the influence of the attachment to the balloen.

Tt has been previcusly noted that the tab was assumad to be 25.4 om
in width. A prelimiazry design of the tao was rriang:lar in shase with the
verter away from the gage length. In order to assess the influence of the
gage tab, the ANSYS program, a large finite elemeut code vwhick i~ routiualy
used to analyze the stress stat2 in complex gecmairies. was exercised. Th:
film was assumed to be linearly elastic and in a state of plzne stress.

The triangular tabs were modeled as a rigid inclusiov.zeparated by 50.8 mm
(2 inches) which is an ASTM standard gage length. The film was assuned tn
have large lateral dimensions relative tc the tab whizh i) consistent with
the situation to be encountered in flight. A unit stress was applied in

the direction of the vertex and the stresses cosputed at all points around
the tab. Anticipating large stress gradients near the tab, a fine mesh was
usa2d in this region and a course mesh at distant p-.nts in the film. The
post processor of the ANSYS code 1is able to generate a graphical output of
any of the many quantities computed. Shown in Figure 3 are lines of con-
stant octahedral #tress. This quantity is typically used since it corre-
sponds to the Von Mises failure criteria an’ correlates vell with the yield-
ing of nost structural materials. The rigid displacement of the tab was
computed to be within 4 percent of the displacement that would have occurrad
in the absence of the tab. This accuracy could be improved to some extent
by increasing the distance between the tabs.

The analysis of this tab configuration was quite revealing since it
indicates a relatively large stress concentration in the film at the vertex
of the tab. A 70 percent increase in the applied stress was couputed which
is sufficient to causc gross film deformation anc possibly {allure of the
film at low temperatures. Therefore, other tab ronfigurations were con-
sidared in an attempt to reduce the high stress cuwccentration. The trian-
gular configuration was reversed in direction so thac the gage length
occurred between the two vertices. The analysis was conducted as b»efore
and the pertinent results of this computation are given in Table 1. Un-
fortunately, another large stress concentration was found ir the film at
the vertex of the tab. In addition, the high sivesses in thc region of the
gage leagth resulted in a rigid body displacemernt of the tab such that the
apparent strain would be in excess of 34 percent greater than the strain in
the absence of the tabs. '

A third tab configuration was analvzed which utilized a 2:1 elliptic
geometry. In this case, mhe maximum film stress concentration was reduced L.

to less than 24 percent; however, the apparent strain was increased by 17 T R

7 em Sl

percent. Based on these three analyses, the effects of the various geom-
etry changes were apparent and led to the final tab configuration.” In .
order to minimize the influence of the tab on the apparent strain, the edge
bounding the gage length chould be straight. In addition, the gage length
may be increased to furcher reduce this effect. Therefore, the distance be-
tween the tab edges was increased to 76 mm (3 inches) so that the apparent
strain will be within 3 percent of the film strain in the absence of the
gage. In order to minimize the stress concentrations, the outer edge of the

14
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Figure 1. Film Octahedral Stress Distribution
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tab should have-a generous curvature. Therefor:2, a semi-circular shape was
selected for this boundary with generously rouided ceorners.

The final step in the design of this trznsd:cer is the esctablirhnent
of the thickness of the strip from which the gage is to be forwed. This
decision is based somewhat on the material selucted for the trzusducer.
Recognizing the need for a material with low hysteresis and a high propo:-
tional iimit, various commercially available spring materials wecre consid-
ered. After scme consultation witih variov: members of the staff with ex-
perience in the fabrication of instrument:zion, a cosper alloy was selected
for its remarkably linear behavior, high endurance and strength limiis,
thermal compatibility with precision straia gagee, availabiliiy in small
thicknesses and ease of formabil{ty. The particular alloy selected rountains
1.80 - 2.00 percent beryllium and is described by a variety of syecificacions
(ASTM B-1%4-72, QQ-C-533, AMS 5503B, and ASM 45324). The particular material
used is produced by Brush Wellman, Inc. and {s identified as Alloy 25. The
various physical, mechanical and electrical properties of this alloy are
given in Table 2. The beryllium copper strip was fouad to be avallable in
coil form from suppliers in standard thicknesses of 0.0635 mm (2.5 mil),
0.0889 mm (3.5 wil) and 0.1143 wm (4.5 mil). In order to have a gage length
of 76 mm, the ring radius should be 38 mm. The results presented in Figure
2 indicate that the thinnest material available would create unacceptably
high stresses in the transducer and the thickest material considered would
create an unacceptably high ratio of transducer to film force. Therefore, a
strip thickness of 0,0889 mm was selected as the material from which to fab-

