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AUSTRACT. The report dincunnen the denign and evaluation

of the flexure~cell, a flanged column with mirain gagen attached.
Tablen, graphs, cnd equations show the characteriatics of the
Mexure=cell. Remultn show that this Mexible tententand mount
in cheap, hence expendable, and capable of thruat meanurements
of fairly high accuracy.
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FOREWORD

Thin report dencriben a mdically new appmach to the dasign of a sin-component matic-firing
tent stand for une in hazardous tentn where the ponaibility of complete dentruction of the atand in
high. A major abjective of the davelopmeat wan to provide an inexpennive tent ntand no that the
lone would not be great in cane of a catantrophic malfunction.

The denign and fabeication of the tem ntand were carried ont 0n n short time scale and no
optimization of componentn waus posaible. The general approach proved to be succesnful, however,
and the information in thin report should be uneful to othern enguged in the denign of ntandw for
high-hazard testn,

The work dencriled was performed during the summer of 1960, and culminated in o full-scale
Polarin tent firing in September 1960, The wor: was supported by [lureau of Ondnance Tank An-
wignment SI° 1401,

This report wan reviewed for technical accuracy by Foy McCullough, Jr.
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INTRODUCTION

The number af mchet-motor 1entn involving possible or deliberate catantrophic failures hae i+
rreaved. Such toatn may renult in the destruction of the tent stand and ite fistures, which meane &
highly undenimble expenditure of tine und money,

The six-component teat stand is probably the most expeasive tent stand in une tndey. \ larpe
part of itn cont in in the flexure pivots and load celln that prvide freedom of mavement for the 17
stand and meanure the thrunt developed by the motor, rempectively, Commercial fexure pivots and
load cellu have heretolore been neparate unita and, although accurnie, are expennive.

In mid- 190, the ', S, Naval Ordnance Tent Station (NOTS) was asked 10 design and fabricate
« nix-component tent stand for une in # tent that might result in an engine failure of u vinlent nature,
16 wan deemed desirable to denign and manufacture & ningle-unit flexvre pivot=lond cell. This item,
horealter called a flexure=cell, conninted of a cylindrical columa flexure on which « balanced pat-
tem of wirwin gagen wan arranged. The narmw columa allowed relatively free tent-ntand motion, and
the wtrain gages provided a meann ¢! meanuring tensnile or compressive loadn {ree of hending eflectn,
The renult greatly reduced the number of itemn necesnary for & nix-component test stand an well an
the averall cont of the stand, Figure 1 shows the location of the flexure~celln on the ntand; Fig, 2
illusteaten the location of commercial itema when uned on the same teat stand.

It should be noted that & conventional laldwind.ima-Hamilion Com., 50,000pound universal
lond cell wan uned 10 meanure axial thrust rather than & lexure~cell. NOTS-built column flrsures
were uned in conjunction with thin one commercial load coll, however,

Table 1 gives n cont analysin of the mast inexpensive commercial flexure=lcad cell combina-
tion compared 10 the llexure~cell arrangement actually uned. The number of commercial flevure
pivote could be cut ir hall by the une of univeral flexures inmtead of twn modular Nevaren in aeries
an linted. The une of universal [lexuren, however, greatly increanen the averall cont of the 1eat
atond,

TARLE L Gost oF Conewenciat, Freseny: Pivors
AND L.oan Crris Comraiien Rrn COost oo
Frexear-Criis Usen ox A StxCommorsp

Trar STAND

Sic-compnent tral atand Coat

U sing commercinl firme

10,000.1h univernal Ioad call (2) TN
1500000 comprranion load cell (4) 1,820
15.000.0h modular levge prynt 1240 L.800
SO,000 1 modutar tlevare pivet (4) i 1,400
OOk ynive raal Joad el ]

Tor ) | LX)

twine fleaure.crlla

O levre - elln, 2 coluwen Trvares f$1.0%0
W oarain yogen : 150
Vawemby and i bratjon (X1
SV IHHY T mivegn o] Taat ot | il 1

Total S AT A
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THE FLEXURE-CELL

[t wan necennary 10 denign and manulacture the Mlexure~cell, and to detarmine lin elfoctiveneen
an bnth a flevere pivot and a lond cell,
DESIGN

The denign of the Nexure=cell was bancd on the established column formela with the arbitrary
choice of a 12-inch length. %
oik

Per

where P « denign load per flexure~=cell, in pounds
L. = effective length of oolumn, taken un actual length of 12 inchen to pmvide nalety lactor
I = (n/4)%, moment of nertia of column
E « 30 x 10° pal, ansumed modulus of elasticity of steel

Table 2 shown the remultn of the une of thin equation.

