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' THE DESIGN or A HYDRO-PNEUMATIO uumnsn
8PAR rmsnm MACHINE

smm_
The-desfgn desoribed herein 13 that of a Universal Spar
“Testing Machine: daveloped at the Daniel Guggenheim 8School of

Aeronam&{?l_ the Geergia Behool of Teohnology, Atlanta,
Geoagia, hy ﬁhe -author as & theaia for the degree of Master

R e

‘of 8cience in- Aeronautiocal Engineering. _The.purpoae of ﬁhii.
2 development was to provide a means for the_fu:ther research
snd investigation of the strength of wing 8pars, o

‘The machine i8s composed esaentiaily of five main parts:
namely, a hydro-pneumatic loading system, a loading control
gystem, -aii:"aa;'ustable or movable support for the 1oad1ng -

syetem, a stationary base or frame for supporting the sper,

and a deflectemetervtor §9anur1ng Bpar deflectigns.

T T A T e

The machine was designed to accommodste spars up to 20°
in length, 13" in depth_,. and -3% in thickness, and it is
capablo.éf-pro@ucing loads ﬁp to 30.060 pounds. In case it
18 desixéd'fé'fest spars ‘larger than, the afdre@entiened; a
sealé.moébifbf thé 8par would have to be usedf

The loading arrangement consists of a number of hydro-'
pnamt{o unite which are to be placed at the rib point sup-
portes of a given epar. A.modium grade oll is used as a seal

in the cells and a mazimum of 500 pounds:air pressure is
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supplied by a two stage eoﬁprésa&:.
-mrm'n

An 1mportant phaae of aeronautical research 19 the ex~

perimsn§31 determ1nat1an of the strengih of ﬁing spars. In-

conneotion With t -s'fbrm_ot reaearoh the means for aecur-"
A O .;p_ blem would be the development
e that would repre&uoe the conﬁitions experi~ |
enced by a wing spar in actual flight. Several attempts to
solve this problem have been made btut up to thé present the
author has not been able to find published Anformation on a o
machine cepable of farni'smng aceui'é.té data :l’erany aesire'd.”’ ‘
losding condition on spars of various sizeﬁ, and oapable of ,_'
applying the loads simultaneously. '

Gertain machines have been built that are capable of

: testing spara of praotieally any size but the loading
oonditions uere only approximaxed by the hanging of weights
along the epar (sz.l 8 3) _Other maohines hawe ‘been de-’-' |
vised fo;.special loading conditiona, such as gxial, gni- -
form transverse, and'vaiy;ﬁg transﬁerge, or'anj'ﬁbﬁbination,
but these*mh'm_ea'hafe been 1imited to a small range in
the size of spars to be tested (Reéf.4;5). Machines have

'have been more or lesa limited."”

also beey constructed thet were adaptsble with regard both

to the distribution of loads and the method of load appli-
cation to the spar (Ref. 8;10) Machines of this type




_haxo an adduatable euthoard apar anppert and a loading de-
vice 60mp08°d of a. system of levers on which weights are
“mmg  However, the dtsadventage of this typo 18 1te 1n-
ability to apply;all of the losds to the spar simultaneous-'
ly. From each 1 the above cases it is quite evident that
the

hé'deaign of & spar testing machine

s that of the losding system on which the maohine depends S ]

for its univeraality.

The 1nvestigation described herein was made by the |
author at the Daniel Guggenheim Behbol of Aeronautiea of the
Georgia Behool of teehnology, Atlanta, Georgﬁa. The purpose
of this 1arostigation was to develop the design of a spar '
tasting machine to be installed and used in the airoratt
structural testing laboratory. This 1nveétiga£ien was cén,
fined to two phasos in the deveIOpmant of this machine as
rbllowst ' o

1. The design of a flexible loading umit, several
 of which oould be uaed for applying loads simnltaneously to

the epar and for effecting any desired load distribution.ﬁ
8. The 1noorporaxion of theao units—together with

. suitable ocontrol apparatus in the design of a rigid
atructure for supporting the test spar and the loading unita

in any desired manner.
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nnsca:meﬁ OF MACHINE

