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ABSTRACT 
* > 
«> 

V 
riiiia final report J ne ludr b the recuits of c. rerecrch p* o¿..‘t;a 
tilo luvcctlL -tio.«. nid under striding of pulsating by dr tulle o. 
Inveotißütion con a lato d of three pheeet.: 

(lV<A 6b0l) for 
The ree-iinch 

V 

■«* 

a. An underatcndlng of the theory and the procent state-of-the- 
art of pule-ting by draille cyatems. 

b. Development of the b..aic tccbulques for enelysis of pulontlug 
hydraulic systeno cud slrulatlou of a Eln^lc-liue pulentina ° 
hydraulic System on the enrdog computer. 

c. Applicnticn foedibility of pulsating bydrc.ilics to the B-52 
hydraulic cyoteus. 

A litera cure revieu cxo. lottex* curvey ves tccocipl idled to obtain te i . 1er— 
standing of the theory cud the present state-of-the-art of pulsating s,, 
eystems* Ore results of the litar»ture revievr end letter survey revs.1 led i’. 
the liter ¿.ture avi»ilc.b3c on pul rating hydraulic 0 v. (, extrei ely liai ted cud 
little research hr^ boon done in this a The basic lanalyticrl. tochnlaic a 
were developed und used in simulating c. single-line pulsating hydraulic ¿yu¬ 
tea ou the cu ¿'da g cc,.;pater. During the rotaarch propre j, I7 different svbt'-m 
configurations vere evaluated. There coxaficurations v:re cvuluated for the 
change in syoten efficiency vith respect to changec in f'a basic part cters 
of line lengths, line sizes, cad pulsation frequencies. The pulsati. , h;.d- 
r aille cyst ora efficiencies vera louer tlit.n those of continuou b flou hydraulic 
oycttuB. The B-52 application study coreludcd that the B-52, ro designed, 1c' 
nou readily cdcptuole to pulentiig hvdr.villes application. Tue present cvstciu 
ai-o functioning f.dcquately and no real ii.iprovjj.-ut in reliability or veight c- 1 
be foi'ccsst. 

As a recuit of the research investigation, it ves concluded that for certain 
applications, pul eating hydraulic systems offers n definite cdvaaUgj over 
continuous flov liydrailic syotcwc. It is in these erees of application that 
further studies are recosuotndsd to define the efficient ure of pulcaticrc 
hyrdrfuulics. - 

RETRIEVAL REFERENCE WORDS: 

REV SYM: 

/ ; • j\N ) D3“6i?6 
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1.0 INTRODUCTION 

V 

'Fluid power has lon¿ been used by ran. Sailboats were in use 

approximately 5000 years P{jo, and there is evidence that the first water 

wheels were built between 200 end 100 B.C. The conventional hydraulic 

systems for transmission of power as we know them today are relatively 

new. The outbreak of World War II forced an enormous acceleration of 

research and development effort, aimed at the rapid evolution cf armament 

bnd strategy. Mechanisms with very high speeds of response were needed 

to permit the rapid increase in the speeâs of operation of military air¬ 

craft and automatic fire-control systems. In both of these fields, 

hydraulic systems proved to be particularly useful because of their very 

fast response and their great stiffness us seen by the load. 

Transmission of power through a fluid medium by meens of waves 

is an old hope — a basic treatise on the subject was written some 30 

years ago in England. Little research, however, has been done in this 

area. Apparently the possible advantages of "pulsating hydraulics" did 

not outweigh the limitations, and it was bypassed by more conventional 

fluid-power systems. However, the many advantages promised by the 

successful application of "pulsating hydraulics" may portly explain why 

the subject refuses to fade from consideration. 

This document presents the results of a research program (euA C80l) 

for the investigation and understanding of pulsating hydraulics. The- basic 
approach of the above program was as follows: 

a. Develop an understanding of the theory and the present 

state-of-the-art of pulsating hydraulic systems. 

b. Develop the basic analytical techniques for pulsating 

hydraulic systems and simulate a basic system on the 
analog computer. 

c. Determine the application feasibility of pulsating 

hydraulics to the B-52 hydraulic system. 

REVLTR: 
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V 

2.0 SUyjíAliY 

•*» 

4 » 

a. Literature review ttâ letter eua-vey. 

^ra!,aïn‘y°Lœ°^r,-L.nâtS<:ef to, pul6nti„E 
hydreulic eyatern on the laaiog computer.nEle'U”8 pul!,:ltlne 

liydraullc0eyatoñíbUlty val,'etlnS hydreulies to the B-52 

puleatl^“1“^“ “ Vdmaue power through the use of 

and govenrceiit eccnci^s^to^i tU<ti0ted enc001pöc6lnß hhiveralt^- 1 

Äntf t^fuisÄ— 
res*.ni ch to, been accomplished on puSís8^^«^ lively lluï, 

s^«P5teæ^x".Â- 
=:Æ - SSrSiílT' 

- auernetor 

Lieh preesur- ã,:;“ ‘'“f0“!* «a hUernntor velvet íí‘ ,E ls ,wt:‘od does not 
that the '‘V -“ 11,3 r-ulontlng fïo, ^ Î. = lc,sse6 to the 

rerervoir ere extr^Jy Urr Í Vttlvö ^ overbo-rd Jo'*’ ?, “P^8 
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, . ‘Pl’lici.tton ícesJbilltjr sljdy coucludcd that tho B-b’, i 

ey^us í- 140í'.r'l W,y t0 1.^,Me*. ÄLt 
or vXt e« y “d '‘0 r#Äl *» re-licbij.Jty 

Perro ■ ío^btÍC?1ÍÍ0n? °í p^tatll,3 Ijydrtulic systems thr.t have been 
r ~ to.d.ctc» Ptrtieulrrly the syetem simlation on the males conputer 
ii-itate certain ca^ps vhere further effort lo desirable. The simulation " 

bett^r^Ä , 

UÄÄsr' dotl&‘ ^ ^ÄsvÄär4 

ft. Transmission line phenomena (resonance, titre dolav 
efficiency, etc.). v' 

b. Pulse cenerotion methods to increase eysten efficiency. 

c. False coasrehion control (feedback). 

d. Multi-fluid fyctems. 

e. Component selection. 

rr.r.M f j T'10rc urc of application where pulsating hydraulic ays: • 
“K\fhoulf- b= investí Bated, it is further re c calende ftte ' 

ep.r.Jcnt on the results of the shove Investi cations, a ein-lc-lîne pulsátil 

ÄM^iSr’4' conBtn'^â'TOl to 
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» 

3.0 

3.1 

LFix^tATUríB HLYIF; AI,D TãLO^Xia 

Introduction 

iiaa EAatü.w.'û 

pScSwd COacC£'^S íce ^ thewetical 

t,E3 aérese of the voï^ÎSic no/ÎÏ i0 & frlodlc function of ti- >. 
there ere tvo limitinS cacee ^ ^ b- ^ro or non-rcro. íhu* 
for vhlch the amplitude of the ril- .t; f¡L0V* 0ae llïuit lc steady flou ^ 
^ purdy oscillating flow for vhich th- '+í* Zei°* lh3 othcr l^itirg creo 

race is zero. All inteir :üi^ w B Ííf ffrc^ of the volumetric ?íív 
ho tuxorpoLitioa of these two nc,'° ri°y be obtained by 

ßyctc-43 investigated in thin studv nV-" * lna puleating fj0u hydraulic 

tl,e ~ VhoîL?£ Hw S'fLr“aMCS flw 

the follovlerj topic o:** nvtllttb:lc on puieatlnj fleo concerne prlnorily 

O Placating fiou iceacureiüentB. 

• Heat tranrfer étudiés of pulectle* fto,% 

to etohlilty and Sttc^fe^ide'^We! ö*XlM® ***“ v,th »«pset 
. uun>s ;t _ m ^ ^ 

Literature Review - Recuite 

;r,ch p^LiMr^eÄrertoä r th° ^ «,= _ 
ÎÎ *.f°r ^017 ^onsnicsion. Sirco the ^ concerning the use of pulsating 
starting point of this invcstirftTon^ !. rrtic3eo ^*c considered as the ° 
Hve tefeteeees obtained îiiuSTf of each is IneLed 
3.2.3 through 3.2.7. "** ltlltl!a »tudy «, briefly su aearlted in 

3.2.1 Rececrch Investigation of HydrauHe 0..1 .. 
t '■y.^uiie Pulostion Concepts (Reference 1) 

ÂïuErSïsf>“»" “»iss ^r;s7! —»s*« waar&csifaaafe 

REVLTR: .1 . • „'Ino. D3-6576 
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V 

thra n puJoitiOB IvesMre tytton for t!.e trfu-jsolo.. o’ 
pc.»,. Wcve syotc-ys ere bsUevoi to Vo torr c,noble ÍÔ , oV 1 

eip'iM trijifnlssioa than for iJi-r/ • Irtnff. r in ,- "'l 1 * <-.-r <o , »-* p-'jcr lAínf-icr. in pever transiech -.i- 
of input ir.-pcdmce of the output devices or of fluid prop rties retiatir ' fr'-r 
û Ifjp amount of po^er veri&tion vill not only chro-e the f 
lenstu of the standing pressure voue continuously tut rev ^ 
conplctely. *» «tearch Im-ctti^.iloa v« círrLd oa g-: 1 ^ 
O The design effort, end 

« « 
o The analytical method. 

The basic approach to eyotca design v¿>r> cvrJuated as follo-.-a : 

û* r*? Wten in vMch the mccheniccl energy is con. 
\erted directly to hydrrulic energy in t. pulsating fora 
(Figure 1). For û cyoten other then a cuoll actuator or rotor 

oïn^tw Veíflt CrA C™iDl that Bust be accept . ¿¡ proves that euch g ayatem is impractical. 

“ SBHiF“ -~ s ä s 
n tîiree-line pulsating system. pui^ating s>ecen and 

with ty„V.n3 

HÄ1? * ^ in v.iich the pressua'e at the input tends to remain conctn-t 
varies on demand. Tnis system is cxeCJplifieû by one ii which a n JZ 
compensated variable delivery numn i- nr -rT m-i Yi11cft ^ Picure- 
the Introduction of an ¡¿ScS^vav“! ******* arc canned by 

by a reclprÔc??“r^en^S tZ ^tw! ^J-atcd 
a function of the driving fre^oncy aid Ä 5 «SVÄÄ 

' , A p-ulsating hydraulic system with a constant Pressure courea >,nn 

ThffcS m in';;ÏÏ™ 1aUa 
arc the dl caívLt^l^f otL, : C/£tC'''r': 03 ^ •« ayate 

a. Advent eges of Systems \rith a Const rut Prencure Source: 

(1) V?:ùr ** r:}^^ ÏO erivu the puUcting vclve; 

* frc<‘leacy 10 SOro c^i1^ controlled 

* . /... V ' I N'0.1.1^.557(5 
pCW I TO. fl, .n- ... .... ... 
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V 
V 

i'¿) fi ce arcicl pj ce pansai 1 variable ¿silvery j 
c¿ n Vo u^ju in ce. uiï^ei/j.oe vj.vn a piXlca'tiii^ vnTvt; x'^ 
hydrr.’ilic vo. or unit of tho cysti.-u. No rev punp dcvclop- 
rasut io ncceüBary. 

(3) Pr^cíiiu'o palcos traveling back and forth in the fluid lit .- 
oa-e nearly GQUoro-vave shaped. Kor tho ciae power traaa- 

through i tho lino, tl\c uiaxirouüi pic c cure level in tie 
line is thus less than that of the fluid line of a eysten 
vith ft flow source. 

00 Depending on tho characteristics of the pulsating valve 
cud pu.jp, the flow pulses traveling back end forth in the 
fluid line can clro be re.de close to square-vave chaoo, 
thus reducing the pea); flow Rejmolds' number, lliio is 
inportant when the Reynolds' nuv.ber of tlie flow is necx or 
larger than the critical Reynolds' number. 

b. Advantage0 of Systems vith a Constant Flow Source: 

(l) No pulsating valve end associated driving cecbcuismo tro 
needed. Therefore, the cyr.teci has fewer componente. 