ricate prototype transducers.

Having sized the transducer and selected the material, an estimute
may be made of the =xpected perforrzance of this parcicular design.  The
force vequired to produce a 10 percent deflection of the ring may be comput-
ed from equations (1), (2), and (6). The cffective modulus in this case is
increased from the uniaxial stress value given in Table 2 by a factor of
1/(1 - v%) to account for the cylindrical bending of a plate rather than a
beam. A value of 0.3 is assumed for Poisson's ratio in this calculation.
The force required to displace the ring is computed to be 0.07727 N (7.88
grams) which is 1.73 percent of the force required to displace a 25.4 mi-
cron polyethylene film through the same strain at room 2mperature.

The maximum stress wmay be computed for the sam: conditions using
equation (5). The results of this configuration indicate the maximum stress
to be 70 MPa (10,150 p»i). Considering the minimum values of the propor-
tional limit for cthe material selected, Table 2, this would correspond to a
tactor of safety of 5.4 in the half-hard condition. Although this {s an
ample margin, it was observed that the ring maintained its circular shape
much better when heat-treated. Therefore, it was considered necessary to
form the transducer from the basic material in the half hard condition and
then heat treat to the full hardness of the material.

17
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Table 2.

Specific Gravity
Density - gfcc (1b/cu ia)
Thermal Expansicn - 1/°C (1/°F)

Thermal Conductivity - W/m/K
(Btu/ft/hr/°F)

Modulus cf Elasticity - GPa
(psi)

Magnetic Characteristics

Minimure Melting Temperature -
°c (°F)

Minimuﬁ Tensile Strength -
MPa (ksi)
Heat Treated*®

Minimum Proportional Limic -
MPa (ksi)
Heat Treated?*

Minimum Yield Strength - MPa =~
(ksi) '
Heat Treated®

Minimum Fatigue Strength at
108 Cvecles - MPa (ksi)
Heat Treated?

Elongation - percent
Heat Treated*

*Heat treated for 7200 sec (2 hours) at 315°C (600°F)

18

a.26
8.34

16.9 x 107°
104.00

128.00

doumagnetic
870.00

586.00
1276.00

379.00
828.00

517.90
1103.00

269.00
221.00

5

to
]
(W

Physical and Mechanizzl Prconerties of
Brush Wellman Alloy 25 - Half Hard Condition

(4.301)

( 9.4 x 1078

(60)

6

(18.5 x 10 )

(1600)

85)
(185)

(55)
(120)

(75)
{160)

(39
(1)
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V. FABRICATION

The thin film strain transducer described in the nreceding section
is fabricated in fouzr pieces from the beryllium ccppei coli stock. Due
to the thicknees of the strip material, chemical milling of the sheet is
considered to be the most economical and accurate wethod of forming the
transducer components. A pattern is first drawn on a scale four times that
described and then reduced photographically to procduce a negative of the
appropriatc dimensions. The resulting negative, Figure 4, is then trans-
ferred to the beryllium copper sheet. The pattern is sized tc preserve the
basic design geometry as well as providing sufficient mazz2rial tn accomo-
date a bend radius of five times the sheet thickness to form the tab. The
sheet is then immersed and the boundaries of the components etched away.