In the design ot this spax teating maohino the follow-
1ng requirements were set up as a gnide..ﬁ- o
1 Flaxibility of loading system. hoth 88 to
| mqgnitude and distribution of 1oa.ds.
.lt?ﬁéi' ﬁamultaneous applioation of loads
3. Universal mounting of test spa;. _
4. Simplicity, compactness, and ea§e 6f operation.
gtter_a_qaregn; consideration it was;dgoided:that,g .
meximum full scale epar of 30'length was the largest fér_
- which auch‘a machine would be eaonomically feasible. However,
larger spars could be tested in sqctien§ ér_by:meang of scale
models. Aésming 2 minimm rib spacing of 1 ';na a maximum
total load of 20,000 ponnds, it was necessary tor each‘unit
to be capabla of produoing.a foree of 1000 1bs,

Load.tng Unit
Several possible mﬁthods of 10ad application were con-
sidered and 1t was finally decided that the loeding require-
mente could best be met by utilizing ﬁﬁhydrb—pneumatic'princi—

ple. In the application of this principle the load 1s applted |

by & close fitting plston in a oylinder filled with o1l into
which air pressure 18 introduced from an external source, &

short strut end o shoe being used ‘to trensmit the load to the
spar. This coylinder is connected to a large alr chamber which




-
acte aaa.preaanro reserve and "e'nébtl:és'- the cell to --§mam¢- :
praotiea:l.ly & constant load varying only ene percent for -
the iall stroka of the pistnn. i | .

In the dewlopment and design of this cell it wag8 neces-
'4n% the ‘mgnner 4in which binding and friction

v8 cp tion and %o asoertain the way in whioh

ould b kept within a one percent 1imit,

sary to detern:
would e
testing déeti-c“e..(rig. 1) wae constructed which consisted of a
structurel steel frame supporting & load beam mounted on ball
be'arin'gsi.“. A movable table was used for holding the test cell
and a screw J aok was employed for raising and :I:ow.eﬂng this
The ﬁrst cell (Fig. 3 ) was aé{ugnea--férf a -'s.-sfmg-_ alr
pressurs 6f 80 pounds which was availsble in the-'la‘bontéfjﬁ?
It consisted of a at.eql 'oylinder of a 5" inside d’-tﬁuefer', a
cast iren piston having a length-diameter ratio of 1, a rod,
a.o'ting- as- a sf.rut,‘ screwed '1n1=o ‘the pisto'n',' and & 8hoe TeBtw
| ing on a 1/3" hardenad pall in a spherical seat at the toy _
of the rod. | | -

!his een was tested a.t an air pressure of 80 pounds.
The results showed that the frioction of the oil in the emall
1/8," copper tube » which was used as & presa?:_r'e line, waa
su!tteién_;i"_tb' canse a sluggish sotion of the cell. It was
possible, of course, to incresse the ele of this line b
thie would have limited the flexibility of the system and would
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not have entirely eliﬁ&nated‘%h@”fiietf@nfOf”bhéﬂ°11 in the
" tube, Obviously 1t was necessary for the pressure line to
be free of on. Consequently, sn o1l ;’féﬁerv‘bfit;* large

enough éﬁ'ﬁordfa-vaium@ df'oil~sommwhét*giéé%hr"ﬁhan the dis~

plaeement af ‘the pt:ston,wa.s attached to the- oylinder by a
ke fprossure 1ine, now free of oil, was

'ﬂaxiblo systen:

Befé'i'o the mvéa-tig'atibn of the low p:;-eseufé eystem was
completed a 500 pound pressure supply wes mada available in
: .the test laboraton and it was to great a.dvantaga ‘both eco-
| 'nomically and Btmcturally to a.dopt a small loading unit and'

use higher pressurea.

A sma.ner cell of similar type was then designed (Fig. 3) .
In this oell the cylindef‘ and o1l reservoir were made 1n one _
cast uon. bleck, the cylinder ha.ving a diameter ot 3' and
the reservoir having a diameter of 1-1/8" with a 3/8" hole
between tho two for the 011 passege. The piston was made of
steel and was grownd with a clearance of ." '.l'he oylinder '
was 7-3/16" tall giving ‘the pi.ston a 3" strol:e.. The arrange-
ment of the strut and shoe raz the same as tha.t uaed in the
low presme co].l. A teat cell of these dimensiona was con—-
'stmoted ha.ving a steel cylinder and east 1ron piston.