Tho investigation indi.catcd that tho pulsating flow means viro 
suitable for power transmission. For certain applications, pulsating 
hydraulics systems have a definite adventege over continuous flow hydraulic 
systems. Pulsating hydraulics have r.n advantage ever continuous flow 
hydraulics in the areas of fluid separation or isolation, pressure variation 
efficiency, end notion or speed synchronization. The following results va'-0 
obtained during the investigation: 

a. Fluid Separation ox* Isolation 

REVLTR: 

For a continuous hydraulic system, fluid separation or isolation 
requires additional elements. Tnis results in a component vith 
great functioned complexity and reduced reliability. J.n a 
pulsating system, the transformer is a simple barrier unit vdth 

. a diaphragm or piston separator that tronc.dtc the cnerLy of 
the system. The applications or usage for fluid separation era 
as follows: 

(1) Isolation of nuclear radiation. 

(2) Vide range of embient tcmperutuico (especially high 
temperatures). In this system, the transformer acts ca 
cs V. separation point between the high temperaUirc fluid 
of the downstream portion of the tysten and the lower 
temperature upstream fluid. Permits use of fluids which 
are more compatible vith the then.al range encountered 
which x’cculta in: 

NO. 03-6^76 
*<• ^ ^ -.—•.A .- » 
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V 

(r) Koi'û reliability of coapcuc-rits. 

(b) Inert’«...} efXicicncy by cli: ;■ i.-.lio.i of epeciel consider* 
tiion3 for i inti-ini:•£; c ri 'Cific tei^pei.^ture rmf;(as 
bypi.s^cfi in ví.-Avea «ni cctuatore^ nir couditioninj unito, 
etc.)• 

(c) Weight caving -- the tronnforner vill be located in ci 
relatively lev te:..;jrature erea end the heat from the 
hitemperature portion of the systeirt vill not be treus- 
Ciitted threu^ioat the entire eye tern. Ac a renaît, moat 
of the system components eta be fabricated of lighter 
weight and easily machined materials. 

b. Pressure Variation Efficiency 

Pulsating hydraulics systems has an advantage over emtinuous flow 
systems by changing pressure in the system with a Uanr,fc; .<*. In 
continuous hydraulics systems, a. valve is used to reduce pressure. 
This valve forms heat end decreases tb . systeii efficiency. Preos- 
uiG increase in r. continuous flou hy'lvaulic cysieiü leeuirer. a 
complex cer.pC'Ajut end is, therefore, seldom mod in aerospace 
system design. 

c. Motion or Speed Synchronization 

The alternator valve d r id g 
provides an accurate flou 
Kochuniec.l synchron!z; Mon 

eeà for pulsating hydrauHcs 
division and i ay cave weight 
devices. 

systems 
over 

d. Weight 

No conclusions can be made on which type of hydraulic system 
(continuous or pulsating) has the weight edvuntuge. Each hyd¬ 
raulic system must be analy/cd and iii come cases, a continuous 
flow hydreulie system i:.cy be superior to a pulsating system, 
while for other caces the opposite is true. 

e. Efficiency 

Tire rare coacral remarks previously ne.de also apply hero. Tne 
cystcia efficiency is Eansitive to the system load Itp ,dancc . For 
the sera load ir.pcdirnce, the system efficiency is icther Insensitive 
to the change of pulsating frequency end flow amplitude. To deter¬ 
mine the lest system pulsating Iroçuoncy end flow r plitucM, para¬ 
meters that include pulsating flow line input inpeda -»ce, resonance 
conditions, numb.-r f rd sire of pularting lies; lint-, etc., rather 
than system efficiency, become the deciding factors* 

4\ 
4» Rf-VLTR: ! i 3.0 
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- . í i'+ ^Ti^ lh 

y the tot ti d fllgn of pulsátil be . >neata, . 
fíis.-ct«» o. eyclJe ßtiV'Sß lor.díu^ í.u® lo pulta. .o, ; ■ 
LV However, the etreacth requirements :., • 

, ^ r- '■/ components of a pulratiEg hi-iraalic r.vc^ ñ • ' 
i-'Oo 1)? subjected to th.- bl^i porteo-' c<- i - 
fiyatem. ~ ~ 

ß. Reliability 

ïîie pulsating hydrtulicc eyctca will iv - 'lx- ♦» • •< .. 
ln ' ßyßt » reliabllltj and o detida • la u«.1 ' 
J:*1“ :^te eyetea cleeni.ineao a.i fieedoa ?rn/,võ^ 
V .-..u.waou. ufnee* the pulsating portion cl the r /e>. •. £., 
t tu ilc\r -throuii’j the trcua dcclcu llueo, theev will bi no 
tj.v.aßfer of contoalutnte ire a oiio portion of tlie cy< t. • t0 
r- ■ ; ,.. r.icr.:, t.-;h pupating coKpoaent must be 1 
C.iy ef I slf-gsnereted oontM.lK.nU. :,,.. ,,. ,, îTtt ■' ■ c ' 
t' Lnant-aeaerating eocqyoaent in t. hydrci li< • 

ox : ' ' ■ ' v- • • ech r.r.y «iticnl oorapet sot. 5 , - . 
cr . 1 - -' 3oop located downstiv; - of x: . ; ' •, < 
c’ • ‘ ( thc- öasired ei . tili »es leve] 

.. * -- - installatioa of filters ehould'bTu^ . Z %, 

A-r líyòtv'ilJ.cc - Rano Kecke (Pefcrcaco 2) 

altemHi^ifWa1?)0^*1f; brl^ ú^c^íoa er.d tcivUnology o.? 

** c;OTUâ « — 

O líy tranclation of the cediun in the conductor (crocs notion), 

o Ry ccapjvecion vavec. 

r„.o«on o “vCnin“ '■•'f”1”"' “a ««»By fcy Crocs 
hj-arc-EUc ByrtsM. *»*»• ci <*i**to* t<* A-r 

o Vlbri'.toqr, «raj« Ewee, but rcpld, Kotloa tác-o pitee. 

° Setrf8' 6 « *"• lc In u bínale doted con- 
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o lo return Hues ere r -caacory. 

o RítoríotM aai thoir «to» of fluid caOd W ollrí^ted. 

o PoselbK. to-luctloa ln tue «f pu.pn uud »oto«. 

vo1*"*oí ü11 ■ • 

• Saasas ssrasr “••“—. ,. 
*W »- 'c,::Xrï' ! ! 8 Su! psd iTÍTiím V'- ll V' ■,:j >at Valt8 

3.2.3 Investigation or Pulsating îlov Hydrwilic Concepts 3) 

19Ä to J'ày^s ''..X\v v j,'v''I Y \ 1 b" Reíublle ÍW» Key 
of cor.timr.iU3 flow hydraulic power into r":' c< version 
transfomation, und reconversion lato con-Mn»r.i 1 b^>P~°V| i ''': 5 tr£U l*eioa, 
to pulsating flov hydranUc eyett is vere^îÎÏ?^!!/1?^ ,C<Äg>onGntB peculiar 
ec. -tined into r pulsating flow hj iri »lie eyetf ' 'r, ' " ^ ^ ; 
JWO »ade of typical pulsating flow ^ • '■' "•• • ty*ee 
***» tbs cpsrationarínd 

Tí»3 resulte of the ruj ^ : ■? i'i ■ 1 
indicated the feasibility of t-"” t- -t ‘‘’•í ~<dûZ ioBta definitely 
■»•*»*• Vor the system tested f- . ' • . ,-1 power by pulsctSg 
inch and 5/0 inch, respectivelyf? ' ^ of 1/2 
nyctca cfficiercy rt piilEr-.tion f > w 1 î' in overm 
out r. trcasfoi. er end fxou 3 cpy"to 15 ° ^ c?3 to 20 <spp vith~ 

i<. çrr.ucy erd becas» ProporUonaUy «nre«, viÂ^d^îoTÎ! çíncy. 

***•• cmc^iÄSiaSS rUcatl° 
tieo pulsating hyd ‘aúlles off< red 1 d - 6tudi< •• In Ic , d 
o?pUc-d to propnly selected s'rvj.ceu Vc,ie3c vei^ ^nto^ 

^ WnrtWtod P^tor HydraiUo U« ,,0 
Krmeter Sir! S ^no^w* iSi tiní ‘ ^ cf?ductod on 6 dlí tríbut< i 5* W>rt prot ants a ciethod of develooin^ î ' 01 *'! 0 { loS c< 
virar.;.., dreg, inertial, end < '" •■ ■■ ' J ' ':' Ut : 11 

a straight ? . wing 
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Baie i doc to en eü tri« 1 troi Li 
in tlcctiic; 1 lin .> voiv u:. d ior 

t llüC| U i : ; 
iar.hv^cili. 

ï' 
*» -Í j 

a 

3.2.5 ïùEt-J ci n Cf Kydrc.ulic Lino í'or W.¡;trJbui^d Krxcctf; 
(île Tl.lonco 5) 

Tente vero conducted in the laboratory to obtain a correlation 
of t’ 1 actual hydr. die line teat date, to tLa di c tribu ted pare •.•ter theory 
duvelopod in Refoi nc< 4* Tho test data vere obtained fre 1 ai Lon of 
Kmibor ß ateei hydraulic tubiny, C£.,,p'.i at ore end •N'ith the ctlr r and 
couplr-d to t r.iuuooid-l varyiaj picsr.urc cource. Thi'’- particuJti* hydivn.!ie 
tubing connection ic enalo¿oua to au opon circuit electrical tren, iaaJon 
line. 

The reaultc of tho correlation piwidrd infori.r*tion for the 
sinuuoidrl Ltocdy ct.nte tlieory and Jnform-tion for uee in tho future 
Biuulttion of hydr.Jlic lineo on tho analog computer. 

3.2.6 Preliuinary Study of lion*Steady Flou Hydraulic (Reference 6) 

This report is c »acorred vith the dor.cription of a prelJir-lt ovy 
study of non-ctâuly hydraulic flou» concepts end tpplications. Inis import 
io concerned ’.dth f l.’.v. oidal or ec■••.•i~oimicoidnl fXov or prec'uro v.-.vJcti.o:v < 
The objective a of this study wre : 

o Refino t}\e genera! eve a of interest. 

0 Establish concepts of flov^ or p.. •. '-sure grnevatorsj rotors, t:-.; istir u 
lines, and sycte is. 

» Reter.-iinc advantaycc available freu concepts developed in this study. 

0 Provide 1-0..:-3 applications of components or systems ;hich csju K ovaluntcd 
in dotall. 

« Ectoruinc the problem area. 

Ko calculations or tesis vero iu.de to determine the feasibility of these 
conccptß. 

3.2.7 Pulsating Hydraulics Stu-ly (Rofeacr.ce 7) 

Tliio document is t. propoeod propr-m for research t od develop-.., nt 
of pulsating hydraulics ccacepts, A basic 1*0: on ch proert m is proposed to 
accomplish the foil' .1 up: 
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e. Dtíttiuiue the rcsícttjnce fucioi c for pulf.utiug flov lu 
tvi-ni c; ion l?n.:r by mnlytic rr.à c:vj.'i*rir¡ r.^onc over a 
i n ty - of fi -, oil i tad taplii . íRiie e\ alui . : 
vl 11 include the ifarlnar t^d turVule-nt ivcli'-c und jr alternating 
flow conditions, 

b. Inveatigute synchronouc and acynchronois modes of traasmission 
of power, und trenefonoers for pulsating flow hydivulics, 
Bredbosid experip ontul units vill be built cod evaluated. 