Two bends at each end of the strip form half of the gusset and tab.
Since the material is in the half hard condition, this is accomplished
without damage to the material. Two strips arc then spot welded togetherx.
The semicikcular tab is then spot welded to the tabs cn the strips to form
1 double layer at this point. The welded ring 1s then placed on a brass
sandrel having the same thermal characteristics as the berylliwm copper
and heat treated for 7200 sec (2 hours) at 315°C (600°F). This serves to
bring the material to its full strength. The transducer is removed from
the oven and electrochemically treated to remove the oxide coating that
forms during the heat treating process.

Four precision strain gages are then bonded t¢ the inner and outer
surfaces at the center of the ring as shown in Figure 5. The gages select-
ed for this application are standard 350 ohm gener:] purpose gages having =
consrantan grid completely encapsulated in polyimicd: with large, irtegral,
copper coated terminals. The gage resistance was selected due to its en-
hanced current—carrying ability as well as its compatibility with other low
impedance devices currently used on scientific balloons. The gages are
thermally compensated for beryllium copper and are calibrated for use in a
temperature range from -75°C to +205°C. The parvicular lot of gages used
have a gage factor at 20°C of 2.1l + 0.5 percent. ‘he gages are produced
by Micromeasurements under the type designation CEA-09-125UW-350.

The strain gages are bonded to the transducer with M-Bond 600, a
Micromeasurements product with a wide temperature range capability. This
two-component, solvent-thinned epoxy-phenolic adhesive is recc mended for
high-precision trdiisducers and has an operating temperature range from
-269°C to +260°C. The adhesive is cured for 7200 sec (2 hours) at 30°C
above room temperature. This curing procedure produces an oxide coating
on the transducer that must be removed prior to applying any coatings for
moisture or thermal control. In addition to the gages, a terminal board
is bonded to one tab to facilitate wiring of the gages into a Wheatstone

bridge circuit.

The bridge circuit is formed oy connecting the two gages on the out-
er surface of the ring into opposite arms of the circuit. The gages on the
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Figure 4.



Figure 5. Thin Film Strain “Transducer



inner surface are then used to compleie the four active arm bridge. In
this ceafiguracion, the output of the circuit is insensitive to any axial
and ~“hermal strains commun to all zages. ‘“heoretically, the ocutput freu

a balanced bridge will be propcrtional to the bending strain in the ber:l-
lium copper strip and is givew to a first zpproxiuation by:

]
1o
B
—
-
o

o
-
-
S

This signal will be directly proportional to the film strain between the
tabs of the transducer. The output signal, 3V, is proportional to the
supply voltage, V, and {s quite smail requiring some amplificatioa for
practical avplication. The wiring is completed by using a white four con=-
ductor stiielded cable and connector recommended by the National Scientifl-
Balloon Facility. .

A variety cof coatings have been applied to the transducer for Zif-
ferent reasons. GCagekote Number 1 supplied by Magnaflux Testing Systeas
was used to protect the strain gages and terminal connections from mois-
ture. This produces a flat white finish to the transducer and is a priuer
for other cocatings. In addition to GCagekote, a white paint (Sherwin Wil-
liams - A6W596) was recommended by NSBF due to its known radiometric proper-
ties. The ratlo of solar absorptivity to infrared emissivity is 0.9, a
minimum of all coatings considered. The finish does not appear siganificanc-~
ly“different from that of Gagekote.

3



7. CALIBRATION

T+ calibration of the %in “ilm strain transducer was acccnplished

with . ety of tests to evas_uvate the sensitivity o varicus condit:ons
expe-i... '~ flight. Rocu temper. “ure testiig was usad to varify the design
featur .rom which the trans- .ceir has evo.ved. The first test utilized a

drum micrometer (Figure 6) to determine the relationship betireer. the trans-
ducer displacement and the Wheatstone bridge output. An uncoated transducer
was clamped ‘to the micrometer as showa. The bridg: was excited with 2 5.000
volt DC supply and the .“ransducer displaced in discrete steps frcm zero to
10 percent tensile strzin and from zero to 5 percent coapressive strain.

The test was performed three times and i(he results recorded without the
venefit of amplificaction. The results of this test are shown in Figura 7

as a function of the change in length per unit, length of the transducur.