- When 300 pomds preesu:e wap put on -thi__s- ,ge:l.]_.. it wae




| =l§?9 f' |
found that the friction was much too highi Pert of the
friction mmu, was caused by the ball and sooket joint 1n

: the ahoe and the remainder was due to the binding effect re-
sulting frem the moment produced on the piaton by the slde
oomponentzat,ﬁhg.legd, To reduce this friction a aeeand

ball aa&*i&éi@f*j&iﬁ%%was 1ntroduoed at the lower end of the |
strut. and the ‘strut was case hardened. This arrengement re-
 duted the binding effect sémewhat, but there was still a
tendency for the pieton to bind due to the side load applied
by the strut at the toy of the piston. Also, when the piaton
was at the tap of ite stroke the strut heeame unntable and-
fell ever. A small triangular wire epring was fixed 1n an .
undercut oircular groove in the cap of the cylinder ta hold
the strut in & central poeition throughout the travel of the |
piston. To relieve still further the moment on the plston the
‘ball and aeoket joint was lowered to the center. This change
brought the friction within a two percent 1imit of the load
and eliminsted the instability of the strut. It was found
thet by removing the shoe and allowing the uppei:’ ball to bear ._
on a flat steel gurface that the friction was reduced to as
low as 1/3 of one percent;'.suchia_result would be expected
since a ball and socket 18 snbjected tO-sliding friction
while a bq}l in contact with a flat plate experienoes only
rolling friction. A8 a reault of this conclusion the heml—-
spherioal gockets at each end of the strut were cut with a
1/18% larger radius then that of the bsll in order to give a




relling astion at the joimt. Thie modifieation breught the
friction Within & one percent limits I
‘ Tes;n on the cell with 111 the ahove modi.ﬁcations shou- .
ed exoessire a:tr leakage arotmd the top of the piston at pres- "
sures of _Iee and 300 pounds. On 1nveatigatien, 1t was found

ooming from the reservoir :|.nto the cylinder |
_ u1 of tho oasting about halﬁay up. Later it o
wa.s found tha:k oil leaked through the cast 1ran piaton of
the test oe)_.l lrhen the ba11 joi.nt wae lowered within &n inoh.
of the bottom;" ‘.!‘heae tests rovea.led the fact that 1t was very -
diffionlt to use east 1.ron for the cylinder or piston at these
presmea. the 'be,sis of this aonolusion ® new piston wag
made for the test cell. Thic piston was madc of eteel oue
hardened, ground , and 1apped into the cylinder. : Te_sts_ on
this cell at both 300 and 300 pounds pressure proved satis-
factory, '_I:he friotion ‘ef the cell being within the one percent
11!3‘115. |

‘The -aﬁi‘tnder“ and piston of the final 'q'eIf!. { F-ig’.'.dr and 5)
were made-'_-éif‘ hard mga:i'eae"ateei, the other fé-aturés being -
essential-];y the "aame.'. 'r'he? cylinder was made frain*-sa-ud etook
- and had an. 1n31de diameter of 3.533% giving it a cross aeetion
area of 5 sq. in. The piston was case hardened and ground. The :
reaervoirans made of 3<1/3% seamless ateel tubing with a 1/3%
wall thicknees, having 1/32% plugs seated in each end and a 1/40
nipple connection to the oylinder. Two ainan-'-st'eel Tibs were

soldered between the oylinder and reservoir to add to the e
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rigldity of the unit. (Flg.s Bhota ths aeﬁuenoe in the develnp-
ment of the loading unit.). | | |

w 5; - " | Load Tahle

The lqad table (Fig.s) consisting of an 8"3 beam, .30t
"rt fer the laaﬂ&ng unite. mhia beam was

long eote aﬁ &,:;;

designaﬂitn: a maximum defleetion of approximaxely one inch for
tha wowat 1oaa1ng condition. (Appendix A for detalle) 4 guian
made of two 5% Zs and.slidable.on the vertical Z assembly 13
secured to the gndgot_thié H beam.  The lateral épar supports .
mMoLﬂtﬂ@aWwaw&ﬂM¢wmwtmmu@um mu_;
entire assembly is supported by two 7 ton Black Hawk hydraulic
jacks (ﬁppendix A for position of jacks for minimm defleetion

of beam).