3*3 letter SvuTny 

A progre’a vas instigt ted to éneo paco universities, industry, and 
go .* e 11 fiiu cgcrcJes to oblvtin inrther inforniition concerni ry pulsating 
hydraulics, iris progt.^i convicted of a letter end cya.vLIo' > ire sent to 
thoca org Liiaeti.ovis vhicu aro eugeged in hydn ulic ret ocre)* prograue. The 
results obtained froo the questionnaires are tubulated in Apr-onij-; A. 
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4 % 

^.0 . SïSTL'l DESIGN 

^•1 Introduction 

Trnnsmiscion of power through a fluid r.edl'un by D*eans of vaves is 
an old hope — a basic treatice on the subject vas vritten some 30 years nso 
in England. Several different trethods or techniques arc available for trans- 
micción of pover using pulsating hydraulic concepts; however, little reeeorch 
in puleating hydraulic systems hac been made. 

re a bafic concePt8i types of cyctems, odventoges and disadvantages 
offered by a puleating hydraulic syctcra has been cuamrized in Section Co 
Literature Review end Theoretical Background. For a more detailed discussion 
of pulsating hydraulic concepts, References 1, 2, and 3 ore recommended. 

4.2 Pulsating Hydraulic System for Analog Computer Simula ,i .-, 

Momentum can be carried through a conductor filled with fluid cv 
two general means: ^ 

a. Py trtinslation of the medium in the conductor (direct flow or 
pulsating flow system). 

b. By compression waves (pulsating pressure system). 

The pulsating flow system was selected for our simulation studies 
il \G n0r¿l d''Eirûble thaû R pulsating pressure system for the trans¬ 

mission of large accounts of power, 

0 4.4 ^ baSiC t0 sy&tem design ax'e available using the 
pulsating flow concepts: 

&• Pure pulsating system -- direct conversion from mechanical 
energy to pulsating hydraulic energy. 

b. Combined system - the energy is converted to hydraulic energy 
in a continuous flow form end then alteied to pulsating flow. 

__ COrnbineJ syste.a vus selected for our simulation studies using 
an alternator valve to convert continuous flow to pulsating flow. A co'--rcl«l 

Sit^rnAtiC0?aP8?SatCd Varicb:iG delivery P'J‘r‘P vas used in combination with an" 
al ternating voive as the power unit of the system. This type of eye tern 
eliednates the need for development of a new pump. A discussion of system 

1 *?? ^ k“slc (¿eWtX.3 S co^lu-f) s presented in Section b.O, Test Results. 
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Thir rc; yrch prc-,1-0 :, ya& dirc-ct d to/ards B-^2 eppllcr.ilon vhich 
containj i. ..ißüioa oi* i'luidt rt h?c.h rrtea f .3 Ion;, distf.:v;oc. A i.i.ne3e- 

- pu3r,. '.in,; syel . vn- bulcct.d fci- tbj ti-:n .■ inòicn of the pvliaUnj f.lo,,- 
enercj' bsc^uia it cppst-^s tore cdvcnt w -oas for r-52 rpplicacion. Ti- - uinslc- 
line cyeLhu tippcr.vs to offer better reliability’ (3er»s Ict.k points) caid c. vjoj^bb 
envliig (no return line) for the long trieirmiGoicn dirtinces. Therefore, tbc 
pulnating hydraulic syetem used for the tur.Jog cc..*.puter cirnulation was n single- 
line co.,’.Lined pulsating flor System. A schematic drawing of the pulsating 
hydraulic system is shov.-u in Figure 3 and a block diegrrm is shorn in Figure 4. 
The pressures and flows throughout the system are identified by the subscripts 
on the block diagram. 

The single-line pulsating hydraulic system ves simultted on the 
eiuilog computer from the altenator valve dovnstreem. The direct flow 
hydraulic system upstream of the eiternator valve vas not simulated during 
this research program. 

ij.2,1 System Components 

a. Alternator Valve -- A component vhich converts continuous flow 
to pulsating flow. 

b. Lumped Par. 'tor Transmission Line- -- Transmission line 
pararetaro are assumed to be concentrated at single locations 
(lumped) for 1 onlycis and their interactions aiv assiured 
negligible. 

c. Trunsfonú.-r — A couponent i a ich tronsforns pulsating pressura 
and flow from one a.’plituce to another. It also acts cs a barrier 
or separator betvee-n fluids. 

d. Distributed Parapetar Transmission Line -- Transmission lins 
parameters (inertance tuid crpacit. nco) coo cnelyzc-d as distributed 
parameters and the frictional effects are lumped at both ends. 

e. Hydraulic Rectifiers -- A component vhich converts pulsating flow 
to continuous flow. 

f. Accumulators — Used as a ilpplc filter, fluid-volume contro?, 
and to ensure positive pressure on transformer during negative 
flow. 

)»-.2.2 System Design Pcraraeters 

In simulrLing the single-line pulsating hydraulic system, many 
decisions and as su.-y lion u vero iiu-do perbalnius to the system design purer?!:-'' 
Appendix E contains a de tailed .list of all the design parameters used throvg’. 
the research program. 

tout 
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í>.3 lntiv.Iuct5 on 

Evaluation o" ths proposed oycbeM c¿n be eccoinplishcd opo of 
tvo vfyc : by an experii^cnttil projv* i or by t-i analyticcJL evalui tion of 
the cytiten. Tlie experir-nted approach ir. usutdly characterized by a 
rainiîiavn of tnalyais, tha coaotractj on of a proto of the system, road 
considerable "trial-crd-erior" earporitijatal vorh. Tiie objectiven ere to 
evaluate the er.perir atr.1 data end cug^cst appropilata t^oòificatlonc vhich 
vi.11 result cveatuolly in en optiruu or neevly'optium de sica. The cost end 
tire required for this c::perirent;l c.pprooch rVe normally much Greater than 
those incurred in cn cralytical evaluation. In tha enulytical npproi.ch, the 
task in to derive a sot of e-cuations (a loothematJcal model) vhoso solution 
vi 11 describo the behavior of tiic cystca in torau of its geometry, tir.c, end 
other pliysical paio^etoru. tasco r.olutioao t)\ea ecu bo used to obtain operat¬ 
ing conditions and para:.¡tern vhich vill result in optimum system performance. 

Rince tía. derive -Aon of wathcmatinal aodol.s frequently requires 
approjdaationa, t. A the fusuite obtiduod c.vo often based oa limited input date, 
prototype experimentation usually is required. Hoveve'r, prototypre dcBigncd 
on the basic of extensive tnalyticil investications frequently eve near 
optimmi and roquire little or no tu .lification. The only cr.pcri entai results 
required ixj tho:.? vhich validate tbo ratheaaticrl r.odd. Once the todsl is 
validated, additional expertircnti.ticn can be perform id analytically, vhich 
results in a considerable cost reduction comparad to the experirental approach. 

5.? Analog Computer Simulation * 

The analytical approach vas relected to evaluate the cingle-lino pul- 
sating hydraulic system (Figures 3 and 4). A act of equations (« matberaticvl 
model) vero derived to describe the system in terms of its georretry, time, and 
other physical poreirstcrs. These equations were scaled c-:.\d progre.'. xed to eval¬ 
uate the charge in system efficiency due to changes in the basic parameters (line 
length, line size, and pulsation frequency) on the PACE 231-^ analog computer. 
The complete onelog computer circuit for the solution of the single-line pulsating 
hydraulic system is given in Figure 5. The computer scaled variables, computer 
equations, and potentio..oter settings are presented in Appendices B through I). 

5.3 System Components Fouations 

To simulate the single-line pulsating hydraulic system on the analog 
computer, an equation or tat of equations had to be derived for each component. 
The derivation, including assa ptiens cud associated parametors, of the 
equations for each component is developed belov in detail. 
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5*3*3 Alternator Vtlve 

iiio rc-t-* or flo.; through thej iiltci'o&'tor v«ilve mús uscuiucd to obey 
the orifice equation: (Reference 8) 

Q = C 
1) (1) 

viere Cp (dißchai’ße coefficient) vsa ascuned a coactunt value of 0.80. The 

meu of the valve orifice vus ausua^d to very us a sine function: 

A sin tOt 
o (?■) 

p 
where A *= O.O50 in. The desired vcJiue for A vac 0.20 in.2. 

w 0 
This vec 

calculated by ftBswaing a pressure drop of 50 poi across the alternator valve. 

Tule value vas reduced to 0.G5 in.2 because the transmission line simulation 
vas not iIcquate to truncmit the sudden reversal of prescure to the rectifier 
valves. This resulted in necativc pressures at the rectifier valves which ~ 
voulo. not occur in the actual system (unless cavitation occurred). Tne con« 
stciito oi the orifice equation vero lumped together to form a new constant K : 

K1 A 
(3) 

where 

(h) 

5>3*2 lumped Paraneter Transmission Line 

Whether a trensmission line should bo treated as lumped or distributed 
parameters, depends on the relative magnitude between line length end the wave 
length oj. the fluid in the line. A general rule is that when the line length 
is less than one-eighth of the fluid wave length, the line can be treated ua 
lumped pcrcasters * When tais relationship occurs, the spatial variations in 
flow variables are negligible with respect to temporal changes. 

The velocity of sound is given by: (Reference 8) 

v/i (5) 
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find for th<> syctoai p&rt^..,*terß, C = 4350 ft/cec. 

Tae vave jcn^th of the fluid ic given by: (Reference 6) 

X of Vave 
Frequency (6) 

rr.d for the range of frequenciec of thie re re ore h prograa (4 through 12 epe), 

12 cps ^ 363 ft 

and 

1 
b of 363 Ct — 45 ft 

therefore, the transmission line (lO ft) between the alternator valve and 
the transformer vill be analyzed using lumped peroMetern. 

lUííPED PARAMETER TRA!,’SMIS5I0:i LIRE 

FIGURE 6 

"'î1'10' 1)3-6570 
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The coverair.j equations ate : (Reference 8) 

On - 
A ? 

o „ jâi. 
Ca Qc 

cLP^ 

dt fli’j.d capacitance 

dQg 

dt fluid inertance 

P7 ’ PM “ Ci8 fluid friction 

vhere 

Rjj « code tant for laminar flow 

Rjj « KgQ^ for turbulent flow 

c consti'nt 

The Reynolds number bared on the average flow rate of I3.0 ( 
(twice the load flow) indicates turbulence flou for the line slue of 0.£ 
inch diameter, 

R 
N 

™ . 5300 

for turbulent flow, 

S ^ 

Tf P })^ 
L 
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Little info: 
iUics of n fluid in 
in c^Doth tubesj the 
equation-, 

•nation is currently nvailtblo on the friction chra'acter- 
fc. f^-^tii-c ryctcji. For fully developed turbulent flov 
iiuction fuetor ir civen by the empirical hlcsius 

V 

n 0.25" (12) 

Jue friction factor for pulsating flow vas assumed to be 1.2 f 
from Blasius equation. 

