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Then Govermmat dravisgs, speoifications, or other data are
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The Slom L. Jartin Cempany has cemiucted & “Thesretionl Imvestigatiem
of Optimm Pressures 1n Aireoraft Hydreslic Smtems.® A cemplete amlysis
of hydreulis systems, threugh a rangs of pressures of 1500 pef te 10,000
pi.-l-“o

Wat ia an airereft hydrulic system? 4a aireraft hydranlie swten includes
a1l syetemn ueed primarily ¢s transmit ar contrsl pewer kydraulically, desigmed
%0 bevome airberms im pileted airplanss, piletless aireraft, and helisepteors.

Hut previcus studiss luve been mde? Hth the use of hydranlic pewer
hshmﬁmrnhwmnou.&rohhamymm
o the sams subjest. Ome of the earliest stuites was tiat of Earold 4. Adame
of Deuglas Alreraft Compeny made in 1943. His results are published in
ks besk Afreraft lles. His analysis is based em off isimey
w»*u‘?ﬁ‘-"&—h—‘,"mmc&umnmp spaced at
= avarage of I indws. The mistmm weight of the hydrmulis limes scours at
1IN0 pui for 5200 1ldes end dutul fittings, at 2900 psi fer 17 ST lines
and stesl fittings, amd 3100 pei for lines aad steel fittings. An
sppreximate amalywis for evl.nders indicates & minimom weight abeve 5000 pei.

Night mgnsine in the 17 July 1950 issue presented s histery of
air 1tos. At that time the Pritish Mydraulics desigmers md mads
¢ stuly of 2000 pei, 3000 pei, and LOOO psi systems. The results stated
in the articls (if cerrected by reversing the percentages) are 12€ wmight
saving frem 2000 te 3000 pai and & weight savings from 3000 te 4000 pet.

lnuromny.ui‘tt*bummmilﬂmplh-
been mde for a typical subeirmit, by Leu Derthelsen of Nerth Anmeriess
Avistion. The sceps of the stuly was limited to ems mboiresit and the
mduiﬂuuutﬂnuﬂmhhmphd'm’dnlmpt
swbeireuits. (The amlysis appears in Appendix H, Volum I1)

Ty hms thizs new study been cerducted? A1l ef the previcus studies lave
limited themgelves to studying the problom of optimm pressures with weight
amd availability as the only criteria. With the sircraft structure becaming
mre dense fer high speed operation, the space ocoupied by the componants of
the hydraulic syztea bas becoms of great importance. MNany new mterials baw
becoms amllishis fer ues im hyiramlic sompeneats, 1swer: vty faotors ave

e
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;b ooms into uwae through the refimssent of the art, amd the importance of
niscsllanscus compoments such as walves is euffisciently great to jJustify
- ﬂ " inclusion in the smalysis. Thw rise in system operating temperaturs to

275°7 in the ismediate future, LOOF im several years, and wltimately higher
have mude it necessary to develop many componmnte. This suggests somourremt
slmage to optimm pressure.

The ixtest of this stwdy is to mbs & comprshensive smlysis including
the sffest of varicus pressires om all compoments and on system srrangwests -
in ute tedny or predioted for the near future, teking into consideration weight,
cost, reliability, performance, and heat rejection. .
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1., SUMANT AND RECOMMENDATIONS

la. Parpose

The purposs of this report was to deternine the optimm presewrs or
prossures in aireraft hydraulic syuteom sad to evaluate the prastial siguifiommos
of these pressures.

The aireraft hydraulie systems wers to inelnde all systems weed primerily
to tremsmit or eoutrol power Nydremlioally desigeed to besae airborms in
plloted airplanes, pilotless aireraft, amd wlicopters.

hwﬂ-pmumb—nnnluormwﬂ-ﬂlﬁ
would result is the most ideal sowbimation of desiga factors, imslndisg
waight, space snd other sausideratioss recammuded by industry sa being
inpertan’

e amilysis ixvolved more thas pure sathematics. As sn eagineering
problsm it imwlved determimtion of lmput data from representative statistics
where svailable, from reasceabls estimates chtained from leadiag engineers
wd, in soms cases, from spinice. The integrity of the results of any sush
samlysis depends upon the attitude of the engineers de'ng impartial ami devoid
ﬂwMﬂerdmuuhhnﬁnMyMﬂhnm

The lmporimnce of these facts was recogaized at the outset. In any well
veunded ergimsering srganisation om oan fisd agressiw individeals with sstiw
tions who have lsarned to sell their ideas by pminting rexy pistures.
Congerwntive intividuls eun be found wha, after an overdose of bitter design
bekfires, foar, resist or szaggerate any departurs from the cegventienal.
Porseamsl for the smalysis were selected fram s group in between thess sxiremss
anl supervision was oontimmlly directed toward obtaining wabissed results.

l.c. Data

A survey of the airgraft industry was made to define the hydraulic
systess to be used as a basis for the analysis. To obtain factusl data
from responsible engineers and obtain a direct imsight into tie most aouts
problems involving the other possible operating pressures, persomal
interviews ware arranged with all of the principal airoruft producing companies
and informtion was cbtained directly. From this survey was detormined the
systos horsepower (which is plotted sgainst time in figwre 1-1), the types
of sstems and the sxtent of use of each, ths types of componsuts, tubing
snd fittings, flexible hoss connactions in use, materials of conetrection
and the safety factors in current wss.

e e bt et i




A Mistery of syuten pressure versus tme i» presentad in figare 1-2.
wmmmﬁomdaw&suﬁuhtmmw
Wﬂ-hﬂtquarmltd'moﬂwhchmim. i

Figre 1-1, sjuten horsepover versus tims, shouws the wide divergemoe
dmhhwd&tmmmh Morsepower in the futare.
m-&iln’nﬁwmmthmmmmuﬂwd
n““’.

To chtuin the development snd productien status of high gressure
q-h-aa.wuwatmm umits to higher pressurs,

—inmodhtbmhﬁnnluqdm-ntwm.

epinions, suggeetions, and cauticns Mave beem imcorporated 1n Bection b
e practionl siguificmes. The prosest developmest work is soncerusd
mthﬂﬁmuqhﬁ@pduﬂ-wdﬂ-mpimtsm
sdaptabls to pressures of OO0 psi mmd 5000 pei.

The svailable literaturs comcersing previcas pressure studies,
mterials for hpdraunlio squipment, new developments, and analysis
welnigues s serveyed sd where applicable was used in the study.
Bstorieal infermation comotrning aireraft hydrsulic systems was also
aweilable in docks, reports, periodicals (see bibliography) amd supplemsnted
hmdﬂmﬂtdmﬂew-mmﬂ.

o eeelbdrtien

o —————
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l.d GENRAL MSTHOD OF AMALYSIS
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- oach element way designed to meet various intermal pressures
At sach horsspower er work level. The intermal sire of the
compenent, of course, m-nmnut& reduced flow
or displacement at higher Pressurss. Dy integratisg the slements,
Al squation wms cbtaimed which represented the weight or space of
the entire compoment.
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Data on actml 3000 pei were tham cellected amd the weight mnd
space curves wers pletisd.

]
. C
- |

osefficients in
e

theeretionl equations in Step 1 were tea
deternined based ’

the
te actual date pletted in Step 2.

The darscteristic curves showing the effects of variablas wers

thes superimpesed su the actl curves to sssure the wlidity of
the mathemationl funetions.

Bxaminatien of the makwup of the slemmts of tin walves, ip gemenal,
initoates that the prepertions of tulk snd pressurs stressed materials
[] are appreximately the same as for the oommen check valve. Plets of actual
wight and space for sach valve were compared te timt of the sheok valwe.
$inoe the characteristios are similar, Wt the actml walues of & fixed
ratio, at & given horsspewer, the weight and space equations fer check
valves, which were develepsd in great detail, were mltiplied by the statistical

ratie obtained above te yleld a weight amd smos squation for each type of
wlve.

Inthe analysis of the trensmission limes, comeidersble statistim] data
s used te deternine the utilisation of esch type of fitting (includiag
suppert J por mmit leagth of tubing ami the fitting was amalysed
in detail. offoct of presswrs om the demeity of the fluid was imelunded.

In the mealysis of actmtimg oylinders statistionl data was used te
dotersinze the preporticos in ocurrent use and the sffect of eslum streagth
limitetions was included inthe analysis.

Velums II. At tie end of each snalysis is presented a femily of summary : :
ourves illmstrating the effect of weight and space upom the partioular !
cowpenent iavolved. '

In order to integrate tiw results of the comporent apalysis, it was
becessary to establish the relative prepertions of these compements in
various systams. From the results of the survey, six differeat sys tous
) wors dssigmed and used as s basis for the summmry amalysis being considered
' reprossutative of the range and sizes, preportions, and typs of systems fer
! ” present anxd future use. 4 discmsion of the selsction of sash system and the
spplications it represents is given in Section 2-A. The components and )ines -
' wore all specified, and rated by werk or harsepewer. By using the ourves
t I% developed in Yolume II, the weight and spams of sech elsment was detarmined,
}

L

i

|

|

ﬂ Thess analynes are completely reported in the various appendizes in !
>

|

The mummation of the reeults have besn raported cempletely so that the
cmtribution of sach compomsnt of the system oam be obasrved. The mibtotal !
end total weight and space curves for sach aystem have beeu pletted in

Section 3. The diagrems of the systeme are pressnted in Sectiem 2.




1.4 RESUITS

The total syatem weight curves (tigure 3-1) sre amapingly similar is
characteristic in spite ef the broad wariaticn in type, site, md propertion
of systems oonsidered. Whm these curves are normmlised and aversaged 90
tbtuehmh-mhdcqunyuthnnlh. th_qmmhr-d#
' aloms indicated a mathematiosl lew psint at 100 pai with a practical peint

of mo return at L0OC pel, and & smving of L.Li percent in progrsssing frea
l 3000 to LOOO pel.

The spave curves summrising total system space (figare 3-3) and tie
cylinder space (fiperes 3-16A amd 3-163, Yelums I1) are reasombly
cemsistent throughout the rangs of systems mnsidered. Thess ourves as
normalised asd them avernged as shown in figure 3-8 indicate » saving of 13.8
pergent system space amd 10.28 percent oylimder space in pregressing frem
3000 to LOOO psi.

4 saving of 10,5 percent system space emd 1};.22 peroent gylinder space
l nm-wupwmmmumpu.

mmmm«mummdmmmw-um

mumﬂmumuhtdu&hmummwm. e
b Mllm.mmdmm-ﬂt—wuunlﬂ;m

their stiffness. Seotien 3-3 1 deveted be this preblem. The inerease ia
wmit leads of oylinders caused by oelumm limitatioms 1s 11lustrated in

35 md the presest asflastion of eylinders at wariom pressures is
11lustrated in fipwe 3. The combined effect of these fasters (marked
astmtor m«u-nnﬁzs-a) indtcates LliB perosnt inaresse in
w&v&-mh pel and 86.6 peromt ineresse from 3000 te

pod. .