TABLE 2. Vat.ues ron FLEXURE-CELLS AND CDLUMN FLEXURES
CaLcULATED From Hasic Desioy Fotamox

Desl Calculated Radive of Moment of
ltom sim radius of colomn inertia,
load, 1h column, in. uned, in. int
Side flevure~cell 10,000 0.28 0.30 0.00036
flotiom flesure—cell 18,000 0.311 0,375% 0.01% .
Avinl column flesure %0,000 0.42 0.50 0,0442

FABRICATION

Figuren 3 and 4 show the two typen of llexure—~celln fabricated and tented, and the axial
column flexure used to aupport the commercial load cell. Fach of thene itemn wan manufactured
from S.AE. 4130 fourinch-diameter nteel bar ntock.

Fach billet wan ultranonically inspected for flaws, then machined to appeoximately 0.1 inch
avernize on all dimensions, The rmugh-cut piecen were heat treated 10 140,000-pai minimum yield
strength (Rochwell € hardaenn of 38 to 40), Fach piece wan ultranonically tented again for flaws
befare the final machining and diilling.

The ntenin gages uned on the flexure=c~lln were Tntnall Metalfilm foil strain gages, type
(0-121, Fight of thene gagen were installed in the center nection of rach flesure=crll with each
diametrically opponed pair constituting one leg of the bridge circuit, an shown in Fig. 5 This con-
tiwration eliminated bending elfecta that would have otherwine affected the readings tahen from
the guges, The final gage pattern allowed only teneile nr compreasive loadn to be measured,

To pretect the gages and their leada from duat, moistuee, and mugh handling, the gages weer
enclnasd in w pmtective covering (157 g of General Flectrie Co, silicone mubber compound RTV.00
and 2.60 ¢ of Genera! Electric Co, Themalite 120, Alter application, the ubberlile coating was
evponed to infrared heating lampa, whi:h reduce the cunng time to 3 or § hours

Flesurreella | and 3 had heen calibrated belore the RTVA0 application, and they weee ee.
calibeated with no change in characteristica, Flewnre=colla 2, 4 5, and 6, however, showed an
elrcirica’ pollance an the beidge ciconit from 0,8 1o 006 yolt, ohieh rendered them useleas,
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\o conclunionn were reached an 10 what had cauned the imbalance in the gape circalt. Ohe
theary pontulaten thet the NTV-60 and/or ite catalyst had somehow acted on the pagen or wiriag to
destroy thelr effectivenenn. :

The damaged Mlexure=celln were stripped of their ragen and now gagen were applied. In the
reapplication af gagen it wae necennary to une larger gages, Tatnall Meta!film type (A.141, on two
of the flexure=celln bocaune of a shortage of the amaller type Cn-121. Une of the C6-14) gagee
resulted in no apparent dinmlvantagen.

I'retection wan provided the gagxes and wiring hy encloning them in a lnone cylinder of card
boand bound with electrical tape,

EFFECTIVENESS AS A FLEXIBLE MOUNT

In order ta be uned un a flexure, the flexure=cell had 1o contribute o relatively small renistance
to teat-stand motion,

By une of clansical beam theory, equations were derived far the theoretical restenint to test-
stand motion contelbuted by each Nexure~cell and by the axial column Mlexures (nee Appeadin A

The theoretical restraint in pounds per 0,01 inch of teat-ntand motion pempendicular tn the axin
of each flexure=cell or column flexure follows:

Side floxure~cell ........cccorrenunnn. veerseasnens tessereresannnes 1?7
Hottom flexuromcell ........ cooorrrrnneenocrirsssinnninne 42
Axial column N&xure and load cell annembly ....... 4.5