5*3*3 Mon-Ideal Hydraulic Transformer K8 

as coiculated 

NON-IDEAL HYDRAULIC TRAitSFORI-SR 

FIGURE 7 

Ine governing equations are: 

P8 \ “ pc 
if dS. _ dW *= M —- + b S- + KUW 

dt2 dt d 
foi-ce equation 03) 

V8 
Ç) dt 

dU 
dt dt 

W 

continuity equations 

(15) 
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Ivin r • • F0r th3 r*ref S of the inpat end output ends of the 
r^rï^21* Vore kcpt t(*xsX ior th- entire computer prouva. Tn-, tr¿«n-fo • » 
pp.rrxs ters \exo as Mini ?d rad ive ßiver> in /pjoudi:: E* 

5.3Distributed Parnmeter Trensmission Line 

Inc transiiLe^iou line between the trcasfoi-iaer end tlie rectifier valves 
vas varied in length (50 ft, 125 ft, end 200 ft) during thVp^o^a Sincc 
the ebo\e line lengths are all greater then oue-eighth of the fluid’vuve length 

paíeâ^/eúuSonff^ parûEstorE iü thc analysis. Tbc distributed, 
given^by: qUatl0US for a lin‘ hRvinS distributed inertance and capacitrncc is 

Pio + Zs ^10 ^ P9 (t - Tc) + Zs Q9 (t - T^) 

P' - z 
9 S S c pio (t " Te) - zs Q10 (t - T-) 

(16) 

(17) 

vhcre 

zs" characteristic inpcdance without friction (10) 

T * P 
e ß titee for pi-ccsurc disturbance to travel (]oi 

e length of tube 

block di agraza: 
Th«o tvo equation. (16 „„d 1?) ecu te represented by the lollovl.u 
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4 * ' L' : '• t!* ■ *- lî) caa i.> i.y^ iged or tranefoj 
xnio a tpre ueeful s.o:n for progra -irj c. : the u '.log c •. :■ ¡r, 

FnuutlcM 36 

P' JO “ (t - Te) + Zg (t - T.) - ZC1 Q 
10 

J>et T- n rr~ P« + o 
1 ¿s 9 9 

P* » T 
10 1 1 ZS (t “ ïc) “ ZS Q 

Pq'U.tloa 

pó 

S " ^ -1 Qio ^ - TJ - O 

S 'v10 

? >* ■ V 

(:-1) 

JjQt II ra À. ft . 0 
2 Z3 JO 4J0 

S9 " ¿ ■ T£ - V 

(22) 

(23) 

,.+., .A° yot> no CXÛC^ simple block dlesran representation of a lino h^vi- 
fnííín t?d capacitance, end resietance is avaJ.lablc. Ihe line 

i Cj-lectc vere at both ends of the transmission line fer tí -. 
cLncviycic • 

10 

10 

DXSTRIKJIKD pm^tjt::r ïitiîys.iissioîî LINS friction effects 

FIGURE 9 

f ' 
^ * 
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K 
- P' e . 0 

9 9 2 ^9 (r?:) 

«H 
P' - P1A c J. C 

10 10 2 ''IO 

vheiv- 

Pp *; KQ for tui'Luleiit flo'.; 

P - P» 
9 9 

P* - P 
10 \L0 

» K 
s sbs 

k6 So|p-. 10 

K r, K - « 
-5 Ö 9 1» 

(^) 

(y?) 

(PB) 

-, , . xCl1-c‘:l frctor for paltfiilng flou vns ûssuicd to bc 1.2 f «r 
calculated from Blc?lus equation. ec 

5.3*5 Rectifier Vulvoe 

« 4 i-ecistwice or preseux^ di*op throußh the rectifier volves \-ero 

rectifier°i^neßlectif tmction of flov* Fluld impossibility of th< 

Asem^d relationship 

Slope - RK r, Ap- e 1.847 - n lbs»,-;'i n 

in2 - cal 

REV LTR: 
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V 

«Kr* 
Rectifiers c^Ui-tionc, 

Apli “ ^10 " pu 

Qn-iÇ ûpn 

A? ta P - P 
12 112 iO 

Q12 c ^ AP12 

310 c Qll ' Q12 

A Pj ï >0 

Al12 >° 

(29) 

(30) 

(3D 

(3?) 

(33) 

5 *3 »6 Accumulators 

thMT. instruction of the ßenorel types of accwaulators differ, 
t icir hcojc functions tve* ideutied, Banaly to store pressure energy. Air loo' d 
pis oou cccu;,alators vere used in ti e pulsating hydraulic system. 

. , . In the toalysiß of the air loaded accurulator, it was assumed that no 
resistance to flou into the accumulator occurred. Also, the dy-naaic parenst-rs 
such as mass ond damping of the eccomTutor piston was neglected. 

AIR LOALIID Plirl’Oil ACCU.TÜIATOR 

i'lGURS 11 

f *■ 
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The dovelo:.: ont of t'.;e r.ocxvnulutor coo aliens (References 1 end 8) 
vil.1 be for tt.e hit,h pieccuro eccaualetor, but the i: ¡ equatioiiB describe 
the low pressure necujialator except for diffeient sub-scripts. 

Force equilibi’iu.a equation, 

A. P.. * A. P. 
A 1], A A (3»0 

Assuiiiin^ the compressed tdr is a perfect gas and the compression 
end expansion process is adiabatic end reversible, 

V \r 
P V » P V 

A A i (3i>) 

A dt (36) 

where ?i end Vi are initial air pi\îcsure and air volume in the accumulator. 

Differentiating Equation 35, 

P-1 dVA k dPA 
PA k VA T— - - VÄK ~A A A dt A dt Í37) 

1 V A tlPA Aq, = _ i (-A) -4 
Si k ^ dt A 

(Só) 

From continuity equation of flow, 

c «U - \ (39) 

1 V/ dPA 
^11 k kPA; dt (i*r) 
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Although Ec’)r.Jóíous 35 nud i;0 
cnothor c^uciticn is durivc-d from th r. 

ere tlie brtaic ucicu.rilt.tor cyuetions^ 
lor l-ro¿'rrr ^113 on the an id 03 conputor. 

(hi.) 

eubetituting in Equation liO, 

1 

S, “Q 11 
!ik vi ^ 

til 

b“t pu.pa 

V 
r y 

Ao . p 
H k ^11 

/k+lv 

" k~) 
dt 

(^2) 

(43) 

m 

vhere 

K. 
P ^ V i vi 
T (45) 

4t' (½) 

5«3«7 Load 

pulsating hydraulic c^teai^imulation!10 ' Ci ^ Vû8 CCßUlilsd for tho 

5*4 Computer Techniques 

analog co^t^r^edf Eyr,t-n on tho PACfí ?31 ~H 
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Wnile the jot caito éter eettings (A^enc'lx J-») &>.*« correct for all the luno, 
in eoL'.e ceroo the f.*dr,s on the amplifiers of Figure 5 vere chunged to obtain 
the desired rvsuits. A brief diseussion of the prograr-dns methods uced for 
Gor-.e of the computer components is included below. 

i).1*.! Frecp;ency Oscillator 

Vite time to complete one run vus approximately 15 minutee because 
of the 1'r¿;e number of para eters being recorded. During this tine, the 
magnitude of the original bUn oscillator for the- alternator valve vac not 
stable and gave erroneous results. To remedy this situation, a ctable wide 
frequency oscillator (Reference 9) vas mechanized by adding a diode clipoing 
circuxt to the usual, vhree amplifier oscillator. It utilizes negative dampiiv-- 
plus non-linear positive damping in such a voy that the energy balance is 
r.i.J.ntainc'd at only a determined amplitude, end the solution is a limit cycle. 

Transport Delay Simulation 

The distributed paromecer transmj.ssioii line contains a phenomenon 
called transport delay that must be simulated. Mathematically, transport 
delay i.c n method that accepts a time-varying input and produces an output 
which is orpial to the input, but displaced in time. This property can be 
expressed by the equation, 

y ( t ) r, X ( t - T ) 
e ' (^7) 

equal ions (21 and 23) lox the distributed parameter transmission 
line contain this transport deity, (t - Te). Inore aie many methods ard 

approximations available for achieving this time delay on the analog computer. 
The accuracy of the methods is a function cf the frequency of the signal to be 
delayed and the delay time. The accuracy deteriorates for high frequencies 
and long delay times. The error is a function of the product of the* input 
frequency and the delay time. 

V . /„ ®10 traasPort deity vas simulated by a method bared on a theorem of 
Lode (Reference 10), using a four root-four pole network. Ihe accuracy of 
the time- delay simulation in lu-loted to .a figure of merit calculated for each 
net von:. The figsire of merit for the four root-four pole ntLwork was urT « 8.2, 
To achieve better results for the higher frequencies and longer timo dclays, 
the delay circuits can be cascaded together. A discussion of the accuracy if 
the tine delay aimli tion la given in Section 6.0, Teat Resulta. 

5.^.3 Accumulator.. 

,, , ßsuur ulator circuit (l'igai-c 5) is rather unique, and a detailed 
discussion oí its devclop unt is included telov. The size end pre-charge 
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accunuitlt°rß vere asm d for the progrt * id the opti mm 
for the • '> > s not del nnj . The pressu oí.’ tb • 

a ^ ri of Va3 •• a losi of . rttcy would u 
y '• J ): ceaerej computer methods In conjunction vith a function 

£i}" I ïethod u®*d by ^®puhlic Aircraft (Reference l) vas tried but 
the non-optimised accu...abators created Bcaling cud noise problems. The co:,- 
puter programming would have been routine for an optimum designed accumulator 
Uiza* cjia pre-ch<.i¿e pressure). 

Equation develop..ont (higli pivssui’o accujualutor), 

“ K3 pn 'K,> 5i 
dt 

Jnt. ,21,, •v.'j b»ii E'j j{ f of the equation. 

.(.1 ■ « ’A; / 4 
'11 VH 

3 H 

()4:, ^ |(^") (r-?--) 
K3 ' ‘ll 11 1 - ' "* vh ^ 

) 

(»19) 

Kj4 « ()1-11) . 1,73.4 

Subetituting Equation 16 in Equation hs, 

(-1) 
k'Wp. lÆ>lr 

3 11 v 1.ÍT 
VH 

(^,) 

^50) 

Integiatinc vith respect to tirre, vith the initial condition 

representing the init si air volu • in the accu 1 -, results in tb v »luae 

I’1 °1 VliJ oi' 1 - wcuiailator at any «esired Ui s. A diode functl 
eMiratnr va. u.,d ao obtain [lo3 as a. function of f.l C vU . 

*“ ex 18 ■ : ' llBl ' ■ u ad to ad ..1 th. diode function e «r tor 
cxr» (Fleueis) to tlm pn^fer abselaaa acal . r greater accuracy. Burn 

£ ' .-1 MO. P3-^bY6 
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roi^e of the ahscisi- cc«Je is 0 - 1000 in5, but by letting C » 5, the 

abscicrn_ruuje io ii.rluccd to 0 - 200 in5. 

The vuluo [l05 ^ ubtelnod from the diode function 

(CTcrator wM squared to obtain lo'1 V,,-1'4 ]. UsirC this value for 

VH • , the pressure* of the accumulator (P^ ) vas ¿llculated from Equation 50. 

Although the above computer simulation for the accumulators is involved, the 

results obtained vere in egreernnt vith the accumulator theory. 
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6.0 TÜ3T 1...3ULTJ OF CO'AVJ^IA SI]líJL/.TICÍI 

6.1 Inti*oâuction 

A eincle-llnc j ilcati r.z hydraulic cystcu vt.r, tiofilutcd on the 
FACE ' -R cttpJ.og co/.putor. 'jn¿ dynwalc prop-rties of the cV^tom vere 
recorded on u L.all.i-clv.unol i*f:cor¿er, vhlch employa a moving atrip of paper, 
dravn at constant epced past a set of penr.. The pens arc deflected 
proporUoocJ]y to input voltejea, end the result is r. sot of graphs of 
voltages as function of time. These voltages arc trimsferred to the 
proper values of the variables they represent by their scale factors. 
Additional pens, called "event" pens, one at each edge of the paper, pro¬ 
duce tining marks at one-second intervals. 

It is important to assure that the rate of change of the computer 
variables is consistent vith the dynamic properties of the computer, and 
that the solution takes place in a reasonable amount of time. To assure 
that the computer simulation takes place in a reason'hie length of time, a 
method, tailed time scaling, is used for speeding up or slowing down the 
solution. In the pulsating hydraulic system simulation, the.- solution on 
the computer vas sl.ov.od down by a factor of 103 (0 « IQO) co.u, -red to the 
original problem time, 

6.2 Computer Data 

During the research program, k'( different system configurations 
vero evaluated. These configurations verc evaluated for the change in 
system efficiency due to changos in the basic p>u*r..etors of lino lengths, line 
sires, rnd pulsation frequencies. Table 1 correlates the run numb"!’ to the 
vidues for each of the above para"-.:tors. The line length between the 
alternator valve rnd the transform*r vr.s kept constant throughout the pro¬ 
gram, The lire length given in Table 1 refers to the line between the trans¬ 
former and the rectifier valves. 