A hest amlysis of o typisal syntea was sonducted to deternins the effect
l of gutem pressurs m the reblem of heat rejectiom. This abslysis included
e varistion in eash soures of hwat within the system and the sffect o
veristion in the sxposed +veteu area A1 plotted on figere 3-T. The combimation
l of theso sifests (maried stabilized temperature in figre 3.8) show 33 peroest
‘ wuhmtp-u-uwmm-mulmopnmn.e
b mﬂhmﬂ!mmpl to 5000 pei.

In order %o determine the oombined effects of sll varisbles, total system
wight ratic was chosen as the oamon denominater. The other variables wete
maltiplied by the spprepriste wight facter af 20 perosnt for syatem space, |

l 30 peroemt for oylinder spaoe, 10 perosnt for oylinder deflsotion, and 10
for stabilized temperature incremszt apd the summtion of the results
pletted in figure 3-9. This figare represents the final Tesults of the
theeretien]l snalysis. It baing s pemlty eurve, s optimm is indiombed
l By the Tow peint. Therefore, the thesretioal optimm pressurs ts LOOO ped
and comsidering a1l factors s tetal systes weight seving ef 2,16 perosmt
1g achieved in progressing frem 3000 to 000 pet. A detail bresbiown of the
l offect of sach variable is given in Besticn 3-H, the integration of wariables.

naiomatioginatio: Wk ¢

P

o — -




To fllustrate the sensitivity of the wsight factor fer total Tystem
"eight was varied from serv te infinity snd the results pletted in figure
3-10. Also te schator deflection waight facter was varied from zere t»
twenty peroent. The theorstioal ontimm pressurs is fairly stable as the
weight factors are varied te SHOSRpRss & wriaty of design situatioms.
The mduatien in Pomslty or percsmt system ulfht, if U= system pressure
wore adjusted to smoh sitastisn, s 30 smll (witk respect to the pamlty

at 1000 psi) that consideration of more than ons optimm pregsurs is not
Joatified.

The lnvestigation of substitution of Bew mierinle such as titanium for
highly stressed parts revesled thet weight of approximstsly i) peroest ocac
be sbtaimed. throughout the smtire pressure range, by appliontion of titeniuom
to mdh parts a3 wocvmlater barrels, tubing am fittings, and housings.
However, the reduced system weight curve plotted on 3-1 indicates me shift
in the low peiut, e optimm pressure.

that if sommeadionl, and recogaizing the temperature probles faoing the
industry today, it would be femgible to begin designing to L4000 psi es

L now system pressure at the prosemt time. om the basis of the probability
of componants being available with relat irely miner changes within one ywar.




1l.f CONCLUSITE

h 1. Net censidering inmitial cost, the jpdiented optimum pressurs 1s Looo pei.

2. mw.rr.mﬂpuupmm-mmwmmuu
be an offactive system weight saving of 2,186 (Bee figure 39). A
ﬁ breakiows of the saving 1s as fellsws:

, ) s. Total system weight redustiom of L.1%

9 b. Tetal aystes space reductiom of 13.8¢

; ﬂ ¢. Cylinder apacs reductien of 10.28%

i

! d. Oylinder deflectien inorsese from 33% o Lh.0%

n o. Stabilized system temperaturs (incremsst above compar tae ot
temperatire) inorease of 3%,

|
1 “ 3. The theoretioal optimm preseure is fairly independent of the type,
i sise, and proportions of hydraulic aystoms.

i L. A tresendeus initial, men-recurring, sost would be required to mke &
1 changs fram 3000 pei te 4000 pei. This would be necessary for the
establishment of new standards, the design and develepment of pew
! somponents and test facllities, and the procuremsnt and the imitial
! \ ﬂ training wssocleted with the replacement of sll the existing test
: facilities (Ses Seotism 5).

11 5, A temporary less in reliabillty will scour ian the trensitiem peried
i during the debugging of newly develeped oquipmet.

| 6. In the spinion of the oentractor, the smll gin of ek effeotive
: u reduction in system weight {itemized sbove ) doss oot justify the
initial osst and temperary leass in reliability which would eomr
if tte standard system pressure were changsd o 1000 psi,




| ] 8 i
[ |
ﬂ 1. RECONSENDAT IONS
l ﬂ It 1s roconmended that the presest standard of 3000 psi beheld as
B the uppsr limit of prozsure for producticn of hydrsulic systems.
' r This recommemdatioz was mde on the busis of;

; 1. The conclusione (Section 1.f) shiackh indicate that the petantial

: l €uin by changing system pressare doss ot fustify the imitial
Il cost and temperary less of relisbility,

- 2. A dwage in system pressurs is the near future weald have te

L ﬁ be sccomplished concurrently with develepmmnt of high temperatare
',

3. Thers are potential develepmmmts within the fisl2 of sircraft
nedessary te mest future requir ements or
which indicate more potantial tmprevemsnt with lsss expemiiture

tan in the case of changing system pressure. Suay develepments,
listed ip order of their o8, are as follews:

a. Develspment of fluid, sesls, flexible lines, componsmts,
aml systom which will be cmpatable with & temporature

keaping in paoe with
siroraft performanes ag lixited by baaie structural amd

E
-
(]
E
[ ]
[ ]
4

§
:
.,.?
i
£

==

%, Development and maintenance

rsquiremsnts for sach compements with oomponent devs lepmant

' where nasded, and mintaiziag control through statistica]
E reccrds,

: ¢+ use of superior mterials iz pressnt cemponsnts as i)lugtrated
y F ty 8ection 2.e {a potential system weight reduction of 11X).
i
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2. SYSTEM ANALYSIS
2.A. SYSTEM DERIGE

Having analyzed the individual kydraulie components as reported
in Yolume I1, it is nmecessary to establish the relative preportions of
these components in the system so thmt these results wight be integrated.

To acommplish this, a survey was conducted to determine the sizes,
types, and preportions of systews in use o centemplated. The figure 1-1
1s & plot of system horsepower wversus time., Six different systems were
estadblished a3 represontative of the results of the survey.

1. 8mall Flight Control

Figure 2}
2. Medium Flight Contrel 2-2
3. large Plight Control 2-3
L, Medium Main Bydraulie System 24
5. large Utility System
6. Pewer Pacinge 2-5

The small flight control system is representative of the type finding
wids epplication in piletless airoraft, helicepters, and small subsonic

plleted airplanss whare the cireuit is devetsd primarily or extiraly te
tlig ¢t control actuators.

The Medium Flight Control Syatem i representative of the type applied
to transenio piloted airplanes ir the weight class of interceptors or
fighter bombers,

The large Flight Centrol System is proportionsd to 2 large high
spead airplane such as a strutegic bomber assuming a typical central
hydraulic systom used. These thres systems g the entire range of
physical dimetsions, horsspower requirements {predicted ty figure 1-1),
and Zegrea of complication starting with the slemertary soall system te
the more elaborave detail circult design of the large Flight Comtrol

System. The wariation of plumbing propertions ic & given system is
treated later.




The Medium Muin System represents tie requirements, preportions,
and degres of complioution of the interceptor=fighter bomber night
intruder (all transonio) clasass of piloted airplanes. The circuit is
designed primrily by the airplens utility requiremsnts. Mlthough
& subeircuit is included which opsrates fiight controls it is equivalent
to an additions] utility circuit in all respects except in the eat
amlysis which 1t becomss ma jor contributer.

The largs Dtility System ia o typical cemtral hydraulic system
deveted entirely te utility requirements of o large high speed pileted
uirplans such as & large stratagie bember,

The pewer package is o cemplete hydraulic system installed in o
relatively smll area having sufficient pewer te be applicables teo
requiremsnts of s medium er large airplans. 8ince the sctuaters are

mster type it represents the general class of systems which drive retary
equipment.

The Medium Main System wna medified by reducing the plumbing lengths
ts zere te represent a second type of power paclmge with linesr actuaters,

The plumbing length in the Medium Main System was deubled te

represant the sffect of leng lsngths with respect te pewer requiremsnt
such as in the case of a trangport airplane,

The amalysis rovealed that optimum system pressurs was not sansitive
te system porer, system type, or syrtem prepertions se that design of
additienal intermediate systens was unnecessary since the rangs of
varisbles wbovs encempasses the intended soepe of the study
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2.p SYSTEM ARALYBIS PROCEDURS

The systems which were considered to be representative of the curresmt
usage in the airceraft induslry, werse established ns being & pawer pack
system, o small flight control system, s mdium flight control system,

s large flight control system, & medium wain system, and a large wtility
systam. A complete sketch (ase figures 2-1 through 2-5) was mde for
sach type of symten esxcept the latter, which is similer to the sedium
main system, showing sach component and its horsepowsr or work rating,
and sach length of lins and its horsepowsr rating. To cbtain suthentio
data, fres use was mde of existing designa of hydraulic systems in use
in airplenes and missiles in sxistance today.

Rach component was tabulated {see Tatle 2-1 through 2-4) and opposite
sach componmat, for its horsspower or work rating, the welight and space
volums was listad. The valves, cylipders, limes, etc., were grouped in
the tabulatiem so that sub totals of sach growp oould be shown. This
grouping permits the readsr to cbserve, by 1nepection, exactly what
the distridution of weight or space is. In order to facilitate acourste
interpolation of the curves of weight Or space versus pressures for
constant horsepower levels other than 2, 10, 50, and 100 horsepower, and
for cylinder work levels other than 3000, 20,008, 100,000 apd 600,000 inch-
pounds, cross plots were mdes. That is, curves were plotted for weight
or space versus horsepower or work st 1500, 3000, 400D, 5000, 7500,
and 10,000 pounds per square inch constant pressure. It should bs noted
that the same type of plot can be made for any pressure level desired, md
this iw of direct benefit to anyons in search of sdditional utilizaticn
of this report. Zimlly the columrs for each pressure were sub totaled
and totaled.

In the case whers n mmber of systems are used in the same sirplans
for reliability or other reasons, 1t iz the individuel system itself which
is the basis of the amalysis ard not the total emount of hydraulic equip-
ment within the airplans.
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“w 2.0 HRAT REJECTION

Heat is penerated vithin an aircraft hydrsulie system by mechanical
frictiom, limandulupmm-drap,mmmmllnhp.