It should be noted that the theoretical renulin shown above were huned on & mean column length
and were aat determined by n completely Agoroun mathematical prof.,

It in ween that a wizable amount of renteaint in provided by these flevure=celln; however, this
in & repeatable error, For the mpecific test for which these were denigned, however, thene inherent
inaccuracien in thrust meanurement were tolerable (xee Appendix 1Y),

In addition to Mexibility, it wan alao of prime importance that the flevure~celln he both strong
nnd atable, enpecially with offact, Offuet in defined an the lateml deflection of one end of the
flesure~cell or of the column flexure and lond cell nnnembly with respect 10 the opposite end,

Laboratory tentn on the {lexure—celin showed them 1o be extremely stmng and atable even ot
hixh valuew of offnet, Figure 6 shows the ultimate steength of o side flevure=cell tented in compres.
wion with 0.01.inch offuet,

Figure T shown the total vertical deflection hetween end-fNlange lacen of a aide flevure=cell
an o function of comprensive load. The change in slope of the plotn, with and without offaet, in
due to the shape that the piece anmumen when its endwn are offnet. Rith no offset the compreanive
deflection in the flexurr=cell in the xame as the deflection between its flange facen, Rith ol
et however, the otal comprennive deformation in the piece i not the same an the verticel deflec
tion between flange fncen becaune of the Seatiape of the flesareacell, Figuee 8 illyntrates thin fact.

Fumee T shows that the flesure=cell did withstan denign foad with an much ax 0. 2%inch of fael.

EFFECTIVENESS AS A LOAD.MEASURING DEVICE

Inwsmuch an the fievure~cell muxt provide not only w reasonable Bexabnlite but alen an accy.
rate neans of meanuring the tenajle or tompressive loads imponed on the member, the folloning re.
Auitements were deemed necesnan

1 bhe data Uond veraus atpnincindicator rradiag) ahonld be inear from ao Toad 1o drnign lnad,
2o The ameuni of olfaet should not alfrol the data,
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3. The flexwra=cell should be nensitive 10 incremental loading ot oll l0ad levels,
4 The data should remain constant with repeated loading.

l.abaratory teats showed that the linearity of applied load versus sirain-indicator reading was
very mood (nee Fig. 9=20), 11 whould be noted that the strain-indicator rmadings did not give actual
deflection in uin becaune of the method of testing. Instead, these readings are merely o strain-
indicator index of load conditions,

Ollnet had little or no effect on the readings when compared with readings ot no offset (nee
Table 3).

TARLE 3. Comrantsox or STRAINS NDICATOR
NEADINGS AT N0 OFFSET AND AT
0N, Orrser on Horron FLesuny-Crtt.

Comnesanive load, Reading with Reading with

b no offnet 0.1+in. offue
0 4,645 4,648
1,000 4,460 4,4%%
2,000 4,200 4,20
3,000 4.080 4,000
4,000 1.AR% A.a80
3,000 1.690 31,685
6,000 J.H00 1,495
7,000 1,308 1300
8,000 3015 305
9,000 2,930 2,02%
10,000 2,740 2,715
12,000 2,%0 2,355
14,000 1,975 1,975
15,000 1.99% 1.795

Sennitivity testn on nide flexure=cell 2 nhowed that at all leveln of loading the smalle st incre-
ment of load detectable on a Blaldwin Strain Indicator wan 25 pounds.

Repeatability tentn on a wide flexure=cell showed no change in strain-indicator reading during
ten loading cyclen (see Table 4),

TARBLE 4, STRAN NICATOR READINGS UNDER REPEATED
1.0ans ox Borrom Frexene-CoLt.