A complete set of recording graphs (Figures Ijj through 10) for Fun 
No. B-Jbfl illustrates the typicsl dyirmic data obtain d during ciuh niu for 
the computer circuit. The voltages of the recording graphs ware tr...:.fur.m l 
to the proper values of the variables they represent by their side fiwtoru. 
An explanation is needed for sc:. * of the data obtained on the recording 
graphs. The positive values for the pressure drop of A Fj.l ru.d A ! j;. 
(Figure Vj), represents the only uouful data. The r.gativc values do not 
have tny i. caning for this program, for they vero amplified by the diode f. d- 
back (Figure installed to pr vent rr.plificr overl'.:'.1, Tnis does not efi* . 
th.3 progrf:i, for vlien A P is negative there is no flow through the j 'ctifier 
valvea. The volve : (positive) through the eiternator valve for ray deslivd 
timo can be obtained from the efficiency voire-j guph (Figuiv .16), Tin- ptc:.. 
of the high prus ira reçu 4 la tor in ch.own cn the ri ghk-hmvl side of Pj y (1 ! 
16). 1 .- left-hi 1 i, : of i’ji (Figure 16), r prêt tl ■ v 1< Ion of 11 
accumulator pi o a an re v'.hch voul.d be difficult le obtain fvo:ii the ri,,‘if-hr.l ¿ 
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KIM 
NUMPKK 

a-a-4 
A-A “6 
A.A-Ü 
A-A-10 

A-A-12 

A-B-4 
A-D-Ò 
A-B-Ö 
A-B-Ö-L* 
A-B-10 
A-I3-12 

A-C-4 
A-C-0 
A-C-8 
A-C-10 
A-C-12 

b-a-4 
B-A-6 
B-A-8 
B-A-10 
B-A-12 

B-Í3-4 
B-B-b 
B-B-0 
B-B-O-L* 
B-B-10 
B-B-12 

B-C-4 
B-C-b 
B-C-0 
B-C-10 
B-C-12 

C-A-4 
C-A-b 
C-A-Q 
C-A-10 
C-A-12 

TABLE 1 

COLúliríU WM KUMBIÙIS AliO BAiVlLL'i'LRS 

LINE 
i; ; jo’ll 

50 Ft. 
50 Ft. 
50 Ft. 
50 Ft. 
50 Ft. 

50 Ft. 
50 Ft. 
50 Ft. 
50 Ft. 
50 Ft. 
50 Ft. 

50 Ft. 
50 Ft. 
50 Ft. 
50 Ft. 
50 Ft. 

125 Ft. 
125 Ft. 
325 Ft. 
125 Ft. 
125 Ft. 

125 Ft. 
125 Ft. 
125 Ft. 
125 Ft. 
125 Ft. 
125 Ft. 

125 Ft. 
125 Ft. 
125 Ft. 
125 Ft. 
125 Ft. 

200 Ft. 
200 Ft. 
200 Ft. 
200 Ft. 
200 Ft. 

LIKE 
PLV'JTLR - I.D. 

0.444 In. 
0.444 In, 
0.444 In. 
0.444 In. 
0.444 lu. 

0,L6b In, 
O.bòb In. 
0,666 In, 
0.666 In. 
0.666 In. 
0.666 In. 

0,902 In. 
O.902 In. 
O.9OP In. 
O.902 In. 
O.902 In. 

0.444 In. 
0.444 In, 
0,444 In, 
0.444 In. 
0.444 In, 

0.666 In. 
0.666 In. 
0.666 In. 
0.666 In, 
0.666 In. 
0.666 In. 

O.902 In, 
0.9(12 In. 
O.902 In. 
O.502 In. 
O.902 In. 

0,444 In. 
0.444 In. 
0.444 In, 
0.444 In. 
0.444 lu. 

*Truni;miunion lino anolyitod by lumped pararr.otor method. 

PU LB ATI CL 
fhi ':u>'iicv 

4 cpo 
6 cps 
8 cps 

10 cps 
32 cps 

4 cps 
6 cps 
8 cps 
8 cps 

10 cps 
12 cps 

4 cps 
6 cps 
8 cps 

10 cps 
12 cps 

4 cps 
6 cps 
8 cps 

10 cps 
12 cps 

4 cpu 
6 cps 
8 cps 
8 cpo 

10 cps 
12 cps 

4 cpc 
6 cps 
8 cps 

10 cpo 
3.2 cps 

4 cpo 
6 cps 
0 cps 

10 cps 
32 cpo 
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TABLE I (COM'D) 

íiOIJ 

C-B-6 
C*-B-8 
C-B-10 
C-B-J2 

C-C-l; 
C-C-6 
C-C-8 
C-C-10 
C-C-12 

LINE 

200 Ft. 
200 Ft. 
200 Ft. 
200 Ft. 
200 Ft. 

200 Ft. 
200 Ft. 
200 Ft. 
200 Ft. 
200 Ft. 

LINE 
PIAMEI'ER . I.D. 

FIB BATI ON 
Fiv: •QUBLCY 

0.66Ò In. 
O.C66 In, 
0.066 In. 
0.666 In. 
0.666 In. 

0.902 In. 
0.902 In. 
0.902 In. 
0.902 In. 
0.902 In. 

^ cps 
6 cps 
6 cps 

10 cps 
12 cps 

4 cps 
6 cps 
8 cps 

10 cps 
12 cps 
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6.3 Systîia Efficiency 

of the oojectives of this research pro&vam v’ao to detenaine or 
evaluate the feasibility of jAilsating hydraulic cystens. The system efficiency 
of the pulsatir3 hydraulic systems must be exemined to determine whether it is 
competitive with the system efficiency of continuous flow hydraulic systems. 
The simulation of the single-line pulsating hydraulic system on the analog com¬ 
puter enabled the calculation of the system efficiency due to changes in the 
basic parameters of line length, line sizes, and pulsation frequencies. The 
system efficiency was determined using two different bases: 

t\. System efficiency calculated upstream of the alternator valve 
(includes losses to alternator valve and reservoir)» 

b. System efficiency calculated downstream, of the alternator valve. 

b.3.1 System .Efficiency Calculated Upstreem of the Alternator Valve 

The system efficiency for the 47 different configurations was calcu¬ 
lated upstreem of the alternator valve. This method includes the losses 
through the alternator valve end the overboard losses due to the reservoir. 
The following method was used to calculate the system efficiency: 

System. Efficiency Work Out 
Work In d) 

<1 Where, 

Work (Xlt e (Flow Through lord) (Pressure Drop Across Load) 

Work Out [(6.5 8pn.X3.e5 '11 - P 
ave. 12 ave, 

Work In 

Work In 

Volume (Positive) through Alternator Valve in one Second] 

IVessure Drop Across Alternator Valve] 

^Volume (in^/cccjj - pjj 

The volume through the alternator valve (positive flow) was obtained 
on the analog computer by integrating (positive value obtained from 
amplifier 43) with respect to time. ' 

* 
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V 

System Efficiency «=■ ^ 25 in^/sec pn _ a':« -½ 1 
-. avej 

Volume (in* /sec) 39>0 psi] 
(2) 

'fhe eyatea efficiency ia plotted es a function of line length line 
cize, and pulsation fxvquency os shown in Figures I9 tlirough 21. ° * 

For the 50-foot transmission Une (Figure 19). the efficiencv varied 
IT 21 to 60 grains on tb. line eiL pS'aWon 
frequency. These values of system efficiency ere quite low when compared 
with the efficiency of continuous flow hydraulic systems (90 percent to 95 
percent). The system efficiency for the small line size (I.h. « oMk In.) 
în^î?arly/0n1tteÎ throushout th2 frequency range and appears not to be n 

of plJlcation frequency. For the larger line sizes (l.D, * 0.666 in. 
and 0.902 in.;, the system efficiency decreased with increasing values of 

^.°n/re(1Ue?Cy; A1} three curvcc' representing different line sizes, 
approximates a straJ.ght line relationship with pulsation frequency. 

The system efficiency vas higher for the smaller line sizes 
which indicates that the fluid capacitance losses over-shadowed the fluid 
friction and inertia losses for the 50-foot transmission lino. Run No. 

the sme,configuration as Ran No. A-B-8, but the 50-foot trans- 
i6 VÛS usir^ the lur'-P0d parameter method instead of the 

distiibuted parameter method. The results, of the two runs are nearly Identical 

threC P2rcer:t) Vhlch dentes the L^ paíam^r 
results! en USed t0 the 50“foot transmission line with good 

* ^°r ^^^“f0°t transmission Une (Figure 20), the efficiency varied 
from 20 percent to 1*5 percent depending on the line size end pulsatîon 

íith theyêmMGe Valr2S °f Byi5tC,'n efficieucy quite low when compared 
ía^loSL ífí thfípff>C°? ínUOUS/l0W hydrculic «yéteme. Tnc system efficiency 
ït thr?Lf!. iU 125:f00t transmission line than the 50-foot transmission Une 
line size- nt th^h? n'áquc^clac but the results vare reversed for the large 
7*“® +20° * Íhe hi^ier pulsation frequencies. Ttie system efficiency curves sä r jäää thm ^ «« 

ádstr V,utSd pm^Ur cethod. lte recite of the ívo rao, 

lSÍ7d p^f-“to Varlcl 12 *«*“’'<■) vhlch Indlc&ton the 
foot trnt-Sseto XilS! ^ inï6lld « *** * <»olyze the 125- 

for the SO-foot'fnd'iM^1!18.01 018 tin'J '“‘V»-' r clroolt vote cx.iaduod 
irtion h ^1^5^001, transmission lines and indicated that the rima- 
lation of the tima delay in the circuit was functioning properly. 
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V 
V For the 200-root ti'ciitai s filon line (Fi^uje 21), the efficiency vuried 

from 14 percent to 70 percent depenlln¿; ou the line else end pul:.ution 
frequency. Tncce value-c of systew efficiency indicated the.t the data was 
invalid, e epee icily at the hi^lier pulsation fiequenciea» fl"ne x’ecording graphs 
of the titue delay computer circuit were examined which revealed that the out¬ 
put voltage did not follow the input voltige exactly which introduced an error 
in the result;,. This error is a function of the product of the input frequency 
end the delay tine. The recoiding graphs did indicate that the time delay cir¬ 
cuit was displaced pro¡>erl^. 

. Therefore, for the 210-foot transmission lire at the higher 
pulsation frequencies, the simulation of the tice delay in the eixeuit vas 
vus inadequate and the results «re invalid. To achieve better results, Q 
similor’ delay circuit can be cascaded to the existing cii’cult to extend 
the figure of merit value (u/^e) to meet our program requirements. 

6.3.2 System Efficiency Calculated Downsti’cam of the Altei’uator Valve 

The system efficiencies calculated in Section 6.3.I were quite low 
vheu compared with the efficiency of continuous flow hydraulic systems. To 
deto urine the extent the losses through the alternator valve end the over- 
bo&i’d losses due to the reservoir effected by the system efficiency, the 
system efficiency was calculated downstream of the alternator valve. Com¬ 
puting the system efficiency by this method, its value will not be penalized 
by a poor alternator valve design or overboard losses but vill indicate the 
system efficiency due to the pulsating hydraulic circuit. Republic Aviation 
Corporation (Reference 3) built un alternator valve and determined that the 
pressure drop through the alternator valve vas small. 