Hor'sepover uhich is converted to hest equals pump friction horaspower
loss phnlimlndnlnmdmpdnrin‘mt-lmumw
uh&-m,pluminhmlluhphwnpm,pluulnm
luhgohcrupmnr, plus some lddltiunlluhgobwm for the re-
mining ecmponenta.

mth.hlilofthodimniminlppmdhlmthooffoctnfhim
pressure in pomp design, ﬂnloehnnialtricticnofthmingm

. nmmmwmumimhorrmwmm aystes pressures.
P The pump meehenicel frictionm constant is directly proportional to

pamp
hwupumlndimmtofn‘um. Consequently, the pump mechanicsal
friction horsepowmr logs can be stated:

EPpy = Constant x HP (2-1)

. Mpowhr-haofnircuttmucp-p.nfBGHcamity
(nl:-:luluting)hucn-:lmdtofmtho

-tnsommmurummaatmrsl. Itmmthttho
horsepover

ii ;l, mu-hcmﬂtincfw-m.)&u.emnlquumm-l'
i

f is found to be:
P Constant = Hogsempr lot by fristie -
o = 22 - om
! . So then Equation 2D-] APpears asi
I ey = .07 mP (20-2)

i Ware:

S BPp, = lwupomlutﬂ:rcqh-ahuulpupbieucn
[

[_; HP = Rated horsepower described above




Using the medium mein hydrsulic systsm, Figure 2-4, as a besis of
the heat apslysls, with & normal rated pump horsepower of 12.6j

HPpy = .0373(12.6) = .47
For the medium main gystem
In order to arrive st an equation for intermal leakage pust spools

in valves or pistons in pumps, test dats from cylindrical lap fitted parts
vy utilized. From this data:

QL = Constant ¢ 03 P {2D-3}

Qr = Leakage flow quantity

d = Spool or piston diameter

¢ = Radial clearance space distance

P = System pressure

Equation 2D-3 is based on laminar flow through the clsarance space.
With the asswsption that the mechariosa]l design of & pamp vould remsin
relatively constant throughout the pxessure range, the piston ares womld
be inversely proportional to pressure and directly proportional to rated
horsepover, sos
LU o

A % oum FXEP

d = ;FS x (@P)*?

The dismetral clearance can be varisd according to the cost of
menufscturing opsraticns and othar factars. However, for given materials
and st & constant cost, the diametral clearance 1s indepesdent of system
pressure (P) and piston dismeter (d) within the rsnge of primary comoern.

Qq = Ccnsunt:;% (8P) x P
HRp; = Constant x Pl-3 (gp)-3

To svalumts the sbove eonstant!
.91 = Constant x (3000015 (12.6)"

Constsnt = 1.62 x 107%




Sot
By = 1.62 x 10° P5 (wp)-S (2D-4)
svhere ll?n=1ntﬂl”hlh¢-

Tlow through the valve part can be considared to be similar to flow
wnwﬂmmu-mdtnmtlmofﬂ:typomnhg
orifice flov can bs used ar:

AP=CW:€§: {2D-5)

A4 F = Pressure drop tiwough the valwvs
€ = Finid density
Q = Flov thrcugh valve
A = Cross sectionsl sree of spool

For a given horsepowr capscity of the walve port:

qu:i%
Vhere P = Jystem pressure
so}

by

Y
"
3
3
¥

(20-6)
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Combining Equetions 20-6 snd 2D-3
QL

n

Constant x P~+75 x P x (BB)+5

Qu = Constant x P'25 x (KB)*5
Borespover is defined as:
B = I"PQ
So leakage exprassed in terms of horsepover becomes:
Hhyp = D'PQp = KExPx P25 x (gp)5

HPyy = K PL-25 (HPy)«5

For internal valve leakage, 1t was found from six setual representative
control valves that the sverage valve leakage smounted to .02 times full
flow far 3000 FSI with the averase full flow of 3.38 GFM. The leakage harse-

pover is:
= {.020){3,38)(3000) _
Wy = 1714 = 131 B

H

H

The valve horsepower is:
py = 220000) g g

And so for K for valve leakaget

= =11 -
K = (n')-s x 71-25 = (5.91}.5(m)1.25 = 243 x 10-6
Py = 2.43 x 10 P25 (gp)-3 (2-7)

If 50 psrcent of valve leakags is alliowed for other miscellansous
leaksges, the total 1»

HPyy = 1.5 (2.43 x 10°) P25 (mpy)*5 + 1.62 x 107 P15 (mpp)+S
Fimally:
HPp = 3.64 x 1076 P25 (wpy)-5 + 1.62 x 106 P1-3 (wpp)+5  (a0-8)
Since the heat rejection depends on the individusl proportion of the
componsnts vithin the system as indicated by the existance of varisbles
Equation 2D-8, it ws decided to take s typicsl system ss

in
the heat rejection analysis. The fightsr bomber mediom sise
main system Figure 2-5 ws selected for this purposs.
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The total HPp = 13.1 + 3.7 = 16.8 HP

Totel HPy = 2(4.3) +13.2 + 3.5 = 25.3 HP
Therefors, Equmtion 2D-8 becomes:

HP, = 1.83 x 105 PL:25 + .664 x 1075 P15 (20-9)
For the medium rize main system

The line and valvs losses during actustion wers obtained by snalysis
of the fighter bomber medium msin system Figure 2-5. As in Appendix 4,
unayst-ofﬂeiwyulumdbhholdemmtltﬂhm

hulnndthuhmmumdropnnuumdtoh?ﬁmtofm
pressure:

line pressure drop = .2 P
By definition of rated line HPL:

line flou = T x 1704
P

Therefors, for line loss horsepower, HPp;:
HPy; = Lipp drop x line flow/1714

PR3- LELIEWY: ]

P
u Px 1T

Thus the hersepower lost in lines is indepsndent of system pressure.
Bowever, its magnitude vill be determined to complate the total hest amalysis.
Contimous losses occur in the flight comtrol cireuits of this systes vhere
the required borsepowver ls!
Yor longitodinal comtrol  13.2 HP
For latersl control +4.3
17.5 HP

contimuous rough sir utilisation of flight eantrol as being
oqual to 15 percest of meximm horsepower output:

.15 x 17.5 BP = 2.625 HP

For aversge conditions, the line loss ocan be set at 20 percent, snd valve
loss at 50 percent, and so:

{.20 + .50) x 2.625 = 1.8715 HP

and this is the horsepower converted to heat bty the flight cootrol section
of the main systam.
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The vork of the various utility functions are listed as:

Ving Dive Brake 173,500 in.1b.

Fuselags Dive Brake 109,000

Wing Trailing Edge Flape 36,200

VWing Leading Edge Flaps 35,700

Larding Gear 151,000

Bosb Doar + 322,000
827,400 in.lb.

827,400 in.1b, equals 0.41B horsepover assuming this work 1s completed
in five minutes. Assoming 30 percent velve and line loss, 0.125 horsepover
is converted to hest by the utility fumctions.

Samarising ti - beat rejection from pump friction, from posp snd
valve lsakage, snd from line amd valve loss during sctustion

Ay = .47 +1.83x 1075 125 + 664 x 1075 PL-5 + (125 + 18375
HPy = 2.5+ 1.83 x 1075 P1:25 + .66 1075 P15 (20-10)

This squation is plotted in Figure 35

MMumofmtﬂlthighmledghthuptho
Mmaautmﬁimiﬁi«hﬂby&otnﬁnguﬁﬁodh-wvm

system pressurs curve, Figure 47. The relstionship between these varisbles
osn be stated as:
D = Constant x )

tjmmmrmmismimltodi-m, it can be further
statad:

As = Comstant x P4 (2-11)
If 1t is defined that At be equal to the tsmpersture incressnt
between the stabilized fluid tempersture above compartment tampersture,
ltmboun_duntthneodﬁchntothoﬁmtnismmnthh
tbnmofmhtiuc!thultudy. Sot

At = Gmtmtxﬂ

At = Constant (-”5 +1.83x 10-5 P1.25 + .664 x 10‘5 P1.5)P"
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Fioally,
At = Comstant (2,43 p-k , 1.83 x 107 p1+65 66 x 1075 pl+3)

(2p-12)

#Hthout specia) heat trapsfor previsions, fluid tampersture
Mght be expected to stadilize at 659 P nogye e compurtaent afr

mﬂrdin‘].y, Equation 23-10 {12
8t = L&y Pl o 25901075 plu65 L9 (1076) pi-9
This squation iPpears plotted in figure 3-5,
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. By = 2.4325 +1.83 (105) P25 4 6.4 (206)p-5

P By

2.755
3.2675
3.9095
L.735
5.5015
6.5
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TANLE 2-8

st = 1.a47" ¢ 1.5 (10°5) #1165 + 5.73 (10°6) P 19

: P st
I 1000 2940
[- 2000 b6.20
| 3000 65.00
| : [ kooo 86.84
} r 5000 112.18
L 6000 11.00
o [? 7000 176.20
e 8000 212.10
A 5000 245.30
! 10000 293.50




2-F SELECTION OF UATERIALS

A study of the various materisls available for hydraulic systems
as well as matarials under development were considered for temperatures
up to 1200°7, Materials included are alumimm alley; heat treated atssls;
corrosion resistant stesl and titanium.

In selecting materinls used at elovated temperatures, consideration
mast be glven to their coefficients of thermal expansion. Dissimilar metals
should be avoided, especiully when large tempersture differentials are
sncountered,

Dltimmte tensils strongth versus temperaturs and strength-weight ratie
versus temperaturs curves are plotted in figurel€,7. Dus W insufficiest
substantisting data, comsiderable data pressnted hers-in is estimated
and henes, should be used az u guide and with oaution.

#ith referencs to figure2-6, the pregress reports issued under this
contract, various publioations, industrial and governmental, em! The Glem

L. Martin Compamy Bngineering persomnsl, the following comclusions are
cbtained.

The alumimum ulloys loss strenmgth rapidly at tamperatures above

350°F. 75 ST is not recommmded becsuse of poor fatigie properties
and rapid reduction in strength with incressed temperatures. Within
the above tenperaturs range, reccamended stesls ars the heat tresated
ateels and 18-8(30L) corrosion resistant stesl. The latter steel

iz selected dus to its aweilebility, relative los oost, lack of critiesl
slmmsnts required in its composition, ant high tampersture resistance.
Titanium alleys are not recommended for immediate use because of

high costs, peor availability, lends iteelf poorly ts productiem
techniques, poor fatigm charucteristics, repid strength reduction
with increased temperatures; and aweilability ef msultable substitutes

At increased tamperaturs:, only the heat treated steels and corrosion
resistant stesls ere recommnded. Titanium is again not recwsmmded
bocause of reasons moted in the above parsgraph. Heat treated stsels may
be used up to temperaturss where the slley loses its heat treatment:
700°P for 180,000 H.T., BOOPF for 150,000 H.T., and 950°F for 125,000 H.I.
(8a% 4130 Stesl). Above 950°P, 18-8(30L) corrosion resistant steel 1s
recozmnded .