The linearizy of this respomnse is remarkably gu J4 and indicates the trans-
ducer longitudinal sensitivity to be 7.216 aV/V/unit strain. This sensitiv-
ity is greater than standard precision strain gages (- 2.0) which sugges:cs
that the signal may be easilv conditioned, amplified and telemetered with
standard strain gage measuring equipment.

In order to evaluate the transverse sensitivity of the transducer,
the drum micrometer was again used to provide calibrated displacements. The
transducer was rotated 90° and clamped to an extension of the micrometer
head. Both positive and negative transverse displacements were applied and
the output signal recorded. These data were normalized with respect to the
ring diameter and are presented in Figure 8 as the transverse sensitivity.
Since the original distance between the tabs is the transduc2r diamcter and
since the displacements were applied perpgendicuiar to this diameter, the
distance between the tabs actually incr-ased regardiess of the direction of
the displacement. Using the longitudinzi sensitivity established in Figure
7, the output signal due to the corresponding separation of the tabs is also
shown in Figure 8. The difference between the curve and the measured points
shown is a measure of the transverse sensitivity of the transducer. The maxi-
wum departure of the measured signal after amplification from that expected

due.to longitudinazl strain is 2 aV which corresponds to 0.l7 percent of the
longitudinal signal.

As a final” room temperature test, the dvnamic characteristics of the
transducer were determined. The gage was suspended by one tab and the
bridoe balanced. mce displaced, the transducer would oscillate at its
natud®al frequency as shown in Figq;e $(a). The internal damping of the na-
terial that forms che transducer is readily apparent and has been quanti-
fied in Table 3.

A second transducer was calibrated as betore. In this case, the
transducer was identical to the first with the exception of a thin laver

" of Gagekote to protect the transducer from moisture. This transducer was

slightly more sensitive than the uncoated page as indicated in Figure 7.
However, a notable difference in dwnamic response was observed as seen in
Figure 9(b). The added mass caused bv the covating causes not onlv a slight
Jdecrease in natural frequency but also a significant increase in Jdamping

)






Bridge Output - AV (mV)

Figure 7.

Amplifiled Bridge Output - AV (mV)
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dus te the viscous nature of the paint. These values have also been quanti-
tied in Table J.

Table 3. Dwvnamic Properties at Rcom Temperature

Natural Circular .
» Frequency ‘Frequency " Damping
Coating - (Hz). (1/sec) _ (1/sec)
Uncoated ' 14.87 O 93.43 0.522
Gagrxote No. 1 ’ 13.57 -~ 85.26 : 3.926

i
i

Extensive testing was conducted of the uncoated transducer a: reduced
temperatures. Beth stiffness and longitudinal strain sensitivicy were Jde-
termined by clamping the transducer to rigid straps attached to the lnstron
testing machine film grips. The transducer and grips were enclosed in an
insulated chamber (Figure 10) which was cooled by the regulated expansion of
liquid nitrogen into the chamber. After bringing the chamber down to temp-
erature for 300 sec (5 min), the bridge was balanced and the transducer then
displaced 10 percent. The load and bridge cutput were recorded for later
analyvsis, The results of -this series of tests indicated that zhe force re-
‘quitred to displace the transducer 10 percent increased from 0.076 N (7.8 grams)
. at room temperature to 0,115 N (1l.¢- grams) at -8C°C. This slight increase ir
stiftfness is indicative of the change in the effective modulus of the trans-
Jucer material with temperature. The strain sensitivity of the transducer
was relatively unaffected bv the temperature changes indicating that a single
calibration of the gage,such as Figure 7,is sufficient to reduce flight data
to total loagitudinal strains regardless of temperature. It should be cau-
tivned that in order to separate thermal strain in film {rom that due to
stress, an independent measure of film temperature will be required.

This test was trepeated wich a transducer tliat had been coated with
Gagekote No. 1. Thisg particular coating i{s rated for use at temperatures
from -195°C to 455°C. However, at -80°C, the force required to displace the
transducet 10 percent increased to 0.951 Nof97 grams) which represents an in-
crease ot 3,36 times the force required for the gage at room temperature. In
addition to this, the longitudinal strain sensitivity of the bridge was re-
duced to 79.2 percent of the room temperature value.