Steain-in-licator teading
Coele | o= _..-I........- e e wm—
No tond 2,000 1k 1,000 1h ] 6,000 1h | R0 1L l 10,000 11*
! 2,200 1,660 Love T foomvie AT
2 L 1.65% 1,065 N AT ] ! n,7v%
1 2,2% 1.65%% LSO S S AR U B R A
' 2,2% 165 1,070 T3 oun L ontw
% 2,20 1.6%% 1,005 ! o l 9,90 LI
[ P 1) 1.0%% 1.,00°% ) (4. {]] 9,140 ; R
N ML 1,655 1,07 tno i 10 R}
" SR 1,660 1,070 i moo L 9N } N
0 P H 1.600 1,070 l WO z 9,140 i LR
10 2,2%0 1.MAl 1,070 l, A S | L Ao

* Han o of Steain Indis ator changed 1o Nange Fatender I,
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USE OF THE FLEXURE-CELL. TEST STAND

In September 1960, a test stand utilizing flexurc—cells was used for a destruct test of a full-
scale Allegany Ballistics Laboratory sccond-stage Polaris motor. This test required six-
component measurements, and the possibility of a catastrophic malfunction was high.

The general arrengement of motor and test siand is shown in Fig. 2I. A view of the forward
end of the moter is shown in Fig. 22. Two of the flexure—cells can be seen below the kLorizontal
slab of armor plate to which the motor is attached. The toothed hoop around the center of the motor
is an antiflight device. The destruct device, a linear shaped charge, cannot be seen but is located
beneath the motor skirt and against the forward bulkhead as a loop that includes the two thrust-
reversal ports visible in the photograph. Figure 23 is a view of the after end of the motor; three of
the lower flexure~cells can be seen. A fourth flexure—cell, for side-thrust measurement, can be seen
in the center of the photograph. The two triangular side supports serve to resist yvaw forces.

The only force that v:as not measured by means of a flexure—cell nas axial thrust. A cenven-
tional Baldwin strain-gage load cell was used for this measurement. The cell was wrapped in as-
bestos for protection amd was supported by a rod {lexure at each end.

The results of the detonatien of the destruct device, followed by the firing of the propellant,
can be seen in Fig. 24 and 25. All flexure—cells were undamaged. As can be seen in Fig. 24, the
rod flexure attached to the Baldwin cell was bent. This is believed to have been due to heat from
the large opening in the forward end of the motor.

No attempt is made here to give details of the destruct test. It iz desired only 1o show that
the stand was structurally sound following the test, with the exception of the one hent rod flexure.

CONCLUSIONS AND RECOMMENDATICNS

The use of flexure—cells in rocket-motor testing seems to be promising, espedally in tests re-
quiring thrust measurement of fairly low accuracy and in which destmction of the test stand and
fixtures is prokable. These items are lower in cost than commercial flexure pivots and laad cells.

A more extensive test and evaluation program should be conducted on the fleaure—cell. It may
prove that the first set af flexure—cells nas overdesigned. If such is the case, the =tifiness of the
flexure—~cells can bie reduced by decreasing the diameter of the column.

It i< also sugpested that the surface of the flexure—cell be fizished ta a4 songhness of 60 pin
or less. The first flexures manufactured did not have a fine finish in the region where strain gages
were applied. As aresult of the mugh surface, difficolts wax encounternd in applying the zages
and an electrical imbalance was found in the gage circuit.

\ mare precise value of F, the modulus of elasticiz., should be determined for the heat-
treated $130 steel.

Rith the first fexure—cells, a lennth of 12 inshes was assumed and used. It would be of valuz
10 determine exacth which lengths are most sgitable for certinn load madizons. It may prove that
a longer length than 12 indiex is possible. This would reduce the «tiffness of the flexurr~cell and
make it even more promising.

For future test~ asing the flewurracelll the text stand could be simplified iy reducing from
four 1o three the number of flexure~cells holding the mounting plate, with the following advantages:
there would be ane less fexure—cell o fabricate. an i sinee threr points define a plane, the setap

of the t~<1 ~tand would be simplified. especialls in case of irremularities in the main hase plate.

Ihe proposed armenzesent of the three flevurr—cril~ s tvn {iewire—crils in a plane through

et of pravaly of e =oior at right angles = Gie mlor aas, and sse fevure~crll afl of the

ter of granetn.