Titanium alloys my find uss in a temperaturs range between 350 and
G50°F if suitabls alloys are developed with subsequent reduction in cost,
Ancreags in physieal prepsrties and better adherence to production techniques.

3ased on the rapid progress made in the past, there is an execellent

possibility thet suitabls alloys will ba develeped and will find application
within aireraft hpdraulic systems.
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An smlysis bus been made to determine the most applicatle places
within the systsa for applioation of titanium to determina the suving in
welght at warlous system pressures, and thus determine anmy offect tat
substituts materials my bave on the optimum pressurs {See figure 2-7)

The materiala selescted as a basis, for the amlysis of slemnts,
are itsmized belew. In ocases whare two different materials are indicated
for a part, the mtarial desigmted by "a" was ur=d in the basic malysis,
and the mterial desigmated by "b" was used for more limited calculations
in the ragion of mjor cencern.

= =2

1. th

s, MIL-7-6845, stainless steel, Fyy = 105,000 psi was used fer
all tubing except supply linss. A practical limit of 3/16 imch
outzide dismeter ainimmm axd .020 inch wall thicimess wus
established., The limit, howsver. had little influence where
the optimm pressure is indicated.

b. RC 130 B, titanium, P, . = 150,000 psi was used ss an altermate
mierial for tubing. tln\-iu a hydraulic system working
tempersturs of LOOSF, the ultimts tensile stress at that
tempers fure dropped to 20,000 pei which ie very closs to the
tomsile stress of ons elghth bard 15-8 stainless stesl (See
figare 2-6, B8,000 psi at LOOPY for 18-B stsel) This substitutien
msams congiderably greater differencs in fabrication of the
bardness condition et room tempersture.

2+ Bapply Tebing
. 52 80 slumimm Fo, = 28,000 pai
3. Cylinder Pistou Red snd Piston

o. L1130 steel ¥, = 125,000 psi. Pisten and red ssaesblies are
used us an gral part and are rarely heat treated sbove this
value becauss the design is gevernsd by cylinder column stiffness
whish is depsndent suly en Toung's modulus. (B = 29,000,000 pet)

b. BC 130 B, titanium, P, " 150,000 pai. In substituting titanium,
the piston red wall cknoss wes increased inversely with
| the ratie of Young's medulus.

L. Cylinder Red Bod

2. Stesl, heat treated, 'tu = 160,000 psi

b, TI-1504, titaniom, Py, * 150,000 psl at reem temperature

-mE e .
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Cylind-r Heads and Barrel
a. 25-th, slumimm slley, P, = 50,000 pad (transverse)
Fittings

a. EIL-8-6T8, coudition ¥, L130 steel, heat treated ta 115,000 pei
at u safety fagtor of 11, was selected for all fittings in
socord with NIL-F-55008 (The mumerical waluss of 130,000 psl
with « safety factor of Stl, which result in the swme stross
of 36,000 psi as stated sbove, was fed inmto the squatiom in
the Titting analysis.)

b, RC 130D, titaniom, T = 150,000 psi at rocm temperaturs was
analysed as » subetitils mterial using the preperties at LOOST
wiich are ¥y, = 119,000 psi.

Yalves

Since the equations for valves were derived from expressiens

_ previsusly ebtained for elements of fittings and cylimier barrels,
the valve materiale were comsidored te be s combimtien of 28-1
elumimm alley srd soms 4130 stesl.
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2.F POTREWFIAL AFPLICATION OF TTTANTUM

Stesl parts of cylinders wure examined to determine the advisability
of wsing titamivm.

Unibal Bearing

nhliuhunothluthpmthlm!nm:gﬁomhu
squivelsut to onse hardened steal, ball bearing steel, or highly heat
freated stainless steel and could not ba considered a suitable subatitute
for the elemsmts of the upibal Wearing.

g;uum—mm.

Titaniim oould be used for cylisder rod enis sssuming a fatigpe
property uznhh to 180,000 psi. Esat treat stesl omm be nltimately
obtained. weight saving far the use of titaniwm then would be

squivalent to the ratio of stresgth dsrsity ratios. (Strength is takem
as sltimmbe teusile stress).
The etrength density ratis for stes)l 1a:
mmgy - 12500 - 636,00
The strength demsity ratie for titanium i1
- 119,000
w, - 1T -n2,00
The ritio of strength deasity raties iss
SRy - Sigy v 2,000 ~ 636,000
gy 36,000

s 11.95% wight reductien

T pisten is wwmlly tﬁmidutbudrcthmtoe-ni-l
’cf-lnhnir-ﬁn-ramw-nﬂ&-n-uh-d.md
hnphhrd,-uduth—t-lunl slasenk
hMul--nhcﬁthmuUnhorﬁm

T the il thickuess must be {noreased by the ratis of Yeung's medulw

P _ .
R T




7

’ of the two materials. Therefors, if both the piston ami the rod were made
b of titanium with a suitatle ocorrection in rod wall thickmess, ths weight
change for the tyoical cylinder (20,000 Lb In) would be ay follaws:

l 1T STERL WRIGAT TITANIUM ¥BIGHT DIFFENENCE

i Pisten .0%63 Lb. .0363 (;g%) . 02l Lb -.o1l3 b,

i; Rod L8T7S JETS (fg%-) (T%) = 4T -.0205
Total -.035, Lb.

This represents 7.03% weight reduction.

. l“ Susmary of Cylinder Weight Sevings

: b The rewainder of the parts made of alvmimm alloy, vhich in general

- conzists of » relatively high percentage of partially stressed ulk, will

[ ot show azy welght savings by using titanium becauss of its higher density

o (approximately 67% increass).

k [j The fellowing table sumearizes the effect of the substitutions of titanius

z ‘ in place of steel fer pistens, reds, and cylinder rod eds.

t

[T

b DESCRIPTION 3000 P8I 1,000 PSI 5000 P81

i | Stesd  Ttaniua | Stesl  TMtauiom | stea1 Titasiom

: | |

, l Cylinder Red End | .0207 0184 | 02 N - Al |.0576 0330

i g Pilt‘ﬂ Lﬂl ‘d | cm ollm I lﬂls O*TO I-Zﬂﬂ; -%80

ir 'b 1

i r ] :
TOTAL | .52h5 Jog, | L21s 911 | 3260 L3010 '

remaining slumimm parts weight 0.920%, 0.9099, snd 0.96L1 fer
: ‘ 3000, 400C, and 5000 psi, respectively.
{
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Accordingly the total cylinder weight can be shown as:
l |
DESCRIPTION , 3000 PsI | Looo PsI 5000 PSI
V3tesl Titaniwm | Steel Titaniug| Suesl Titanimm
Cylinder 1.h45 LALOT | 1.3%R 1.301 I 1.310 1.285

-+

2.6 I 2.2 l 1.9

Percent cylinder
weight saved by use
of titanium

Hit

Stressed matorial within fittings will be reduced in proportion ts
the strength weight ratios mextionsd iz the cylimder sectiem.

Stressed material is shown to intlude timt reguired for containing
hydraulic pressure and that required to withstand terqueing preload
{See Appendix A).

The remaining material, dulk, will be reduced in proportion to demsity
ratie of atesl and titanium.

The fellowing tabln illustrates the effect on fitting weight when
titanium is introduced in place of steel, using thw typioal walus of
50 horsepower fer & 1/2 indch fitting.

DESCRIPTION ) scoesr | oo re I 5000 psz
| Stesl Titanium) Stesl Titanium | Steal Titamiwm
Stressed Material I 00300  .0026L I 00328  .00269 Ioo;ae 00337
Bulk | 002, 000G Iocehh L©0 .00 000
Tetal . | 0050 ool;08 ‘.ocs'rz 00433 | .00626  L,00h81

The weight saving thus is 29%, 2L.4%, and 2.3¢ fer 3000, 40OOO, and
5000, respectively.




Acoumulators

Titasium would appesr to be profitable for use in eccamlator barrels
l { sinoe this is the cme highly stremsed slement without considerabls
! partislly stressed bulk. In the provious amlysis, steel heat treated
l to 180,000 psi with s safety facter of 5.3 was used. Assuming the use
of titanium (mmber RC 130 3) with a ultimets tensile stress of 150,000
5 pel at room temperature, the barrel would be reduced in weight by the
chnge in strength density ratio values at LOOOF or 11.95%.

_Tublog

: [ Titanium substituted for stesl in fabrication of hydraulie tublng would
Cb show a weicht saving prepertional to a direct demaity ratio, and this would
* be 8o for ell pressure ranges. Censequently tubing would be LIS lighter

: I‘ {i.e. 283 mimus .167 and Hivided by .283)

r Valves

Similar to fittings, valves are compossd of siressed material and
bulk, atressed material, as stated sarlier, will be reduced by the

|7 ratic of strength density ratio and bulk will be reduced by direct
- ratio of densities.

~ The table belew illustrates the effects of intreducing titanium
i l inTo valves; in this case & typical check valw, i.e. & 1/2 inch valve at
v SC horsepowsr.
[
¥ I_n DESCRIPTION | 3000 Pl I Looo pa1 | 5000 P8I
. Stesl Titanium)] Steel Titanium [Etes]l Titaniwm
l Stressed Material | .38L3 g3 3l 23820 l.lmk 4390

‘- Bulk +2090 1233 | .1865 2100 L1750 .1032

'E ]_ l'thl '%35 -’ﬂs -62% Olmo ‘ -67“‘ csm
r 4 T
Percent Woight 2.21 2.06 | 1.9
1 Savings | |




The modium rain hydriulic system weight with titanius introduced is
shown in Tadle 2:& and the total valuss are plotted in Tigure 3.1

Tks uso of a lighter mterial such as titenium, when it is further
develeped, shows no sigmifioant clange in optimm pressure, bt it does
sffoct cemsideruble weight saving, In the example shown tiw percent of
"wight saved is epproximatsly sleven percent.