As a final test of the transducer sensitivity, the coated cage was
painted with an additional laver of the white paint (A6W5S96) recommended by
NSBF. After the temperature was reduced to -B0°C, the bridge remained bal-
anced when the transducer was detlected 10 percent. This rather strange

-



Figure 10. Low Temperature Test Configuration




result was checked by opening the chaaber and physically measucing the dis-
placement of the gage. After the transd:icer was veltumied tc room temper2ture,
its response was identical to the coat~d gage response showa in Figurs 7.
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VII. DISCUSSION OF RESULTY

The calibration program described in the preceding section has demon-
strated thet every design conditiorn enunzrated in Sectiun iI1 has been sat-
isfied by the uicoated beryllium copper transducer A force necessarily
acconpanies the displacement of the transducer ring; however, tais force 1is
small relative to the force required to displace the film through the same
strain. A load path 1s established from the film, thrcugh the gag2 tab,
partially to the ring and the lialance to the f:!m hefween tle tabs. It has
already been shown that the effect of the tad is to increus= the apparent
strain while the effect of the transducer stiffness is to reduce the fores
the film is required to transfer. These two effects are somewhat self com~
pensating even though no attempt has Leen made to balance ihe effects.

The testing of this scnsor has adequziely demonstrated the abilicy to
respond with fixed longitudinal strain sensitive at all temperatures of in-
terest even though the stiffness of the material increases. The response is
highly sensitive to the sepdration distance of the tabs and relatively insen-
sitive to transverse forces. The transducer hds been shown to respond in a
constant linear fashion at all strains and temperatures of interast. It is
electrically compatible with bridge amplifiers ncw being flown on scientific

balloons.

The experiences reported on the use of various coatings i3 somewhat
disappointing. The purpose of the coating is to protect the strain gages
and terminal connections from the effects of moisture during the ascent of
the balloon. Once on station, the radiome:ric properties of the coating
carve to keep the temperature of the transducer sufficiently ‘lov to prevent
buming through the thin balloon film. . If strains ace not to be measured
a% low altitude, the absence of water vapour at high altitudes will remove
the requirement that the coating serve asé a waterproofing agent. However,
the need for passive thermal control of the device is essential to prevent
damage to the balloon.

The increase in gage moduluc (or force) at reduced temperatures using
Gagekote is not a significant problem. The modulus of the gage was based on
room temperature values of film modulus. At reduced remperatures, the mocu-
lus of the film will increase. The uncoated gage would become more accurate
under these conditions while the coated gage will at least maintain its room
temperature accuracy. Unfortunately, the longitudinal strain sensitivity of
the coated transducer is affected b¥™reduced temperatures. This could be
calibrated but the effect would be a function of coating thickness and, there-
fore, different for each gage. 1In addition, the temperature of the film would
have to be measured as well as the output of the strain transducer.

The use of the NSBF recommended paint during laboratory testing was
quite revealing. The paint apparently becomes brittle at reduced tempera-
tures and attempts to prevent the ring from displacing. The coating develops
a high stress near the gage tab and cracks, causing the ring to deform in a
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manner other than that tor which it was designed. This paint is constdered
totally inappropriate at low temperatures on flexible surtfaces. :

The need for 4 coating to contrel the temperature of the tran~vducer
_has not vet been verified. A polisheu cervilium copper finish may he suf-
ficient to maintzin temperaturc.cantrnl. tandbock values for sclar absorp-
¢ivity and intrared emissivity of bronze-like msterials are uce sufficicntly
lccurate to compute the tezperature. However, it is essenifal that the
transducer thernal control be astablished prior 2 the attashaent ot this
<ensor to an operationsal balloon. In addition, there {s a1 need to devon-
strate that the Jdynamic launch of this low mass (3 grams) s:insor will not
Jamags the tragile films normally used in balloon ceastruction.