Frame . |
The framo (F&g.s) oonaiats of a horizantal assembly made'1
of two 4' z beame which are braced by & light ?' channel and -:
secured to the conerete floor, and a vertical assembly of
simila: cress section secured to the brick wall hy two 5" Zs.
The purpooo of the horizontal asaembly is to provide a sup~ )
port for ﬁhe tvo hydranlie janks and to act as & base for the

outboard spar aupport. The vertioal assembly. furnishea a sup~ e

port far,the inboard spar fitting and acts. aa a guido for the
adjustable load table., The inboard spar fittiqg_gonaists of
twe S5%x 3% angles secured to the#vertieal_aﬁaemblyi'.This |
fitting may be adjusted for both thickness and depth of test spar.




- The outboard 3par lupport (Fig.a) oonsiats of a lower ",
slidable member, & pair of tie roda attanhed %o this memher,
a singlbtree attadhed to thc top of the tie rods, and sters .
running from the singletree to the strut point of the spar.
The 1ower;§emher-may be-olamped by means of two large bolts
at any'pei. .
| linkage 3

‘ eaﬂh end'with eyes which are pinned to small cleviaes into

ang the horizontal assembly thus giving the L
| e&irad slope* The 1ower member is f1tted at

which the tie rods are secured. . This arrangement allows
motion in two pIaaps thus equalizing the tensioﬂ_in-the tie
rode. The upper end of each tie rod ie secured to the single-

tree by?a-ball'énd-aocket adjustment. There;is;a clevis;_to -
which thgistraps are oconnected, pinned %o the ceﬁter'o: the
singlefﬁee;f.g series o: holes aié drtlled'in:the sﬁraps to - .
ailow fdf complete adjﬁstment ot the liﬁkage'_ It would have

been desirahle to hare designed this linkage aB a Bingle wire
systen_but.dna to the presenoe of the load table under the

spar 1t'i§§“necesaaxy to aanpt a two wire system as noted,
This Iinkage i8s to be mad.e of chrome-nolybdenum steel
(B.A.E.Ho.&lso) having an Elastic Limit of aa,soo pounda per .

8q. in. 1n the annealed staxe.

~ Defleotometer
The‘ﬂeviee f@r messuring spar deflectione consists of a |
reinforced wooden beam and & Set of height gauges. This beam-.""*
is secured to the horizontsl assembly by four 3/8" x 1-1/3"
steel'straps; The top is finished.to provida~avsmooth_agrfaoe
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| Tﬁﬁ"megiiqld, an 1n}d1ame£er and 56*,long,'ie nede of a
seamless steel tube plugged at the ends. It has a row of holes
on ong eide for the cell and air ehaﬁber valve§ and hd1es-éﬁ'_"
the other for the . 1oad1ng, release, and gauge valvee ‘all of

whieh are fastened under the control table,

A tahle ef suitable dimensions is used as a mounting for
the ganges compreeeor ewitch and preeeure valves of the
leeding eystem'whieh are arranged in eonvenient order(Fig.?) -
High pressure neeale velves are ueed and their stems extent ]
through the ‘top of the table and are bushed in a copper plate_
eecured to the top of the table.

- METHOD OF OPERATION -

The Spar to be tested 1s secured to thezinboard spar
fitting end the outbosrd support is attached snd sdjusted
gocordiné“tofbpeeifiqetio#g; Theeload tableﬁis-ﬁheﬁ'rataed
until the'ﬁé?:of the eells-are about four inches from the epar;
Wooden buffer blooks of autteble'thieknees-are'sefewed to the
lateral epar'euppoitsiend'theee supports are adjusted against
the sides of the'epai and-qlampe&\in place. Tﬁe Ioading cells
are placed --a.i: the rib points of the spar and each _ee:l'.l is pre- . .
loaded as determined bw_a_speeified load distribution curve.
The height gaugee.are placed on. the wooden beam and zero read-
inge are teken at intervale along the spar. The load_teble
is now raised by means of the jaoke and the losd is transferred

to the spar. The deflections at the referenoe points are now
obtained. The table is lewered, more preeeure ie applied to the




cells, aad the inoreased lead 18 applied to the spar by raie- |
ing the load teble as befere. Deflectiens are taken for eaoh -
1ncreese in Ioad. Loads are 1nereeeed until the spar fails or
until a specified maximnm lead is reaohed.