WEIGHT SUMMATION OF MEDIUM MAIN HYDRAULIC SYSTEM USING TITANIUM

TABIE 2-9

3000 Looo 5000

Pampe (uneffected) 19.30 19.30 19.30
deservoira (uneffectsd) 33.40 2%.70 22,70
Accumulstors 8.10 8.05 8.01
Vali os 31.00 33,30 36.30
Cylinders 60.80 %9.10 61.70
Pressurs Lines .55 .02 .62
Supply Lines 1.13 1.09 1.13
Return Lines 10.05 9.32 8.52
Hose 13.19 13.01 13.28
Total 191.52 18.29 185.56
Percent of Weight Saving 10.4 11.5 114
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3 DETERMINATION OF CPTIMDM FRESSTRE

Az 2 general bagis for determimtion of optimum pressure for aircraft.
hydra.lic systems, tie Phases of design, mmufacturs, useful service
1life, snd maintenance Wera examined to determine which factors mugt
be considered. There follows a discussion of each of the following six
factors where it characteristics are summarized and its degree of
importance {s determined.

1.
2.
3.
L.
S.
6.

Seight
Space

Cost
Reliability
Performance
Hoat

The remainiag variablss are then compared, weighted, and combined
to yisld the fiml result in tii, section,




3.4 WEIGHT

Bach pound of weight in the hydraulic system requires the
axistance of 3 to 15 pounds of indirect weight in the airplane {on
the basis of constant airplane perfarmance). Thus, in s medern
mllitary airplane where the combinetiom of high asrodynanic forces
and reliability requirements demsnd hydrsulic systems having average
direct weights of 1% gross veight, the hydraulic systems actually are
responsible for existance of 3% to 15% of tha gross weight of the
sirplane. It is this mejor effect of the hydrsulic system on the
oversll sfficiency of the sirplsne vhich makes weight the moet impor-
tant of all fsctors in determining the optimom hydraulic system pressurs.

The opinions stated by the lesding hydraulic engineers, vho vars
consulted during the industry survey, confirm the primary importance
of .the weight consideration. Pervious optimm pressure analysis such
as Beference 3 and Appendix A vere conducted os the basis of weight
as the only primary considerstion.

llupporucnofthilmlnuhlbmdemudtolnleeuuh
detarmination of the veight break-dewn and totsl weight of each system
the renge of pressures. TFigure 3.1 presents s summry of
the results, plotting totsl system weight versus pressurs for the narmsl
configuration of each of the six different besic systems considered.

It is observed that sach curve contains a lov snd relstively flat
region betwsen 3000 end 6000 pei. The previous increase from 1500 pei
to the present standard 3000 pei indicates s weight saving of 33.3%
(on the basis of the ‘ssme margins of sefety and same refinesent of
design at each pressure)}.

mmmmmmwlmouiumuinu
gverall sversge ssving of {.4% {(of the 3000 psi systsm weight) shoving
s substential saving in each system except the small flight comtrol
systes.

The step from 4000 to 5000 psi results in no significant change;

the oversll aversge figurs being a .J% weight incresse vhich is pegligible
considering the probabls accuracy of the data. Although s mathemstical
lov point ocqurs st 4400 psi, s practicsl point of no return would be
located st 4000 pei.

Above 5000 psl the total weight of each system increases progressively
u-hmbycmupurdcurutma:thalogmlelnd nore pronounced
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upnrdcurchmthamightmlodﬂgm 3.1. If extended
hthrightmcwmqm“ightmamldlmmcha
vertical asymtote at ths structursl 1imit of the weaksst materisl
umqmmmumumnauummu.

4 typlesl wight dreakdoun of the sediom mein kydraulic system
is plotted sgeinst pressure in Figure 3.2 to iliustrste the relative
proportions and the effect of sach cumponent upon the optimm pressure.
The pomp and sccmmlator ni(ht-hlumcffoctuponthcoptin
gressure. The velves and cylinders bave similer charscteristics and
tmdtop-odnﬂllluhtlylwoptimlwmubichoffcct is
compensated by reservoir wight. Forturstely wvalves, cylinders, and
reservoirs vere thoroughly analysed im detall, ths reservoir smalysis
being in accordance with MIL-R-55204. The four uppermost curves

total system weight with no plumbing at all, with 50%,
vith 1008, or vith 2008 of the norssl proportion of lines which are
found in curreat sirplanss, The seme optimum pressurs occurs in a1l
cases bscsuse the total of pressure, return, axd supply line weight
charactaristic is similar to the total system veight charactaristic.

Thus, considering weight, Figure 3.2 11lustrates that the optimm
pressure is independent of the length of plumbing and relatively
wmwmmﬁmoftquew. The wveriety
of systems plotted in Figure 3,1 1llustrates that the optimum pressure
uwormmmmmtmm- in use today
or predicted for the near future; 1s independent of the type of system
sach as flight controls consisting minly of & power cireuit, utility
systeas consisting of more lines, valves, snd actustors; paciksge type
gystams, and systems containing only motor type actustors.




3.8 SPACE

The trend toward higher density al reraft for efficient ssrodymmic
psrformnce at high gubsonic and supersenic speeds hms bre ght atout
an increasing mumbsr of space preblems throughout the aireruft. This
trend will undouttedly contirue and the need for compacting aircraft
squipment and systems will slwye exist.

1_ Space problems have cccurred to various degrees in ‘he design of
. gircraft hydraulic systems. The industry survey revealed that the
most scuts space problem occurs st the imetallation of hydraulic cylinders

’] for actuation of surface controls within thin wing sections. The

4 problem atarts with the mechan ism in providing sufficient moment arms
to keep deflectioms, lozt motion, and bearing loads within reason.

" & The actuator mut then be spplied to this mecheaisa {or moment arm)

r \w clossly coupled to the control surface, keeping the ocutside diameter
within contours, keeping the length within the lergth of the compartme t
available and leaving emough space around the actmtor for associsvted

[ equipmont such as the control valee, control smd followeup aecanism,

- hydraulic plumbing, and any special gervo-mecham ism acosssories.

"~ Cylinder space Was amalyzed in comnaiderable dstaj]l taking inte

I_' account the effect of colum stability limitatioms. Figare B-16 and
B-16B show the space made useless by the existance of cylinders plotted
against pressure. The vari us work levels represent the completa Tange
of sizes obtained from s*atistics in Appendix 3. Although te smller
sires are influenced by practicel ainimam wall thickonss, the curves
ars reasonably consistent in shape. Theso curves wers first normalired

|

[ based ¢ unity et 3000 pei amd then sversged to produce the surw

, marked Average Cylinder Space en fipuxre 3.8, To detersine the influence
b of cylinder space with respect to othsr factors, the space occupied

l- by cylinders is considered 37% as important as total system weight.

Doring the industry survey it was stated that s reduction in sprce
ip routing the plumbing and instaliation of compoments was slso gerally
desirsble. However, this factor mns cornidsred of second order
importance with respect to total systes weight and less important than
cylinder space. & spece smalysis was condictd on oach corponent ard
't: the results integrated into a summary for e=ch synthetic system consicdered
in the study. Figure 3-3 is s plot of totml smtom space versus pressure
for each system. Since thess curves arc reassmably consiztent, each system
curve was normmlized based on unity st 3000 psi and ther the systems

—
——
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wore averaged to produce the curve marked Average Total System 3pn ce,
see figure 3.8, The curve indiates substantial improvemsnt in space

fairly fiat «ith a theoretical low point at B000 pei. The influsnce
of total system tpace on determination of
to be 20K as importart as total sys tam weight,

Combining the 30K factor for direct eylinder space with the 20K
factor for total system spres (of which 39K is cylinder spaoce) the
total influence of all space considerations is 50% ms importent as total
system woight. In reality this 50% 1s wade up of 378 factor for the
total influence of cylinders and 13 factor for the total irfluence
of other oc.aponents aml plembing,




3,C COosT

Oc the basis of a fized budget econamy the factor of cost is of
first order importance. The emtire study was conducted on the basis of
recurrisg costs being held relatively oonstant and conversely the cost
factor does not emter inte the detorminatisn of eptimumm pressure. For
example, sy iagenieus desipn imprevemsuts are peasible threugheut
the hydraulic system {altheugh pet necessarily sdvizable at this time
such as cencentric lamirsted or wire wrapped tubing imvelving cembinatiens
of materisls, cemplete packaging of wiscellanssus compenents, or
complicated actutor internel designs to delsy columm instebility, each
of which involves additiemal cest snd cemplimatien te gain wolght, space
ar perforsance st any system pressure level. Altheugh such ldess are
used in iselated cases te meet extroms requirenmts, the 2ere tgpiml
denigrs of comdoments and systems are usumlly dictatsd by everall
sconowy., These desigms were used in the anslysis helding cest relatively
constant 80 G “he influence ef yarisus rystom pressures is reflected
sntirely in the variatiena of weight, spaoce, stiffness, snd heat facters.

Of ceurse, en the shert term basis initial cests far cempsment
davelepment, and replacement of test nnl service Macllities are inevitable

during the tramsitien pericd fellewing sny basic change of system
tempeTature er pressure. This facter is ezamined in sectien 4, Practioal
Significance of the Optimom Pressure, amd should be censidered frem

the standpeint of advisability of making e clangs.

© L ety BRI e B d T

[T
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3.0 RELTABILITY

When it cn te eweluated, relisbility is s primery facter te te
cenaidersd in making eay basic decisien. Threugheut the study, the
contept of reliability wez incerperated by considering it necessary te
mintain an equivaleat degros af reliability in cempenstit and syntem
designs walyzed thremgheut the pressure range. On this basis the facter
of relisbility is relatively csmatent in detemimtion of optimm pressurse.

Bewsver, on the shert term basls, it is insvitable that there will
be s temperary less in reliability during the transitien peried fellewing
any basic chnge such as system temperaturs or pressure level. Reliable
jrfermatisn such as pretability factsrs fer present day components and
systanms is net in existance at this time ant thers is ne wliid methed
of pradicting this change in reliability. Hewover the trsnd sheuld be
cenaidered from the standpoint of advisability of mking a change.
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3. PRAFORMANCE

Because of the lov inertia and coapmct design festures offered,
hydrsulieally poversd servo-mschanisns have found sxtemsive use in
aircraft, These are used exclusively for piloted zirplane surface
controls and noss whesl steering, and in majority of missile surfece
controls. Hydraulic servos sre finding increasing mumbers of applications
in turrets, sntennas and power stabilized devices. In the msjority of
these cases, the sagulsr trevel or the mechsnical arrsngement psrmits
the use of a simpls hydraulic cylinler.

The trends in requiresents for supplimentsry or complete serodynemic
stabiliastion through sctustion of surfece controls and requirements for
tracking at higher speeds have sll been in the direction of requiring
increased dynemic response of the mechenism. The potential dynemic
response of & besically stable servo depends, among other things,
directly upon the stiffness of the losd carrying members, such as
cylinder, linkage, and back up structure. Flutter stability of a surface
not completely mass bslanced is a function primerily of stiffness of the
seme meabers. Reduction of losd deflection has been sccomplished to date
by one or mors of the folloving methods:

1. Applying the actustor more directly to the surfem or losd
(through less intermediste linkage).

2, Increasing stiffness of back-up structurs and mschanisa.