VIII. CONCLUSIONS AND RECOMMENDATIONS

A thin film strain transducer suitatle forx use cn high altitude bal-
lcons has been designed, fabricated and calibratzd. The uncoated version of
this device has demonstrated the required qualities of large strain zupabii-
ities over the ‘nost seveve operating tewperature ranse of a typical bailcon
with minimal reinforcement of the film. In addition, the device has bheen
shown to be relatively insensitive to transvcrse feorces while the loongitudi-
nal strain sensitivity is independeat of botrh strain and temperature. Ina
its present form, this device is suitakble for laboratory use as shown in
Figure 11.

The coated transducer was found to have similar qualities at rcom
temperature; however, at -80°C, the transducer stiffness incrzzcsed bty al-
most an order of magnitude while the longitudinal sensitivity was reduced
to 79 percent of the room temperature value.

b

It is concluded that the characteristics of the uncoated transducer
are preferable for in-flight measurement of strain due to its lack of temp-
crature sensitivity. The measurement of strain with this device would nct
be dependent on any other simultaneous measurement except perhaps the supply
voltage. In order to separate the measured total strain into its thermal
and mechanical components, the temperature should be either measured o: com-
puted from tlight data.

It is recommended that the need for a coating for passive thermai--cin-
<241 of the transducer be reexamined. It has been assumed that the colar ab-
soirtivity and infrared emissivity of the beryllium copper would be such as
to cause heating of sufficient magnitude to cause failure of the adlacerc
polvethvlene film. Unfortunately, handbook values of the radiometric proper-
ties have such a wide range of values that a theoretical prediction of temp-
crature with acceptable accuracy is unlikely. It is recommended that the un-
codated transducer be attached to a sample of polyethylene film and z+hlected
to a radiation environment typical of a balloon flight. The sampl:s could
conccivably be located on the gondola and recovered with the payload. If a
tcelemetry channel is available, the temperature of the transducer could be
mositored during the flight. Otherwise, a passive post-flight inspection of
the film would indicate the presence of significant thermal degradation.

If the need for passive thermf® control is verified, the use of coat-.
ings other than those used to date should be explored. Several compounds are
known to remain pliable at -80°C. Silastic 734 is an RTV rubber compound
that could be thinned to a paint consistency and pigmented. Gagekotes formed
from this base are available but have degraded electrical properties. It is
recommended that the development of additional coatings be pursued only atfter
the need is established with some certainty.

The ability of the transducer te survive the hostile dvnamic environ-
ment of launch and ascent should be Jdemonstrated. The use of a subscale bal-
loon mode] with a wall thickness similar to that tvpically flowm would be

. o



Instrumented Thin Film Sample
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appropriate tor this demonstration. The midel should be tethered and fflled
with sufficient lifting gas to duplicate the launch accelerazions ncirunally
eancountered. After experiencing the laimch zcceleratious, the ballouen shouwlsd
be derlated znd the film in the viginity ot ‘the gage examined for zbiasions
or other damage. ’

On a fuli-scale balloon, the unfurling of wmultiple gores could cause
damage to-either the transducer or the balloon. This sensitivity cculd be
easily evaluated by the uce of an availatle ballnon nct certified for flight.
As in the case of the subscale model, the prototype test balioon should simu-
late launch conditions but remain cethered to the ground. Again, the balloon
should be deflated and the film and transducer examined for possibla damage.

Upon completion of thiese demonstrairions, the thin {ilm =traip trans-
Jducer should be ready for launch on an engincering test flight., it is reccm-
mended that the strain be measured in both the circumferential and meridional
directions on the shell of the ballcon just below the longest cap. In addi-
tion, the strain in two directions at the midpoint of the shortest cap should
be measured. These measurements would then be used to evaluate the various
theories now being considered in the design and analysis of high altitude

balloons.