The system efficiency for the 50-foot and 125-foot transmission 
lines (30 diffexent configurations) ves calculated ¿ownstroem of the altei’nator 
valve. The following method vas used to calculate the system efficiency; 

System Efficiency V.'orl; Out 
Work In (1) 

Where, 

Work Out i-i (Flow through Load)(Riossure l>rop Across I,oed) 

Work Out « 6.5 iry:: P - F 
11 12 ave. ave 

Work In 

Jt 
/ a, F dt 
o 1 1 (2) 
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V The pr 
respect to tit, 
foiv-ed ciaiiucllv íj\..n 

ii'od'ict of flov (Qf) end pressure (P,.) vas integrate 
f01' or-' ¿c-cond of px-oblcm tire, tnis integratiou 

ch.e recording graphs. 

d vith 
vas per- 

System Efficiency * 
k-5 CPm] [Urvo. ‘ 

( *1*1 
dt 

(3) 

, eysteui efficiency is plotted as e function of Hue length line 
ize, and pulsation frequency as shown in Figures 22 and 23. ' 

fron 72 iroert'tl^ro^“1.? lin0 ifi£m the varied 

frïcUorîiûUOU"tlf°0wC^dr^cS ^^^'^cSaîed^y assuSnTonîfnÎid07 
friction losses through the lines and plotted on i'igui-e 22 The svstL 
efficiency for the sscall line size ÍT n ^ r> t ¿ Jne s^8tc:n 

Sufro.ÍmÍ0"Í?¡ 4ecrea£0d vith values of pulsatioa'íroqúLf until reaching 10 cps and then leveled off. irequ^ncy 

+V. Tbe system efficiency vas higher for the larger lino siz.es ionnosit« 
inert! rfCalts in S;'cLion t).3.l) vhich indicates that the fluid friction and 
ineitia losses over-chadowed the fluid capacitance losses for the 50-foot 
tran'jmlsaion lina. Co.nparia3 the syatoa affieiondee of FlEdoa 19 and 22 

du- tTtíf ? ? l0e£es throueh the alternator valve and overboard losses 
due to the reservoir are extremely lai-ge. 

fro» 55 rorceíft^roro^rr16^?" (l'lEure 23 >. the «•'fficionay varied 

(1° ^ ^ 

. ^ ího data obtained for the 200-foot transmission line vas invalid 

calculated do^sïrcrS\5e^ emClettCy WB ' 
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7.0 B-52 APPLICATION STUDY 

7.1 Introduction 

The investicatioa indicated J;hat the pulsating hydraulic cystems 

vere suitable for pover transaission toad for certain applicationc, pulsating 

hydraulic systems have a definite advantage over continuous flow hydraulic 

systems. Bie development of useful pulsating hydraulic systems has been 

slow because the necessity for this type of power transmission has not 

occurred in many areas of fluid power. 

7.2 B-52 Application 

This section analyzes the advantages end dis-advontages offered by 

pulsating hydraulic systens pertaining to B-52 application. 

7.2.1 Reliability 

The pulsating hydraulic system offers a cleaner system with less 

contamination than a continuous flow hydraulic sys+em. The pump is the 

mo’n contaminant generating component in a hydraulic sys^m end is isolated 

in a pulsating system by use of a transformer. Therefore, the contaminants 

of the pump will not reach any critical component in the hydraulic system. 

The reliability of the B-52 hydraulic system has not created any 

major problems. It is doubtful that a new untried hydraulic system would 

be beneficial at the present time. If a new hydraulic system was installed 

that contains critical components, as an electro-hydraulic servo valve, the 

reliability could become a problem because of contamination. 

7.2.2 Weight 

It appears that some weight advantage could be obtained by using a 

single-line pulsating hydraulic system for systems containing long lines 

(eliminates return line). No general conclusions con be formulated as to the 

length of line or the amount of weight saving. Each hydraulic system must be 

analyzed to determine the amount oT weight saving, and in some cases, the 

continuous flow hydraulic system may be superior. 

A comparative weight analysis between a pulsating hydraulic system 

and a continuous flow hydraulic system for the B-52 stabilizer trim hydraulic 

system is presented in Appendix F. An alternator valve was installed at Station 

1157 of the B-52 left body hydraulic system which converted the continuous 

flow to pulsating flow. This location was selected since the flow divided 

at this point to the brakes, crosrwind trim, and landing gear systens, and to 

the stabilizer trim system. The pulsating flow energy was transmitted in a 

single-line to a rectifier valve which converted the pulsating flow to con¬ 

tinuous flow for the stabilizer trim hydraulic system. 
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„ . T^e.re®^t8 of the coinprorp.tive veJßht analysis indicated that th»* 
thi oîî^hydrEUîîC systein W0Uld veich ftPP-oxiKately 17.0 pounds inore than 
the existing continuous flow system. The results could bo reversed if the 

tt£rïSri£Sh.C0Uld hûVe been C0Veà f0rwaiát thus lncrea3in£ the pulsating 

7»2.3 Efficiency 

Tue system efficiency of a pulsating hydraulic system is lover than 
for a continuous flow hydraulic system. Development of a pure pulsating 
8ystem (direct conversion from mechanical energy to pulsating hydraulic energy) 
would eliminate the lessee through the alternator valve and overboard losses 
?L^the^?6CrVOir* efficicncy of the above system would be comparable 

with the efficiency of a continuous flow hydraulic system. A dis-odvantoge of 
a system containing long lines (Section 7.2.2) is a corresponding decrease in 
the system efficiency (Figures 16 through 20). 

7»2.h Pressure Variation 

Pulsating hydraulic cysteras have an advantage over continuous flow 
systems from its ability to change pressure in the system by the use of a 

Û??nCati0n 0f pre8Bure variation is not required for the 
present B-52 hydraulic system. 

7.2.5 High Temperatures and Nuclear Radiation 

+ . ,In a ^Qiinß system, the transformer acts as a separation 
S Îhï hÍgÍCt0°PCratUre flllid 0f thc Pulsating portion of the system 
and the fluid of the -over temperature continuous flow portion. The appli¬ 
cation or usage for fluid separation are an follows: P 

a. Isolation of nuclear radiation. 

b. Wide range of ambient temperatures (especially high temperatures). 

At^present, the B-52 hydraulic system is not affected with the above problem 

7«2.b Motion or Speed Synchronization 

+ ^fautor valve for pulsating hydraulic systems provides an 
accurate flow division and may cave weight over mechanical synchronization 

ÄÄremcicncy contaiuin3 -1 citeroator vai™ 
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7.2.7 Strength cad Vibration 

cyclic Btre8Bhîo¾lns1dueEtoarulpïtí’oBtiû3^•C£îrOÛOntB, fctiSU0 effects of -. ».. wCÄ’attsaÄ’swsÄaa- 
7.2(8 Maintensac® 

.ystaa, othSSt^« a very “4 
Con mot bo ey.orclcod In the rn4 efficiency vould suffer, 
hydraulic oyste^^e^ ^ 

7*3 Conclusions 

raullca M def Bhdd, is not recdlly adaptable to pulsating hyd- 

srit;.rHxHS“S“rS'£iS£“?’ new components for the B-52. uevexopm.nt of 
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8.0 CONCLUSIONS AND RECCMMSNDAHONS 

8.1 'Conclueiona 

As a recuit of this recocrch investißation, it vas concluded that 
pulsating hydraulic systems vere rrjitsble for power transmission and for 
certain ipplicntiono, pulsating hydraulic syoteas have a definite advantage 
over continuous flo-w hydraulic systems. The application feasibility study 
concluded that the D-52, as designed, is not readily adaptable to pulsating 
hydraulics. The present cystous ore functioning adequately end no real 
improvement in reliability or weight can be forecast. Those execs where it 
appears that pulsating hydreulic système will have an advantage over con¬ 
tinuous flow hydraulic systems ore as follows: 

a. High temperature systems 

b. Synchronization 

c. Cleanliness and freedom of contamination for systems 
that have critical components 

d. Isolation of nuclear radiation 

e. Pressure flexibility 

Further investigations and development of the above exeas must be made before 
any definite decisions can be made on the future of pulsating hydraulics. 

8.2 Recommendations 

The investigations of pulsating hydraulic systems that have been 
performed to date, particularly the syctem simulation on the analog computer, 
indicate certain areas where further effort is desirable. The simulation 
techniques should be improved (especially the transport delay circuit) by 
better programming and by utilization of a hybrid computer. Using the improved 
simulation techniques, design criteria should bs developed by investigating the 
following areas: 

a. Transmission line phenomena (resonance, time delay, efficiency, 
etc.) 

b. Pulse generation methods to increase system efficiency 

c. Pulse generation control (feedback) 

d. Multi-fluid systems 

e. Component selection 

L 
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The following oreae of tpplicntion where pul Bating hydraulic 
systems seem advantageous should be investigated: 

a. Servo systems 

b. Digital valving 

c. High temperature systems 

d. Control systems 

It is further recommended that, dependent on the results of the 
above investigations, a single-line pulsating hydraulic system be designed, 
constructed, and tested to verify the computer and amdytical results. 
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9.0 nomenclature 

/ A Area of Orifice 

Aa Area of Accumulator Piston 

A0 Maximum Area of Orifice (A » Aq sin u>t) 

A^ Area of Lumped Parameter Tran emission Line 

UNITS 

^Tl 

aT2 

REVLTR: 

Area of Distributed Paremeter Transmission Line 

Area of Transformer Piston (Upstream) 

Area of Transformer Piston (Dovnstreon) 

Velocity of Sound 

Discharge Coefficient 

Ft./Sec, 

Scaling Factor for Diode Function Generator Curve 
(High Pressure Accumulator) 

Scaling Factor for Diode Function Generator Curve 
(Lov Pressure Accumulator) 

Diameter (l.D.) 

Diameter (0,D.) 

Diameter of Lumped Parameter Transmission Line (l.D.) 

Dianetcr of Distributed Parameter Transmission Line (l.D.) 

Young's Modulus of Elasticity 

Force 

Lumped Constant for Orifice 

Inches 

Inches 

Inches 

Inches 

psi 

Pounds 

Gal. 
^b.-In. Min. 

s''• ■ y*I no. 03-6^76 
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I 

K 
2 

'h 

h 

M 

Q 

*Si 

P 

'1 

AP 

A P 
11 

AP 
12 

«H 

RN 
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\ 

.Constant lor Lumped Paronster Transmission Line Friction 
Loss 

Constant for High Pressure Accumulator 

Constant for Accumulator 

Constant for Distributed Parameter Transmission Line 
Friction Loss 

Constant for Distributed Parameter Transmission Line 
Friction Loss 

Constant for Low Pressure Accumulator 

Spring Constant for Transformer 

Mass of Transformer 

Flow (Subscripts refer to Figure l) 

Flow to High Pressure Accumulator 

Flow to Low Pressure Accumulator 

Pressure (Subscripts refer to Figures 1? 3, and 6) 

Air Pressure in Accumulator 

Initial Air Pressure in Accumulator 

Finite Differential Pressure 

Finite Differential Pressure (P^ - P^) 

Finite Differential Pressure (P^g - P^q) 

Hydraulic Resistance Variable 

Reynolds Number 

UNITS 

Lb.-Mln.^ 
2 2 

In. -Gal. 

I (psi)*^llf-In.3 

«* « 

Lb.-Min.2 
2 2 

In. -Gal. 

Lb.-Min,2 

In.2-0al.2 

(psi)*7l4-In.3 

Lb./Min. 

Lb.-Sec.2 
Ft. 

gpm 

gpm 

gpm 

psi 

psi 

psi 

psi 

psi 

psi 

psi/gpm 

I NO. D3-6576 
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UNITS 

Rp Rectifier Valve Resistance 

S Stress 

StF. Scale Factor 

T Wall Thickness 

Arbitrary Assigned Symbol (T^ «s — p» + q ) 

ZS 9 ^ 

T« Arbitrer^ Assigned Symbol (T„ n ~ p» . o ) 
2 Zc 10 \o' 

o 

Te ■^ime for Pressure Disturbance to Travel Length of Tube 

V- Velocity 

V Volume 

^A of Accumulator 

Initial Air Volume of Accumulator 

VH Volume of Higti Pressure Accumulator 

Volume of Low Pressure Accumulator 

Vg Volume of Transformer (Upstreem) 

V9 Volume of Transformer (Downstream) 

Displacement of Transformer 

Characteristic Line Impedance (Without Friction) 

V 

b 

f 

Transformer Damping Coefficient 

Friction Factor 

Friction Factor for Pulsating Flow 

psi/gpm 

psi 

m m 

Inches 

gpm 

gpm 

Seconds 

Ft ,/Sec• 

In.3 

In.3 

In.3 

In.3 

In.3 

In.3 

In.3 

Inches 

Lb.-Sec. 