3. Reduction of unit loads by improving mechanical advantage of
each slsment of the mechanism.

4. Increasing atiffness of the actuator.

Methods 3 and 4 are both affected by the level of system pressurs. In

the cylinder snalysis it uss determined that many cylinders spprosch

the critiecal column curve at 3000 pel, ses figwre B-5 and B-6 (Appendix B},
At higher system pressures these cylipders must operste at shorter strokes
snd higher losds as plotted on figure 3-5. As an alternstive special
deaign changes could be made such as use of through piston rods, inmterns?
ares balancing surfaces, or trunnion typs mounting bearings, sech of

vhich resnlts in ancther form of penalty such as sdded weight, space,
bearing deflection, or cost. It is assmmed that 30% of servo actustors
are so affected,

Cylinder stiffnass depends directly upon volumetric displacement
vhich varies inversely vith working pressure range. Ancther spproach is
thet piston deflection in percent of total stroke is increased as the
internsl column of fluid is ccmpressed by higher pressures. Using MIL-0-5606
fluid, for example, vith & bulk modulus of 225,000 pel at 160°F, the percent
piston deflection through various ranges of vorking pressure is plotted in
rim. 3-6.
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‘ [ Since the mechenical nmd structural elements are in serles their
1 respective deflections are additive, Inia mewns timi lhets is & lizit
to the cverall imprevemant by working on any one elmeent; ie., a3 seon

) as the weakest alement is stiffered, seme other elemsnt becomes critiaml.

In the industry one case was reported where a detail deflectien
amalysis was performed and confirmed by test indiceting that actmter
deflectien wag 58C of back up structum deflection. Freliminary snmlyses

ot othar companies indicated values of 6.7%, 7.2% and 36% yielding an
average of 27%.

In erder ts cerrslate the stiffnmess data with other factors, tw
percent atiffrass curve was nondimsnsiopalized with unity at 3000 psi
! l and thy incremsnts wers reduced to 276, The load level curve was thenm
i L nondimens{enalized md multiplied directly by the 27% cylinder deflection
curve. The rosulting curve was considersd to be 10% as important as
I; tetal systea nightn?thil figure is the percent of total system weight

] contributed by serve cylinders).
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3.F  HEAT

———

The preblem of tempersture contrsl sithin hydraulie systems s
bacems incressingly important in recemt years for & mnm“er of basic
reasons.

Compartment temperatures may be expected to stabilize after lj ta 5
mimites of bigh speed flight at 2 tempeature of 55 te QUK of the
thesretical ram rise dus to skin frictien alens and higher temperatures
will ocour whers intermml heat is being gensrated. As & result of the
trend teward speratiemal airplanes in the high subsenic snd super sonic
#200d range,a tempsraturs barrier now exists and will contimue to exist
in the ferssesabls future wheredy airplacs perfermance is 1imited by the
temperature at which the basie airframe structural prepertiss are
seriously affected. Sinos the cemstruction materials in the hydraulie
system are there primarily to contain the intarml preasure, their
weight efficiency is rvurnod by the same prepertiss as in the case of
airframe structure. ‘his means that in many future aircraft the interml
fluid tespersture in general should be no higher than average comps rtasnt
tomperaturs. In ether aircreft, where thore is some margin with respect
to the nirfrems temperature barrier, the hydraulic system temperature
my be higler than cempartment temperatares but the amount will be
definitely limited.

Ancther trend influsncing the heat problem has been the increase in
tysten power requiresmsnts fer a given site airpisne. The hsat gomers ted
us inoreased socerdingly.

The repid increase in the use of high pewered hydrmulic serve-
mechanisme bas besn an importamt addition te the sources of heat
gemrated because such devices are contimueusly in we and because serve
wives generate mere heat by pressure drop and by leskage than de
selscter valves. In the heat snalysis medium main bydraulie system,
39.9% was gemerated at the pump and LO.5¢ was generated by the flight
osutrol valves. The combined influence of these trenis has Lrought
about the fellewing actiens

The Services have undertaken snd made coensiderable pregress

in the develepment of higher tempemature fluids, ssals, and
compenents with the ultimate geal af ope-ating st a temperaturs
near the structural temperature barrier. Whem this is sccoem-
plished, the lwpertance of tempe=ture oentrel will %e us stated
sbove. During the present tramsitien period temperaturs contrel
is more eritical than sny sther facter.

Systen designers have becams increasingly were tesperature
concisus ts the peint where mechmnioml friction and inmtsrnal
leaknge are primry facters in pump selection, serve valves are
designed and amalyted on the basis of low heat generated,
unnsoessary Jeakage ia elimipated, installvtiens previde geed
oconvectien cooling, and supplimentary heat trunsfer units are
added where necessary.
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A typioal mverage size syscem was analyred in Saction 2-D te
determine the influence of wvarious system pressures om the heat problem.
The result pletted on figure 3-7 reveals that a considersble increase
in heet generatad by the hydraulic system (BPy) eccurs et higher
pressures. This is caused by reduced leakage offiolency of pumps and
control walves. The reduction of external surfeoce ares of lines ard
componants causesr the system stabilized temperature to rize wvery rapildly
in the higher pressure regisn. This cuwrve was normalized on the tasis
of unity at 3000 psi and pletted sn figurs 3-8.

The relative importance the heat rejection preblem will wry
considerably with sach individual system from casss whers no special
steps must be talan to the case whe's & mmber of sxisting components
are conpromised and & heat tramfer system must be added. For dirsct
comparisen with other factors it was estimated that the total influence
of the hert problem is 10K as impertant ax total systen weight and the
stabilized temperature curve normalized was tmken as more representative
of the sffect of pressurs than the heat geoerated oarve,
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3-8 COMFARISON OF VARIABLES

In review, sach of the six basic considerations, might, spacse, cost,
relisbility, performance, and heat have been treated sbove., The antire
apnlysis has been conducted on the basis of constent cost ana reliabilivy
8o that the influence of various system pressures is reflected satirely
in the variation of weight, space, performance, and heat,

Each of these four variables was sxplorsd throughout tle range
encountered in aircraft hydraulic systems. The detai] extent of the
tnalyses and the resulting accuracies were in sach case proportioned to
the relative importance and to the wmight factors ultioately to be used,
Ar average tota)l summary carve for each variable mus first norsalized
with unity at 3000 psi as tabulated in the first 5 lines in Tebls 3-1,
This data plotted in fipare 3-8 shows the characteristic effect of system
pressure ome eacn variable. The vertical scale reads the retio of the
variable at sny system pressurs with respact to the value of the wariable
st 3000 psi. Thess sre the trus individual charactaristics before taking
eny steps toward the weighted importance of each variable,

Interpreting figure 3-8, at 1500 psi the average total syatem weight
is 1.333 tises the weight at 3000 psi. At 1500 pei total system spuoe is
1.632, average cylinder space is 1., actustor deflection (considersd the
inverss of performsnce) is .265, amd system stabilized tempersture incremsnt
is 578 times the vulus at 3000 pei. Instead of looking backeard as a
stady based oo the pressat standard of 3000 psi tends to do, if w procsed
trulSOGpliulbuoto}OOOpci. the system wizht ratio is «75 showing
» 25K saving, system space ratic is 612 showing 38.8¢ saving, cylinder
Space ratio is .713 shawing 28.7% saving, deflecticn ratic is 3.5 or 2508
increase, stabilized tempersture retic is 1.75 showing 73X incresss.

Progressing from 3000 psi to LOOO paf reducss systam waight by a
retio of ,956 or a reduction of Li.JX, reduces system and cylinder space
by 13.8€ and 10,266 respactively, adds 4,.8( to actuator deflection,
and adds 33K to syztem stabilized teaperaturs.

Progressing from 3000 psi to 5000 Pl reduces system weight .1%,
Troduces system and cylinder space 19.5% and 14.22, incresses deflection
85.40, and incresses temperature incrememt T2.5%.




1.H INTEGR-IION OF VARIABLES

. 'b In order to determins the comoiped effect of all warisbles, total systam
weight retio (which is unit, at 3000 psi) wus chossn as the common dencminator,
or the basic unit for representing each other variable. The other variables
wre correlated with waight ratic by satablishing a factor of importance

in sack write-up, System space was considered 20X, cylindar space 30K,
performance (as defined by oylinder deflectiom) 108, und stabiiized
temperature incremsnt 10X as important as total system weight.

The increments from unity in euch curve on figure 3-8 ware -wduced

to the psrcentage quoted sbove and the weightsd cheractaristic of each
varisble tabulated on lines 6 to 10 in Teble 3-1, The weightsd incremmnts

from unity were added at each pressure to detarmine the tolal weighted
effect of all variables and the resulting ourve was plotted on figure 3-9,
]

Pigure 3-9, is entitled composite pemalty ratio because it is cemposed
of the combined effect of all varisbles, becsuss sach variable is expressed
. in the form of the psnalty it imposes upon tme ajreraft, snd besause the
[g mmerical valuss are normalised with unity at 3000 psi snd thus represent
i the ratio of penalty at a givem pressure with respect to the penalty at

2000 psi.

Figure 3<O represents the final results of the theoretical malysis.
It being a penalty curve, the optimm is indjeated by the low point. Thersfore
the theoretically optimm preasure is 000 pel.

—

Proceeding from 1500 pai to 3000 psi indica tes & reduction of 32%
of the total penalty at 1500 pat, (L6.58% of the value at 3000 pai).
Frogressing from 3000 pei to LOOO indicates an overall sa of 246K,
From 3000 psi to S000 psi indicetes s added penalty of 3.15%. At 7500
pei ana 10000 pxi the added penslties are 29.4% mna 61,1,

A more doteil examination of the changes from 3000 to LOOO psi
reveals the following.