APPEND X

The decign of a suitablz ring tyansducer with exacting performance
requirements demands tha ability to accurately pradict zh2 displacemesnt and
strass diseribution for any given applied load. Since the principal ovn

which this gage is to operate iz bending of the thin viug, it {s necessary
to cvaluate the change in curvature at each ooint around the ring. Due to

the nonlinear geometry, the usual Newtoniai, approzch fo bending of a beam
is not recommcided. Ensrgy methods z2ze ideally suited for this problem in
general and the recigrocal theorams of Bettl and Maxwell are particularly
applicable. Sometimes known as the Principcl of Virtual ¥ork, this theorem
states that the work done by a virtval force moving through the real dis-
Placements is equal to the work done by the real forces maviig through the
virtual displacements. Tiais principal will be used exzenaively in tha fol-
lowing development.
Consider the ring shown ian Figure a-1 which is sukjected to a tensile
The ring is originally a circle of radiuas, R, but deforms intc a

force, P.
The displacement of one side rela=~

noncircular shape as the load is applied.
tive to the other will be designated as q and is in the direction oi the

force, P. Due to the symmetry of the ring, only half of the ring need be
analyzed if care is taken to establish the proper boundary conditions. A
free body diagram of half of the system is given in Ficure A-2 and defines

the coordinate system to be used.

o
ol

Figure A~2

Figure A-l
: o

It should be noted that a moment exists at each boundary but the’
*alue of this moment is unknown. Although this problem is statically in-
determinant, the bending moment may be written in terms of the moment at

the bourddary as:

Fﬂ!!:ﬂxhlgjw.GE-E!Ju‘K NOT
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M(9) = K + %5 sin @ (a-1)

In order ¢ evaluate the boundary nmoment, My, the “rincipal of Vir-
tual Work may be easily applied. In this case, thz virtual "“force' will be
assumed to be a uait moment at the boundary. The rcal "displacement™ at
the boundary is the angle of rotation at this point which is zers. The
work dene by the real forces moving through the virtual displacemsat may he
expressed symbolically as:

L L
= Ee .P_P. A
5 U fEId_+fEAds (a-2)
[o] C.

This expression is quite general and includes the work associated with axi-
al forces and bending moments. The lower case symbols in this equation re-
fer to the axial force and bending moments for the wnit Inad system. In
this case: -

(A=3)

©
L}
3

and
m =1, (A=-4)

Equation (A-2) may now be evaluated by substitution and integration
as follows:

<

(no+$sin 3) (1)
su=1xo=f — Rd 2 (A=5)

o

L3

Evaluating this equation yields an expression for the moment at the boundary
in terms of the applied force and ring diameter given by: .

M = -.f- (A-6)



The bending moment, equation (A-l), may now be expressed in terms of the
force and geometry as:

~
ey = B (sin 2 - 3 (A-7)

This expression is very useful in: that it indicatss the naximum bending no-
ment occurs at the point where the lo»d ic applied (8 - 0) anc is given by:

M(0; = -0.3131 PR {A-6)

While the maximum positive bending moment occurs at the center of the ring
and is given by: .

; M(z/2) = 0.1817 PR (a-9)

The energy method used to determine the boundary moment may also be
used to determine the displacement, q, of the ring. In this case, the vir-
tual force is assumed to be a unit force in the direction of the real dis-
placement, q. The moment distribution due to this unit force system is
given by:

m = R sin 3 : {A-10)
Equation (A=l) may be simplified by assuminglfhat th» energy associated with

the forces P and p are negligible when compared to that associated with the
bending moment. In this case:

-
IP=1yxg . = jﬂ %%% (sin 3 - 3) (R sin 3) (R d ) (A-11)
- T
o
Integration y'ields:"’
PR3 - 2 )
T E (3’ - ?) (A-12)



This expression is quite useful in establishing the modulus cf the ring ang
the stress as a function of the displuacement.

The stress due to bending is givem by the familiar expression:

Mt . .
g =5y A=l

" Therefore, the maximum stress will occur at the poiut of nuxinum ameent (.=

0) and may be expressed in terms of the ring displacement by cembining equa-
tions {(A-9) and (A-13) with (A-14) to vield:

s = . (A-1s)

10
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