W
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Appendix A
THEORETICAL RESTRAINT TO TEST-STAND MOTION
CONTRIBUTED BY EACH FLEXURE-CELL

In deriving the equations for the theoretical restraint to test-stand motion provided by the in-

dividual flexure—cells and by the column flexure—load cell assembly, a completely rigorous mathe-
matical derivation was not followed because of the complications that would have resulted. The
results should be reasonably accurate, none the lese.

HOMENCLATURE

E = Vlodulus of elasticity of the lexuse—cells and the columa flexures, assumed to be
30,000,000 psi

I = \oment of inertia of flexure—~cell and column flexure. assumed constant for the
former

L = Leagth of member
¥y = Bending moment at end A, ¥y - PL - Yp
Yz = Bending moment at end B

H{x) = Bending moment at any distance x from end A
P = Force required for deflection o7 end B
R = Rall reaction (R = P)

s = Deflection perpendicular to axis of picce: in final equations 1 is the deflection, or
offsct, at end B

BOTTOM AND SIDE FLEXURE-CELLS

In the bottom and side ferxure—cells the end facex remain paraile! 1o onc amother.
P

-
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Wx)e Ry =Wy« Px=Pl, o+ Uy

if{ o (PxaPL V) -
P e
dy/dx = VEIPA/D) < Plx o Ugx + €yl

y o VENPSY/8) = (PLa3/2) « (Mgx3/2) 4 Cyx ¢ C4
For the boundary conditionn

v
dy/ilx » 0, hence Cy = 0
ye0, honce Gy~ 0

ve it

dy/dx = 0, hence Mg = I'l./2
Therelore,

y = VEI(PsY/6) < (PLx3/4))
Myl

yo V/ELGPLAND  or  Pa)2Ely/L?

‘Note: In evaluating thin level of restraint per 0.01-inch offnet, a mean length of 11 inchen wan
uned {or /., baned on the assumption that the moment of inertin, /, wan conntant, The remultn of the
evaluntion of the equation are shown in the table ou p. 1.

AXIAL COLUMN FLEXURE=LOAD CELL ASSEMBLY

P
" —.1
- S
/ A \
wl LOAD CELL We
\ 'l
e "IN, i 12 IN, e e "IN ——-—l
REGIIN 0 < x < 11 INCHES
i) e Ry =Wy = 'y = Wy
2
A Lp, - W)
lll3 ’,
dv oy VLRI DY C g m
N Y N7 LA A TR N
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REGION IT INCHES < x < 23 INCHES

=0 .
S R I
a2 £
dvidy = Cy (3)
yv=2Cx s Cy £}
For the boundary conditions x = 11 inches, Eq. (1) = Eq. 3), bence
5= Q2P 2E1) - O M /ED
Also, Eq. 2 = Fq. 4, hence )
Ce= 12144 2E1) - (13319 73£D
Equation (3) becomes
dv dx = (121P 26N - (1] Y1 ED 5 ¢
and Eq. 4 becomes
v = U20Px 26D - MYy x ED - (13310 "3ED - 21y, 260 6}
REGION 23 INCHES < x < 34 iNCHES
AL ST '
4= £
dvoda e VEIP? 2 - Wia 5 4 e -
Ve VEITRP® 6) = (0027 D Con s Gyl 18}
For the boundan condition « = 23 inches, Eq. 3) = Fq. {71, hence
Co- 1244 - P
Ao, Fg. 163 - Fa. 8, hence
Co - 3612P - 20311,
For the boundan condition 1 - 33 inchex, Fa. Y- 0, fron whick
U, - 17p
Henace, Fq. 18] beonmes
sl arn o ane orpl g i 10}

\;w'l_ F.g. HeH sieid=

AR R F A o ar Foii vy

The resufts of the ryaluatias of e rguatinn are <hown in the fabis o

ik




NAVWEPS ! 'URT 799)