In.5 

Lb.-Sec, 

In. 

O 
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UNITS 
V ▼ 

k 

,1 

¿i 

t 

ur 

X 

_d 
dt: 

f 

?. 

X 

/< 

V 

? 

« 

u) 

Ratio of Specific Heats cf a Perfect Gas 

Length 

Length of Lumped Parameter Transmission Line 

Length of Distributed Parameter Transmission Line 

Time 

Weight of Transformer 

Displacement of Accumulator Piston 

Total Derivative vith Respect to Time 

Bulk Modulus of Elasticity 

é 

Equivalent Bulk Modulus of Elasticity 

Wave Length of the Fluid 

Absolute Viscosity 

Kinematic Viscosity 

Density 

Time Scaling Coefficient 

Frequency 

Feet 

Feet 

Feet 

Seconds 

Pounds 

Inches 

psi 

psi 

Feet 

Lb.-Sec. 

t 2 In. 

In2/Sec. 

Lb.-Sec.5 

In. 

Radinns/Scc. 
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APPENDIX - A 

LETTER SURVEY RESULTS 

Flfty-eiçht parcont of tha quaetiormuiros eent to unlvcreitieB, 

InduntricB, r.nd ßovemnent cgencies vero returned. The questionnaire consisted 

of the followins: 

QUESTIONNAIRE 

Yes No 

1. Have you ever been enßaced in a research program related to _ _ 

pulsating hydraulics or pulsating flov; concepts? 

If yes, answer below. 

a. Name of program_ 

b. Supported by_ 

c. War a report or thesis written? 

d. Is it available? Source_ 

e. Brief results of the above program 

2. Do you know of any companies, universities, or government agencies other 

than your own who have conducted research on pulsating hydraulics? 

3. List any other information regarding the theoretical background, theory and 

hardware applications for pulsating hydraulics (tests, references, etc.). 

The organizations listed below replied to the above numbered questions 

as follows: 

UNIVERSITIES 

Air Force Institute of Technology 

Mr. H. C. Larsen, School of Engineering 

Wright-Patterson Air Force Base, Ohio 

No reply 

University of Arkansas 

Dr. D. A. Gilbrech, Engineering Mechanics 

Fayetteville, Arkansas 

1. Yes 
a. Critical Reynolds Numbers in Pulsating Flow 

b. National Science Foundation & National Institute of Health 

c. Yes 
d. Yes - University of Arkansas Engineering Experimental Station 

e. Critical Reynolds Numbers for rigid smooth tubes with pulsating 

flow; some work on flexible tubes. 

eo 



2. Streeter at University of Kichi¿in 

Sarpkaya at University of Nebraska 

Ostrach at Case Institute of Teehnoloey 

O'Brien at John Hopkins University 

Vidya Division of ITEK (Blood in flexible tubes) 

California Institute of Technology 

Mr. Lficerstrom, Aeronautical Engineering 

Pasadena, California 

No reply 

University of California 

College of Engineering, Institute of Engineering Research 
Mr. M. Holt, Mechanical Engineering 
Berkeley, California 

1. No 

University of California 

College of Engineering, Institute of Engineering Research 
Mr. P. Lieber, Applied Mechanics 

Berkeley, California 

No reply 

University of California 

College of Engineering, Institute of Industrial Cooperation 
Mr. J. W. Miles 

Los Angeles 24, California 

1. No 

Carnegie Institute of Technology 

Mechanical Engineering Departr.ent, Mr. W. T. Rouleau 
Schenley Park, Pittsburg 13, Pennsylvania 

1. ' No 

2. Republic Aviation Corporation 

Flov Hydraulic Systems," Rcpubíic Aviation Corporati 
RAC-1932-2, NASA 1.05-14098 

Carnegie Institute of Technology 

Civil Engineering Department, Mr. T. E. Stelson 

Schenley Park, Pittsburg I3, Pennsylvania 

No reply 



University of Michigan, College of Engineering 

Mr. Victor L. Streeter, Civil Engineering 

Ann Arbor, Michigan 43l04 

1. Yes. 

a. Hydraulic Transient Research 

b. University of Michignn, NSF, and Union Pump Co. of Battle 

Creek, Michigan 

c. Yes 

d. Limited bases - Brief report to be published by Institute of 

Mechanical Engineering in London, November 19^5. 

e. Theory and experiment agree closely in study of transients in 

reciprocating pumps. Impedance and characteristics methods of 

analysis used with digital computer. 

2. Oklahoma State University - Pat. No. 101, 102, 107, Experiment 

Station, June 58 - August 1959* 

3. Wylie, E.B., "Resonance in Pressurized Piping Systems," ASME Paper No. 

65-FE 6. Wylie, E. B., and V. L. Streeter, "Resonance in No. 2 Piping 

System," ASME Paper No. 65-FE 10. 

Fashbough, R.H., and V.L. Streeter, "Resonance in Liquid Rocket Engine 

Systems," ASME Paper No* 65-FE 23. 

Illinois Institute of Technology 

Research Institute, Hydraulics 

Mr. T. P. Torda, 10 West 35th Street 

Chicago l6, Illinois 

Questionnaire forwarded to Dr. G. H. Strohmeier, Vice-President, ITT Research 

Institute for action. 

No reply 

Iowa Institute of Hydraulic Research 

Hydraulics Laboratory, Mr. H. Rouse 

University of Iowa 

Iowa City, Iowa 

1. No 

Engineering Administration Offices, 

104 Marston Hall, Dept, of Engineering Mechanics 

Mr. D. F. Young, Iowa State University 

Ames, low. 

1. Yes 

a. Unsteady state fluid mechanics 

b. Iowa Engineering Experiment Station, Iowa State University 
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' c. Yes 

d. Yc g 

e. "Electronic Anslog Computer for Lnnimr Flow Problems," Proceedings 

of the American Society for Civil Engineers, Engr. Kech., Div., 87, 
1961. Oar effort in pulsating flow has been on biomedical fluid 
mechanics. 

2. University of Minnesota 

3. McDonald, D. A., "Blood Flow in Arteries," Williams and Wilkins, 

Baltimore, Maryland, i960 

John Hopkins University, School of Engineering Science 

Mr. Stanley Corrsin, Department of Mechanics 
34th & Charles Streets 

Baltimore l8, Maryland 

1. No 

2. Dr. Vivian O'Brien, Applied Physics Laboratory 
P.0. Box 244, R.F.D.-l 

Laurel, Howard County, Maryland 

3» Text Book: Richardson, E.G., "Fluid Dynardcs" 

University of Michigan 

Mr. R. B. Keller, Mechanical Engineering Department 
Ann Arbor, Michigan 

1. No 

University of Minnesota 

St. Anthony Falls Hydraulic Laboratory, Mr. L. G. Straub 
Minneapolis 14, Minnesota 

No reply 

University of Nebraska 

Professor N. H. Barnard, Mechanical Engineering 
Lincoln 8, Nebraska 

No reply 

University of Nebraska 

Dr. Turgut Sarpkaya, Engineering Mechanics 
Lincoln 8, Nebraska 

1. Yes 

a. Mechanism of Turbulence Generation in Pulsating Flow 
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b. U.S. Amy Recearch Office, Durham, North Carolina 
c. Yes 

d. Yes - U.S. Army Research Office, Durham, North Carolina 

e. Periodic pulsations superimposed upon steady Poiseuille flow 

rendered the flow more stable and that neutral stability curves 

are determined uniquely by the average Reynolds number of the 

ambient flow, a frequency parameter, and a velocity ratio. 

2. Additional information may be furnished only at cost. 

Oklahoma State University of Agriculture & Applied Science 
Mr. J. D. Parker, College of Engineering 
Stillwater, Oklahoma 

No reply 

Pennsylvania State University 

Mr. J. L. Shearer, Mechanical Engineering 
University Park, Pennsylvania 

1. No 

University of Pittsburgh 

Mr. G. E. Geiger, Mechanical Engineering Department 
W5 Engineering Hall 

Pittsburgh 13, Pennsylvania 

1. No 

2. No 

3. University of Pittsburgh - Knowledge Availability System 

Purdue University, School of Engineering 

Mr. R. W. Fox, Mechanical Engineering 
lafayette, Indiana 

No reply 

Rensselaer Polytechnic Institute 

Dr. E. A. Saibel, Mechanics Department 
Troy, New York 

1. No 

2‘ I^dman^InStitut° °f Techn°logy in Bombay and the Indian Institute 
of Technology in Kharagpur> India. 



South Dakota State College of Agriculture & Mechanics Arte 

Engineering Experiment Station 

Mr. J. F. Sandfort, State College Station 
Brookings, South Dakota 

No reply 

Stanford University 

Mr. J. B. Franzini, Civil Engineering Department * 
Stanford, California 

1. No 

Stevens Institute of Technology 

Mechanical Engineering Department 

Mr. Kurt H. Weil, Castle Point Station 

Hoboken, New Jersey 

1. No 

University of Tennessee 

Mechanical Engineering Department 

Mr. J. F. Bailey, Perkins Hall 

Knoxville, Tennessee 

1. No 

University of Texas 
Mechanical Engineering Department 
Dr. W. J. Carter, P.0. Box 7977 
Austin 12, Texas 

1. Yes 

a. Periodic Flow of Viscous Fluids 

b. Boeing Aircraft Co. 
c. Yes 

d. Yes - BAC D-I7188 
e. Frequency response analysis of fluid circuits (circular conduits 

and non-parabolic velocity profiles). 

2. No 

Tufts University 

Mechanical Engineering Department 

Prof. K. K. Astill, Anderson Hall 

Medford 55, Massachusetts 

1. No 
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2. Hill P., "Pulsatine Flow Experiments," Ph. D. Thesis (M.I.T.-1959) 

Streeter, V.L., - University of Michigan 

Herzl, "An Analysis of a Self Exited Oscillator," ASME Paper 6h, ?E 'A. 

Washington State Institute of Technology 

Mr. E. R. Tinney, Hydraulics 

Pulirían, Washington 

No reply 

University of Wisconsin 

Mr. H. L. Rarrision, Mechanical Engineering Building 

1513 University Avenue 
Madison 6, Wisconsin 

1. No 

Worcester Polytechnic Institute 

Aldcn Hydraulic laboratory, Prof. Leslie J. Hooper 

Worcester 9> Massachusetts 

1. No 

University of Wyoming 

Mr. Eric J. Lindahl, Mechanical Engineering 

Laramie, Wyoming 

No reply 

University of Alabama, Department of Engineering Mechanics 

Dr. Harold R. Henry, P.0. Box 6204 

University, Alabama 35486 

1. No 

Case Institute of Technology 

Dr. Charles K. Taft, University Circle 

Cleveland 6, Ohio 

1. No 

Catholic University of America 

Dr. Paul Chang, Mechanical Engineering Department 

620 Michigan Avenue 
N.E., Washington, D. C. 

No reply 
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Cornell Aeronautical Laboratory, Inc. 

Mr. 0. F. Giorabini, Cornell Univercity 
P.0. Box 235 

Buffalo, New York 11*221 

No reply 

University of Illinois, Professor J. M. Robertson 

Department of Theoretical and Applied Mechanics 
212 Talbot laboratory 
Urbana, Illinois 

No reply 

Maryland University, Professor John Weske 

Institute for Fluid Dynamics and Applied Mathematics 
College Park, Maryland 

No reply 

Rutgers, The State University 

Department of Mechanical Engineering 

Mir. R. H. Page, University Heights Campus 

New Brunswick, New Jersey O8903 

No reply 

INDUSTRIES AND GOVERNMENT1 AGENCIES 

American Brake Shoe Co. 