o  coveLuBION. | |
It 48 i ;#e be~tﬁfer¥ed bv the fbregeing diseusaion that”

. this maehine 48 d finel selntien et the preblem but it 13 the

nearest epproaeh as compared with-ether similer devices known
to the auther. Recommendations for the further development
of thise type of teating machine sre ss follows: _

1. .xhe_addition of epeeial-de7ioee for iuvoliiﬁg a time
£abtor'1n the ep911Catioh of loade; i.e., auﬂdenereu
moval end application of leeds | |

3. 'The ugse of a hydraulic device for measuring epar de—
fleetiens and_rep;odneing the curvature of the spar

_egraphicelly. :“” . | |

3 Th% epplieaeion of this pwinciple te rib teate and
-tegts of wings,
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APPENDIX 4 L
Léca.tion of Supports fér n-inim Deflection

It is assumed tha:l: for 8 condition ot minimm deflection

that the aeﬂeouon at the ends of the 'beam 1s the same as that_' -

at the middle of the beam. sinee both pointa ha.ve the same
'ﬁeﬂectmn, the sum of the moments of the areas of the uoment
diagrem’ féi‘ half the beam tnken a‘bont ‘the end point mat ‘be

%ero. o
See Fig. 9-A fer ma.gram .

11 a2 ._l’ 23 =%i" |

- »
‘a"'!a"z‘

o=

37
.%-}

. 1, 92 5 5 - wx*
*3_".3-’.-‘ 2 > %;

4( 21+ x)m%ltl-l- x) %3(3-::) =0

g&m g oy

_§_ %ﬁézg':_axll_xi.,e

On solution of this equation we gets
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S Design of H~Beam ( Load Ta.ble )
See Fig, 9-B -:I!o:__' Diagram

"Por sup 0o rte at ends:

- .0138" (w =1 lb/in) _:

Aséwﬁing a maximum lbading cond-ition of 1000 1bs./ft.
Weight of beam = 3.6 1bs./ft. |
Weight of each cell = (approx.) 30 1bs.
Total load = 1,083 1bs./ft. = 88.8 1bs./in.

8= .0’1_;33' x 88.8 = 1.18% (Maximam heﬂe,__étio:la) R

. 4
1+ 1= 20
g1= =%

1=11.1""
x = 4.45 |
’_ substitutiilng-l these va:l.'é.e'a in Equation (a):
3 - .00038%(for a w of 1 1b./in.)
_na:;ﬁum loading oondifi@n = Bé,s.lbs./iﬁ;'
Hence: 9 = 8B.8 x .00038 = ;0637'7(H1ﬁ1ﬁum deflec-
o O tiem)
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'APPEHDII B

Design of Gutboa:rd Suppert
l{embera

The ma.terial to be used 13 chrome-nolybdennm steel
w:l.th an’ elastio limit of 88,800 1bs. /sq.in. in the annealed |

' Btateo . o .
Be‘o -m-g--.' 10-*&- for Disgram
Rlxls- (30::1) X110 = ©

R, = 3%% = 13.33 Kips.

R, = 20 = 13.33 = 6.67 Kips.

Penpion in uilrea'.:"' | -.}
- 13 33 © —3-1

T =

~or 33,35 Kips in each wire

o See Fi.g. IO-B for Bection - '
IAA - (-_Bg— x liez 53.:%,: 1%. x 1%+ 1 x 1%_ x 1%])

| .
I, = 8.8t

133-:(-132-:: 5:1}-3[113,_::1;1;])

-. g = (S22 - 129) - (.624 - -359)

.455111.