TN

Appendix B

. ESTIMATED STEADY-STATE ACCURACY OF THRUST
HEASUREMENT USING FLEXURE-CELLS ON
SIX-COMPONENT TEST STAND

In determining the accurncy of thrunt measurement, thrust readings are ansumed for the nide
Mexure=celln, the bottorm, flexure~cells, and the axial load cell. For each of thene recorded londn,
the elantic deformation limpaned on the particular members in computed uning a length of 14 indien
to give u maximum value of corprennive or tensile delormation. Thin deformation, then, caunes an
offset of the same magnitude to exint in the remaining flexure~celln nnd/or the column Aexure—
load cell annembly. The offnet imposed determines the unmeasured restenint contribmed by these
aother members, from which the approximate accuracy of the original thrust reading can be deter

mined.
NOMENCLATURE

I = Thrust mewsurement recorded

l. = 1.ength of member undergoing deformation caused by the imponed thrust, taken an 14 inches.
{ « Cross-nectional area of member

£ = \ladulun of elasticity of nteel, taken as 30,000,000 pai

8 ~ Flastic deformation cauned hy imponed load

STEADY.STATE ACCURACY OF SIDE FLEXURE -CELL
THRUST READING

If the two nide flexure—celln each read 1,000 poundn of thrust, then
Alatde) « PL/AE = (1,000014)/(0,282)(30 ¥ 10%) « 16,55 » 10°% in,
Rith hottom flexure—cells having an offast of 16.55 « 1074 jnch their total restraint in
(4)(42X0.001655) ‘0,01 ~ 2.8 b

Rith  column flexure and load-cell ansembly having an offxet of 1.635 + 10°Y jnch, the totl
restraint in

(4.730.001655) 0,01 - OR b

Hence, total rentraining, unmeasured force in 28.6 poundwn and the percentage acouracy of the
nriginal 2.000-pound thrust reading in 1.43 percent on side-thrint measurements,

STEADY.STATE ACCURACY OF BOTTOM FLEXURE-CELL
THRUST RE ADING

H the four lottom flesure~celln each read 1,000 pounds of thriat, then

Athattom) L TE < (1,000M19) (0, 142030+ 10%) 1,00« 10°Y i,
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Kith wide Nexure=cells having an offsst of 1.06 x 10°? {nch, thelr 1otal restralat Is
(2X17.2X(0.00106)/0.01 « 3.65 Ib

With column flexuren and load cell assembly having an offset of 1.06 x 10°? jach, the total
restraint in

Ilence, total reatraining, uameasured force is 4.18 pounds and the percentage scourecy of the
original 4,000-pound thrast reading is 0.108 percent on vertical-thrust measurements.

STEADY.STATE ACCURACY OF AXIAL LOAD-CELL
THRUST READING

If the axial load cell reads 50,000 pounds of thrust, then
S(load coll) = 0.01 in,
8(columa floxures) = (2)(50,000(14)/(0.785K30 x 10™*) « 0,06 in,
Heace, ‘
S(wtel) = 0.07 {a.
With bottom flexure=celle having an offset of 0.07 inch, the total restraint is
{4442)(0.07)/0.01 = 1,175 Ib
With side flexwre—cells having an offset of 0.07 iach, the total restraint is
(2X17.2)(0.07)/0.01 = 240 1b

Hence, the total restraining, uameasured force is 1,415 pounds, and the percentage acaracy
of the original 50,000-found thrust reading is 2.83 percent on axial thrust meamsrements,

It should be noted that these restrainta are highly repestable and could easily be accounted
for with in-place calibeation of the tent stand.

10
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ROTKET MOTOR

/comsacw_ LOAD CELL
COLUMN FLEXURE
y 4 (TYPICAL

FLEXURE-CELL ¢
(TYPICAL)

FIG. 1. Six-Component Test Stand Using Six Fleaure—Cells, Two Column Flexures,
and One 50, 000-Pound Universal Load Cell,

L
OCKET MOTOR
FOUR MODULAR FLEXURE
PIVOTS PER LEG (TYPICAL)

OMMERCIAL LOAD CELL

p! f (TYPICAL)
_ LT T
- ”5.:11 o 3’2@’!1!! 5 I
xr l X :

]
3T

= \
LOAD CELLS

MODULAR FLEXURE
PIVOTS

FIG, 2. So=Component Test Stand Usimng Twemya=light Commercial Flewurd Pivots

i Seven 1oad Cells,

n

it
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Ple———————— 1420008

-~ A

i

-

s —
- 1 /8 RADISS (TYPICAL)

i

(TYSICAL)
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