Variable R Effective Change
Considersd % Direct Changs in System Weight
Total System Weight “hdy x 1. = - hd
I Total System Space 3.6 x .2 = -2.76
! Cylinder 3pace ~lo28x 3 - - 3,08
Cylinder Deflection 448 x .3 = + L8

Stabilized Temperature +3.0 x .1

i

+ 33 :
246 ‘

Tota) Bffective Weight
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A Breakdown of the Change frea 3000 psi to 5000 ped

Variabie % Erfective Change
Considered % Direct Change In System Weight
Total Systea Weignt =4 x 1 = - L
Total System Space «19.5 x o = -39
Cylinder Space -14.22 x g - Lﬁ
Cylinoer Deflection BbH x A = + B.66
Stabilized Temperature +72.8 x ol = + 7.28
Total Effective Weight +3.68

Sinces the principle variebles have differsat characteristics as
illustrated by figure 3-8, the choice af correlation factors hes considerable
sffect on the exsct location of the theorstical optimm presmwe. Bowsver
the megnitude of difference in penalty is likely to be small for special
cases whare one or mors of the factors are changed. For instsnce, consider
the sensitivity of the principle variadle, total system waight, If weight
were infinitely important, the optimam system pressure would be determined
from the shape of the Aversgs Total System Wei: ht curw on figure 3-8 which
indicates an optimum of LLOO psi but the mgnituds of weight gain from
Lo00 pes to LLOO is less than 1/2K. On the other band, if the factor of
importance for system weight were reduced to sero, the composite pamalty
ratio of the remainder of the variablas would be =s plotted on figure 3-10,
The optimmm pressure bas shifted to 3000 psi for this special case but
the reduction in peualty from LOOO to 3000 psi is only 1.8%.

The sensitivity of & varjable depends upon its relative magnitude as
well as upon its charscteristic. The remainder of the wariables when
wighted by the factor of imrartance are of relative small mgnitods in
each case. The snalysis has been fully reported and plotted in such a
ssnnar that any combin.tionm of weight factors for the wariable can
quickly be carrisd through to determine the net effect. For exsmple if
cylinder deflection were considersd of no importsnce (Of) the camposite
penalty ratio curve {figure 3-5) would b shifted dowrward apd the right
baving = low point at pei where a s_ving of only 1/2% would ocour with
respect to the penalty at 00O psi. On the ctler hend, if the 10K fector
of importance previcusly nsed for deflection wers doubled to 20K as
important as total system weight, the modiflied composite penalty ratio
curve would have & low point st 300 psi where = ssving of 2.7% occurs with
respect to the penalty at 4,000 pai., The sffect of varying stabilized
temperature i{ncresent and apace through & similar rangs of zero to twice
the factor of importance used in the anzlyses would reveal that these

varisbles are slightly less sensitive than actuator deflection as quoted
above ,




Thus it is seen tiat the previously stated theoratical eptimum
pressure of LOCC psi is fairly stadls as the welcht factors associated
with the variables are manipulated to encompass a wariety of deaipn
sitvations. The reduction in penalty or in percemt system wei ght, if
the system pressure wers ndjusted for each situmtion,is s0 smll ‘(vi.th
respett to the pemalty at L0OO oel)} that comsideraticn of mare than
one optimm prossure is not justified.

The sdvissbility of underguing the initial expense sssociated with
cmnging froe 3000 psi or adding snother stapdard system pressure such
as the theoreticsl optimun 000 psi has not been coneidered in this
soction and this subject is coversd in the Sscticn 1 Conclusions and
Rscommndations and in Section 5 Cost.
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L. PRACTICAL SIGNIFICANCE OF OPTIMUM PRESSURE

A roview of the histerioal data presented in the Intreduction amd
Section 1 revesls that the hydrailic system pressures weed in the sirplenes
built during ths past fiftesn years mve steadily incressed from 600 pei,
in vegue in 1939, te 3000 psi used in all airplaces designed in 1952 and
1953. During tris period the horsepower requirmsmts of the aystess bave
greatly incressed demrding imoreved design efficisncy and indicating
the need fer high pressure. (figure 1-1). This cenditisn, and beceuss
ths 3000 psi aystom is & recognizsd standard system has sucsuraged its
use by designars almest universally.

Actually st this time the systems designers are faced with the
well knewn high tewperature preblem, which is capscted to becoms svem
mere aritical, later. The seme high performance aireraft which are
burdening the hydraulio system with grester pewer demands are requiring
timt the system operats, at lsast intermittently in high eaviresmental
temperatures, generally ranging frem 3000 F to 6000 F. 4 great ameumt
of investigation, develepment, and test work is currently being perfermed
s materials and equipment in erder to cope withthis preblem. Inasmuch
%2 new preducts will bave te be develepsd and nsw specifiocations and
standards fermalsted, it would appear legical ta consider the optimm
pressure (4000 pei) 15 one of the conditioms to be met, and thereby
sblain considerable savings t» the geverzmsut and the aircraft industry
in time ard money.

While cognizant of the high tempersture situation as described abeve,
it appears that the preblems asseciated with pressurs increass are suwch
tat 1t weuld be feasible to go te the sptimm pressure system in the near
future with relatively miner charnges im existing materiale and squipment,
Sems of the effects of waing LOOC pei em the varicus equipment and
materials comprising hydraulic systems ars noted belew.

Lba. Pumpe

Pumps are considered to be the most impertant items of equipment in
the hydraulic system. Informtion recently obtained from the principml
sircraft hydraulic pump muufactorers indicates that little or no
difficulty will be experienced in ebtaining pumps for opsration st
LooO psi pressure. (Te avoid indicating preference the ocompanis ¢ are
liated alpbabetically.)

W. «s [How lave both fixed and wvariable
splacenent pumps tested at 5000 psi.

Bamilten Standerd -~ Can edapt the sxistisg praduction pumps te
preszurs eperation in less than onw year.

Bew York Air Brake -- Pomps currently used in 3000 pud

— r eperation in LOOO psl systems either
&3 is, or with slight medif{ications.
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Pesce -- The presect 3000 pei pumps will eperats satisfacterily
at 5000 pat with slight medifications. A 5000 pet pump is now
being tested.

Yickers -- BExpect ne treuble with 5000 psi in hydraulic system
pawps . Bew uring 4500 te 5000 pei pressure in coustant speed
drives. The 1ife expectancy of existing pumps at the optimm
presaure {l000 pei) is appreximetely 500 hours.

h,b. Pluid

Increase in werking pressure affects hydrmlic fluid enly regarding
decrease in shear stability and increaze in density and hencs, viscesity.
The pressurs increase frem 3000 pei te the optimm pressure (L00O psi) is
#till well within the limitatiens of ths existing fluids te resist shear
stability breakdesn, and it is believed that ne approcisble changs in
the 1life of the fluids will bs experienced. In the averapge hydrmulie
system the fluid is usumlly changed becauss of centaminatisn, s+ ether
reasons, leng befers any shear stability weakness is apparent.

The incresse in visceaity dus te increase in proasurs causes increase
in pressure drep. The percent of pressure drep per foot increass, when
geiag froa 3000 psi working pressurs te the eptimue pressure (1000 psi)
for the same flew rate end tube size, varies frem appreximately 5€ at-

B0 F te appreximately 26f at 65° . These figires are far 1/2 0.D.

tube x .065 wall st 6 GPM flew. Hewever, this theoretical pressure drep
increass is mere than cempensated fer by virtus of lewer flew r rena ts.
To accemplish the same job of work at constant efficiency enly 3/} of

the flew is required when using LOOO psi as whea using 3000 psi pressure,
and [/ as much pressure drep per foot can be allewsd. Refer te figure A-5.

hoC| Actusters

Two types of actuaters are comwnly used in hydraulic systems,
cylinders and hydreulic moters. 8ince the same type of problems ars
present in moters as in pumps the practical significance ef LO0C pei
would be the sams as listed for pumpe by the correspending manufacturer.

By far, the gremter mmber of actusters expleyed in hydrmulic systems
Sre cylinders. Ais a means of power transmission, it 1z Jifficilt te
imagine & simpler or more sfficient device. The art ef cylinder design
and mapufacture for 3000 pai working presaure, bas at tits time reached
e state of perfectiem, that very little servios treuble is eaxperisnced
with these “werk-herses® of tho hydraulic system. In most oases, exospt

fer periodic replacessnt eof seals and back-up rings, ne ether service is
required fer years. If a cange from 3000 pel to the optimm pressure
(1000 pai) wore mde it ia believed that ne mjor design o mamfsctur
practices need be changed, axcept timt perhaps slightly better contrsel

of the gland extrusien gap cheuld be sxercised. Altheugh it is recegnized
that gland design in gemeral and the materiels te be used in particular
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undeubtedly will bs considerably affected by high temperaturs requirements
currantly being investigated it iz expected that the uss of teflec er

sole heat resistant material back-up rings would be required, as the existing
AB-62165 loather back-up rings are not entirely satisfectory in some
installetions at 3000 pei.

Examimation of figure B-5 indicates that with many of the existing
3000 psi cylinders pletted theresn, celumm atrength is net the critical
design critiria. However, figure B-5 shows that this festure will becems
more critical when using the sptimm pressurs {LOCO pei). For & given
Job of work, sherter strekws in prepertion te cylinder diameter will
be required. The use ef sherter strekes will provide higher loads

but alse mere cempact designs which is in accordance with gaperal design
trends.

In flight control pewer systeme the use of the optimum pressure
(LOOD pei) and cemsequent reductien in cylinder site weuld reduce the
rigldity ef the system. PFrom figure 3-6 it is cbserved that pisten
deflection caused by an extermal lesd squivelent te full eystem
preseure is 1.32% of working atreke at 3000 pei. This deflection would
be increesed ts 1.78% at OO0 pei. This reduces the potential response
of the serve ssd may lead to instability where this situstion is igmored.
In new systems, desigmed with this problem in mind, ne serious trouble
shauld bo experienced.

L.d4, Flexible Lineg

he very sericus problems to be cvercoms, due to high temperature
kydraulic system requiremsnts and current difficultiss being sxperienced
by hoss manufscturers in meeting the high pressure hose specificatiom
NIL-BE-5512 indicates tiat oconsid-rably lesz flexible rubber hose would be
used in the optimm pressure (LOOO pei) systems than are now being used im the
standard 3000 psi systems.

Actually the industry, in mamy cases, is hard-put to obtain qualified
high pressure hosea for use in 3000 prl sytems. Although hosss are
availables with sufficient burst s , 12000 pei for the i tom
and ever 15000 psi in sizes 1/, m 1/2 for the 1000 pn!?o:)yolz'u A
inability to pase the impulse pre-<sure test of 100,000 cycles at 1 1/2 times
the working pressure causes rejection of much of the lwse that is mnufactured.
In order to prevent shortages on many production sirplanes the govermment
has allowsd devistions whereby inferior hose can bs used in certain installations.
It 1a recognized that high pressure hose i3 required in soms installations
whare the peak pressurs impulses are negligabls, whersas in others they ame
gquite severs. This policy will ¢f course reliesve the situation oonsiderably.