33.3 o gaogxipg




M= Ty x 4.75 = 28,300 X 4.75 = 165,500 1b. in.
Ty = 6.67 Kips
Hemoe:  yye Ty x 476
- & 31,600 1b.in,

= 43,400 lbs./aq.in.
ax- 43,400 + 29,700 = 73 ,100 lbs/aq. in,

= 1.31 = Bafety faetor(based on
73, 190  Elastio Limi.t) _

'C_!.oefﬁ.'cient éf_ friction of metal on metal
| ‘ = .15 (lowest) (Ref. 7 )'
B (Total) = 23,200 x 3 = 44,400 lbe.

‘Using 1" bolte (heat treated) to 100,000 1bs./sq.in.

Area of bolt = .7854 sq.ine o

| Load from bolt = .7854 x 100,000 = 78,540 1bs,

| ‘Total load from bolte = 78 540: 3= -157;oae-"-1bs.- }

‘Total load on upper surface = 157,080 - 13 333 -
143,747 1be,




-lo=

Frictional :I!‘oree of upper urfani
.15 x 143,747 = 21, 563 1ve.
" Total load on lower surface =
157,080 + 13,330 = 170,410 1bs,
'Frictional ferce of 1oirer surface =
.15 x 1?05,4-'1‘9“ = 35,800 1bs.
Total fricticnal force =
36,800 + 31,563 = 47,162 1lbs.
Bingletree (Fig.8-3) | |
" For section see Fig.10-C

IM‘ llaxl x 3'.3-]%.21 I[g")

.
%.
i
£

I 2.331n.4
M = 23,350 x 4.25 = 99,000 l..'b._-:ln.'l_
$= Mg . |
IM | S
= 86,500 1be./sq.in.

8.7, = -_- '.: on Elastio Limit
. ¥ L 63,_500 1.33 (ba.sed on Elastio Limit) |

(Ref.8) Ultimate tension strength ,000 1bsfsq.in. -
Bearing strength = 146,000 1bs/sq. in.
B Bhea:ring strength = 130,0 lba/sq.in.
g Pin in sheax
A= ,3068 sq.in. -
'ATota.l" 2 x .30688 = ,8138 8q.in.




Evee

Srs tal" .6136 x 12.,@165 “1bs/8q. in.

(Pig.8-5) R S
Shear: R
A= ng 1 X 3= .75 sq.in.

Load = .75 x 130, = 90,000 lbe.

8.F. = =337

Tension: _ _
A= 3x X g x1l=.75 sq.iu.
Load = 88,800 x +76 = 68,500 1bs,

8.F. = '_ = 3,86 (based on Elastic Limit)

Bearing:

£=1121=1 sq.in.
Load = 1 x 146,600 = 146,000 lbs.(uncorrected)

Load = = 523,100 1bs..

(3 8 - uoét end Richerd's constant Ref.9)

P, = 52,100
S.F. = 3ok = 2.3

Deper clevis (Fig.8-6)

Por section see Fig.10-D

Shear: o

Load = 1x 130,@00 1be.

3 RO
B.F. = = 3-58

- Tension!d

A-}.xlxaxa-1a.1n.
5 3" 1
Load = 1 x 88,600 = 88,600 lbe.

. = 88.800
8.,F, = 461500 ° = 1.9 (based. on Elaatic Limit)




-31- -

Bending: 29 Lye 1Y)
71 =. NPTV g -2
axa 18

IM % (%1 + % ) gg- <385 in.

S

= 65,400 1be/eq.in. -

= 1.4 (besed on Elastic Limit)

Lower clevis (Fig.8-13)

Shears S T R

8 LT
Load = .656 x 120,000 = 78,800 1bs.

B = %ga’g.éﬂé. = 3.38

‘Tension: -
A = -?- ;-3. = ﬂ = ,328 8q. in.
8 8 -84

Load = .338 x 88,800 = 39,000 lbs.

8.7, = 7 = 1,34 (based on Elastic Limit)

. mm  (Fig.8-8)

Tension: .

Load = .141 x 88,600 = 13,493 1lbs,

If loads over 13,000 lbe. are to be used, larger straps

will be needed,