Whils a mors judicious evaluation of operating conditicns of particular
Ross installations would justify the use of existing high pressure boses
in some places in the opimum pressure (LOCO pei) systea, it is believed
that the use of swivel joints will provide a solution in almost ull onses.
Thess joints, made by several mnufacturers, are now readily available for
3000 psi mircraft kydraulic systems. In fact many designers, umable
beoauss of limited space, to acoommodste the bend radii required for flaxible
hoses, are using these joints.
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Coiled rigid tubing has been used extensively by scae designers for
installations requiring small deflsctioms in order to avoid hose troubles.
This practice would be particularly applicable for the optimum pressurs
(booo pai) system.

Considerable progress has besn made in developing flexible setal

l hose for use in aircraft powsr plants to meet fire proofing requirements.

In the smller sizes some of this hose has been devslopad to withetand
) relatively high prassuras, burat pressures as high as 11,000 psi in the

[ 1/, inch aize having been reached in soms cases. Although still inedequate
through the range of sizes comonly us-d in high pressure hydraulic systems,
it is bolieved that further progress will be made and that thia hose will

‘ ‘ eventunlly be available for use in OO0 psi systems.

[‘ L.e. Tubing and Pittings

It is sssumed thmt the sawe miniomm ratic of turst pressure to working
pressure, L to 1, for tubing and fittings will be maintained in the cptimm
pressure (LOOO psi) system as used at present for the existing standard
pressure systems. This provision precludes the use of 613T tubing aa the
wall thicknesses of the tubes becomes sxcessive. Consequently corrosionm
- rosistant steel tubing will be used. Ome-eighth hard tubing, Specification
L MIL-T-68L5 or AMB-5566, has been used extensively for 3000 psi systems

sod will be suitmble for the optimm pressure (1000 psi) system.

I-: Tube flaring has been, to 2 x.re or less degres, a process requiring
’ careful shop vontrol. If the tools are not mintained in top condition or '
if the tube ends to be flared are not smooth, cracks or marks will develop,

U causing many rejections. It is expected that with the heavie:r wll

: thickmesses required for a LOOO psi system thess problems may became more
souts. Algo it iz believed by some desigmers timt the integrity of a

\ l-, flared tube joint for sarvice st pressures sxceeding 3000 pei is questiomble.

} & Extensive vibration-impulse tests have proven that the flared tube joinmt

!

is quits inferior to the flareless fitting joint in this regard. For the
above roasons it is expectsd that flareless fittings would be used extensively
with the optimm presswre (LOOO psi) system. These fittings are reedily
awmilable, and are now widely used in 3000 psi systems for Neval and
Commwrcinl aireraft.

L.f. Beals

! It i3 expected that the standerd AN-6227 O-rings, used with teflon back-
up rings, in standard grooves wnld be satisfactory for use in the optimm
presswe (LO00 pei) system. Information has besn received from seversl

| airframe and equipment manufacturers tihmt they have successfully used
AB6227T O-rings in standard grooves st 5000 psi. The Air Force has rum

laboratory tests with standard AN-6227-28 O-rings end spiral ‘eflom back-up

rings wherein 50,000 cycles were completed at pressures of 15,000 and 20,000

psi. The lesiags was approximately 2.6 cc per 1000 cycles or 1.3 drope

per 25 cycles. The existing specificatiom for 3000 psi cylinders allows
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1 drop exteroal leakage at the piston rod gland per 25 cycles. Extreme cold
flow of the teflom rings wes encountered on these tests which wsould not bs
gresent at 4000 psi pressure. It is believed, however, tmt some reduction
in the dismetriocal cloarances allowed in MIL-P-551l; would be made for use
with HOO0 pai pressare to provide marizm protection against seal extrusiom.
This could be doms in most cases without onusing seriocus manufacturing
problems. The life of the O-ring as affected by normal wear should be
somewiat less using LOOC psi pressurs snd the tendency of the O-ring towmrd
spiral feilure somewiat gremter due to increased friction of the O-ring
sgainst the moving metal parts wwn under pressure. Howwver, it is belleved
tat emple life would be cbiained if no extrusion occurrsl and that well
lubricated rods would prevent spiral fajlures.

The results of current t~sts and investigations relative to the high
temperature problem and ths development of new materials for O-rings and

back-up rings will of course be the principal factors affecting gland and
seal design in the near future.

L.gs Valves

Then considering the practical effects of using the optimum pressure
(L000 pei) on varisus elemests in the hydraulic systes, permps it is an
over zimplificatiom to include under one heading componenis with such various
functions and charucteristica as hydraulic syptem valwves. Howsver, in all
cages these units are used to control the direction, flow rate, or pressure
of the hydraulic fluid. Hence the problem of intermal lealmgs is common ®
11} valves; it is sssumsd that external leakage must be prevented inm all cases.

#ith unbalsnoed poppet type walves of wvarious kinds the incroass im
pressurs my require tougher valve seats to provide adequate life. Judicious
use of dampers howsver cen alleviate to a large extent thw dymamic effscts

of pressure increass, In balanced poppet valves no apprecictls difficulty
should arise.

With slide valwes of various kinds it is expected that genmerally, the
samp ity and finishes for spools amd bodies or slseves wmuld be used for
5000 pai valves as now used for the 3000 psi wvalves. It is assumed that
this practice would be followed wherever possible in order to minimize
mnufacturing difficulties, s¢ that only in some special mses would closer
fit. be required. Consequently more internal leakmge would have to be
tolerated dus to the increwse in pressurs. The wvalve lealmgs horse ower
when using LOOO pei pressvre is 1.43 times the valve lealmge horsepower when
using 3000 pei pressurs (See Bquation 2D-7, Section 2D).

For uze in LOOO psi systems valve bodies would have to be morc rigid to
prevent distortion. In many oases, howevsr, the bodiss will contain
suffioient bulk, for mmufacturing arnd mount ing considsmations, to sccommodats
the higher pressurs without sny change. In mauy alide valves, of course,
oonsiderable intermsl leakage can be tolerated amd in snms cases internal
leakage is not only desirable but mmndatory to contribute to the stability
of the cirauit. M¥ith wvalves of this type po problem should be encountered
when using the optimm pressure {(L0OOO pai).
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Dus to the increase in pressure {ntermal parts in general will be

[ sorller in size. Consaquently so.ewiat more difficulty will be encountersd

i during assesbly of ts various parts, particularly the installation of
b O-riogs and back-up Tings.

] As soversl of the valve mapufacturers have already built sample walves

of varieus kinds for 5000 psi pressure, it i3 believed that LOOO psi valwes
could be svailabls in one year if the meed for them existed.

L.he Accumulators

The oylindrical rather thm the spherical accumilstor appears mOTS
sdaptable for use in the optimum pressure (OO pei) system beceuse of
- simpler design and manufacturing problems. Cylindrioal accumulators for
i 3000 pal systoms ure readily aveilable from geversl mmdfacturera some
! of whom have built 5000 psi scomulators for test purposes. It is believed
that close control of the extrusion gap betwser the piston snd bore sad the
11 use of teflon back-up rings will be required for best results. It is
. sxpectad that the 1ifs of the piston O-rings will be slightly less than
those now in 3000 psi accumlators dus to the higher pressure but is expected
< to still be satiafsctory providing the proper finish is mintained on the
‘; cylinder bore.

b The preload sir pressure would be increased to obtain meximum utility
[} from the acoumlators. As 2000 psi air compressord and intensifiers are
4 now widely used, the increase in preload which will fall delow 3000 pel
pressurs should creats no sericus service problem.

h;j; Reservoirs

B Uas of the optimm pressure (L00O psi) system will not affect hydrsulic
reservoirs except tiat in geme-al the reservolrs will be 29% smaller in
volume.

I




s i

109

5. COsY

When this optimum pressure study was undertakex it was remlized
that any change from the present stapdard presswres would involve
additiom]l coats. It w-s generally agreed that if costs were considered
in the determimmtion of an optimum pressure, they would orly ssrve o
weight the answer toward the pressnt pressures and thus glve =
falge indiocation. PFor this reasom cost was considersd conatant in the
optimm pressurs determimtion.

Even though costs wers considered constant in the dhoice of the
cptimum pressure it is important that some thought ba given to the
sconcmic aspects of a chnge in the hydraulic systam opemating pressurs.
An amalysie of the costs {nvolved show thet they can be roughly divided
into two major classifications, the nom-recurring costs and the recurring
costs. The mon-recurring costs are basically those expenses that would
be incurred in bringing the industry up to an squivalent state at the
pew pressure. The recurring expensés are thosa added costs tiat my
be imvolved in the manufacture of gtandard oF preprietary cempoments at
the higher prassure as well as any added costs tovolved in the development
and mamufacture of new items.

The fized or nom-recurring costs woald represent & vesry sizadle
sum that would have to be spent during the transition stage of tie
adopticn of the higher pressure. Pirst new specificatious and design
requirements would have to be set up. A complete serins of standard
items such as check valves, acoumulators, relief walves, shuttle walves,
filters, unicader valves, sto., s well ag proprietary items wuds as
sclanocid valves, pumps, brake wvalves, motors, flow repulntors, ~te.,
must be designed by the many componsnt msnufacturers, prototypes built,
tested and when applicable qualified by the services. Bow production
tocling would havs to be designed and tuilt, new forging dies, patterna,
axtrusion dies are required. Testing equipment {in the warious laboratories
throughout the industry =s well 2z the quality cantrol test squipment
ané the portable test stands and auriliary hydraulic power oquipment

used in servising the aircraft would hmve to be rebuilt to handle 1000 psi.
Shar one cousiders the mmbsr of companies both airframe a3 well as
component mnufecturers involved, as well as the number of itess that

ench of the component mnufacturers would have to redevelop and the cmnges
jmrolved in the test and servics equipsent belonging to thess companies

ag well as the services, then one can begin to appreciate the oxpense
involved in this change.

Those expenses classifisd as recurring costs are those sdded manufacturing ‘
costs ocoansioned by the chenge. It is sssumed that the general level of ;
sapufe cturing technique would resain the sams. Mo general improvesent of
qulity level of prscision components can be expected. To kesp the comtrol
forces st the sams level as in present walves the pilot sections of wariocus !
sontrol components would of mecessity bave to be smller and because of '
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ths mndling problems associsted with these already smll parts the cost
would undoubtedly rise. As these increased costs would only be associated

with a smll percentage of individual compoment parts the overull effect, of
increased pressure on mmmufacturing costs, would be very smil.

The oversll cost of this pressure change to the industry would be reduced
to a large degree if the change is made concurrent with the development of
high tempersture ocomponmts.

The mjor devalepment, testing, and tooling costs would have to be
sxpanded to pst a standard lime of high temperaturs components inte
production and these costs cculd rightly be charged to the high temperaturs
progran. The purchese of new LOOO psi inspection test stands and suxiliary
hydraulic power equipment for servicing the aireraft would be the =ajor item
chargeable to the high pressurs program.
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