Mr* Bayrcond H. Schaefer, Recearch Director 
53O 5th Ave., New York 36, New York 

Received two replies 

First - Aerospace Division, Mr. Edwin L. Shaw, 

Vice President Engineering and Research 
Oxnard, California 

Like most companies engaged in the hydraulic field, we have studied in n 
ursory nature both the AC type power transmission and the fluid amplifiers. 

bv îc h™n“7'hlCh VC VOald llke ^ ofic- transmission of power 
y hydraulic system is an old idea. Synchronous operation of input and outrui 

devices have been, r^de for low power level equipment/ UnforuSteïyfwSen Ä 
TnlTr.? f P0W/ Lr<, tranEmltted reversing flows show a serious problem in line“ 

the flnidUdinr+trlly Í0 thG caT*P:Llance of tlie fluid and the problem of reversing 

le ext^elî difficult IlnS‘f1ítílneiP0VCr by ùltCrmtlnS pressure also prover/to" 
be extremely difficult, in that a large amount of loss is encountered due to the 



heating of the alternate compression expansion of the fluid. The studies we 

have made show no particular weight or space or reliability savings by going 
to alternating flow or pressure systems. 

Second - Hydrodynamics Research Center 

Kr. P. E. Burnham, Chief Engineer, System Research 

Columbus, Ohio 

We have done some brain-storming on "AC Hydraulics" in the past years 

and came to the conclusions that they are not suitable for systems involving any 

degree of power transfer. We came to this conclusion since the working fluid 

does have considerable mass and compressibility associated with it, thereby 

introducing a considerable amount of dynamics (gain and phase lag characteristics) 

which could very easily make a system have poor response at best and possibly be 

inoperable. Also since a transmission line cannot be made with a very low 

resistance, problems of localized heating at pressure modes in "AC Hydraulics" 

can be considerable. 

Bendix Corporation Research Laboratories Division 

Mr. J. B. Kilmer, Manager, Development Planning 

Southfield, Michigan 

Bendix has conducted in-house studies on pulsating hydraulics. Our 

tentative conclusions question the advantages of pulsating systems over conven¬ 

tional systems for normal environments ui) to 700-^00 F. However for higher 

temperatures, 1200° F and up, a pulsating system may have advantage in that a 

dual fluid system is possible. Such a system would allow the use of Na K or the 

equivalent in the high temperature environment, while conventional hydraulic 

fluid could be used for the pressure generation and control in a cooler environ¬ 

ment (use of transformer). Our current efforts in pulsating hydraulics are concern¬ 

ed with the development of a proprietary rotary actuator and transmission. 

Cook Electric Company 

Mr. Maurice C. Hughett, Vice President and General Manager 

27OO N. Southport Street 
Chicago 14, Illinois 

No reply 

Electrol, Inc. 

Mr. II. M. BilJington, Ass't General Manager 

85 Grand Street 
Kingston, New York 

1. No 

Gar Precision Parts, Inc. 

Mr. Jeremy C. Rice, Technical Director 

190 Henry Street 
Stamford, Connecticut 80 

1. No 



International BuGinecs tochinec Corporation 

Mr. Hcvard K. Janie, Manager, Technical Information 
59O Madicon Avenue 
New York 22, New York 

1. No 

Parker Aircraft Company 

Mr. Charlea E. Cleninohaw, Vice-President 
5327 W. Century Blvd. 

Los Angeles 43, California 

1. No 

Westinghouse Electric Corporation 

Mj. F. K. Fiechcr, Development Engineering laboratory 
Essington, Pennsylvania 

No reply 

National Water Lift Company 

Mu". J. J. Jerger, Director of Engineering 
2220 Parker Avenue 

Kalamazoo, Michigan 

No reply 

John S. Barnes Corporation 

Mu’. E. J. Svenson, Research Director 

315 South Madison Street 
Rockford, Illinois 

No reply 

Sterart-Warner Corporation 

Mr. J. W. Mahanay, South Wind Division 
1514 Drover Street 

Indianapolis, Indiana 

1. No 

Hydro-Aire Company 

Kr. D. B. Nickerson, Chief Engineer 
3OOO Winona Avenue 
Burbank, California 

No reply 



t 

Harry Diamond laboratories 
Mr. R. N. Gottron 

Washington 25, D. C. 

No reply 

Honeywell Regulator Co- 

Aeronautical Division, Mr. R. W. Mueller 
2600 Ridgway Road 

Minneapolis 1*0, Minnesota 

1. No 

Mr. R. L. Murphy, AT3C-AC/HEAD 
Contractor Reports Unit 

Scientific & Technical Information Division 

National Aeronautics and Space Administration 
Washington, D. C. 2051*6 

No reply 

Vickers, Inc. 

Dr. W. W. Chao, Director of Research and Development 
Administrative and Engineering Center 
Detroit 32, Michigan 

,,.. V1Ck°r^h!! bCen conductinS research in the areas of pulsating 
ydraulics and fluid amplifiers; however, the investigations are conducted 

witli company funds and are a proprietary nature. 
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V 

PROBLEM 
VARIABLE 

^ or R 

F 

P 
7 

P8 

P 
9 

P' 
9 

'10 

P' 
rio 

11 

'12 

M 

r8 

P9 

AP 

AP 

AP 

3 or 4 

11 

12 

3 or 4 

APPENDIX - B 

COï'ÎPUTER SCALED VARIABLES 

ESTIMATED 
MAXIMUM 

0.200 in2 

10,000 lbs 

4,000 psi 

4,000 psi 

4,000 psi 

4,000 psi 

4,000 psi 

4,000 psi 

4,000 psi 

4,000 psi 

4,000 pci 

500,000 psi/cec 

1,000,000 psi/cec 

1,000,000 psi/sec 

4,000 psi 

400 psi 

400 psi 

1/2 

COMPUTER 
SCALED VARIABLE 

[50° V cr r] 

bF] 
b5 p7] 
[.025 Pg] 

[.025 P,] 

[.025 J 
b5 vl 
[.025 Pio] 

[°25 Pu] 

[.025 P12] 

b ■’m ] 
[.0002 JT] 
[.0001 f'gj 

[oool P9] 

[•025 Ap3 or 1.] 

[25 ÛPU] 

[25 ap12] 

b2 v^t] 
V 



PROBLEM 
VARIABLE 

«7 

VK1 

«8 

% 

Û4I. 

V 

w 

• # w 

T 
1 

ESTIMATED 
MAXIMUM 

80 gpa 

12.6 in.-^/îb". 

ÔO gpa 

6400 (zpn)^ 

80 gpa 

6lf00 (cp^n)^ 

60 gpm 

6400 (gpni)^ 

80 gpm 

ÔO gpn 

80 gpm 

20,000 gpa/soc 

ÔO gpm 

60 gp m 

10 inchcB 

4o in,/Eec 

100,000 iu/sec^ 

200 gpn 

200 gpa 

1000 in3 

COMPUTER 
SCALED VARIABLE 

[l.25 «J 

Ü-91 VKJ 
^..25 Sa] 

[.0156 Ç8|Qa|] 

ï1-25 s] 

.[•°156 S|S|] 

[i.25 

[-0156 «ioKoI] 

[l.25 «J 

[l.25 «J 
t1-25 «L ] 

[.005 Q3] 

[.25 AtJ 

[l.25 A^] 

10 V/ I 

[2.5 «] 

[^.001 iij 

[•9 B] 

[.5 T2] 

[-1 Vh] 93 



PROBLEM 
VARIABLE 

V 

ESTIMATED 
MAXIMUM 

1000 in? 

100 in? 

COMPUTER 
SCALED VARIABLE 

K gu 
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APPE'ÍDIX - C 

COMPUTf'R EQUATIONS 

1. 

2. 

3. 

4. 

5. 

6. 

7. 

8. 

9. 

10. 

n. 

12. 

13. 

14. 

15. 

16. 

17. 

18. 

19. 

[b0° ^ or Ü“ 500 Ao sin ^ 1 

[^025 ^ P3] = [.025 P3] - [o25 P?] 

1*025 A P4] - [.025 Pj] - [o25 P?] 

[*582 j -10 ^25 ap3 or - 

^91VKl] c Ido [500 APorR] [1.582^^;] 

[.25 oj « 5.22 [7.91 Oj/kJ 

[0002 P?J = 3.16 [.25 - 3.16 |l.25 03] 

[025 P^] » 125/0 /[ 0002 P J dt 

[0156Qô|Qôj] « 150(1*25 96(1.25 Qq| ) 

[.025 PM] n [025 P7] - .0616 [.0156 QÔ|QÔ|] 

[005 QqJ - 1.91 [025 PM] -1.91 [025 PqJ 

[.25 QqJ = 250/0 J [005 QqJ dt 

-6.57 [.025 pJ 

[o v] +2.84 [.01 fJ .142 

[01 f] » 6.57 [025 Pg 

[.001 v[j =-.on4 [2.5 W 

[.5 wj = 2500/0 J [001 w] dt 

[lO wj = 4/0 f [2.5 wj dt 

[.0001 P8J = 2.88 [1.25 Qg] - 6.16 [2.5 w] 

[.025 Pgj = 250/0 /[.0001 PgJ dt ' 

[.0001 f>9J = 6.16 [2.5 w] - 2.68 [1.25 Q9] 
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i 

20. J.02S» P9] = 25O/0 / ^0001 P9J dt 

21 * E5 ti] ^,441 E025 pc)]+ ^ L1*25 si 

22. [!o25 P^q] « 2.28 E*5 Ta (t - Te)] - .9IO ^q] 

25. ^5 T2] o .441 [.025 P{0] “ .^0 [l*25 Q10] 

2U. E*25 Q9] = 1*100 [*025 P^] - 2.5 Í.5 Tg (t - Te)] 

25. [25 ApiaJ = 10 ^025 P10] - 10 [.025 Pn] 

26. 

27. 

28. 

29. 

30. 

31. 

33. 

3ó. 

11_ 

10 [-025 pi2] -10 E025 pioj 

2.71 

[.25 Q11] » 2.71 [.25APU] 

[25Api2] 

E-25 Ql2] 

E.-25 Qlo] 

[.25AQH_ 

E-25^_ 

1.25 Q 

1.25 Q 

[.25AP1£] 

] ' 

]- 

I.25 Q 12] 

.25 e,] 

32. [025 p10] 

[t>25 P¿] 

[1.25 o/] - [1.25 g 

[-0¾¾] - .381. [oi56S10|410|] 

[.025 P9J - .384 ^0156 49|Qs|] 

34. Cj ^.1 vH] » .308 cx/0 / at 

35. (103 C ',7) /10^ » 10 
.4 0 -1.4 „ -1.4 

[025 P12J » 30 
104 C;L‘1,11 k^1,4 

TTéõi pn 

37. C2 [1 VL] = .308 C2/0 / [.25AQ1J dt 

38. (103 C’-1 V ",,?)2/l02 n 1o4 c0"1,4 V."1,4 

39. E025 P12] 1.5 
iO4 CzmUk KjmUk 

r.601 12 

40. [v] = 16.10/0 / [7.91 yK,] dt 
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POTENTIOMETER SETTINGS 



< 

« k 

o 

POT. NO. 

POO 

POl 

P02 

P05- 

P06 

POT 

P08 

P09 

PIO 

Pll 

P12 

Pi4 

P15 

P18 

P)9 

P20 

P21 

FORirjIA 

ur 

ur 

p4 

k2 (s.f.) 

(h)(s-f-) 

(■4)(s.f.) 

(^-)(S.F.) 

(7^)(5.F.) 
V8 

Kfi 
(■jf)(S.F.) 

(¿)(S.F.) 

(S.F.) 
9 

A ^ 
(—)(S.F.) 

9 

APPENDIX - D 

POTENTie.’grEK SPIT! ros 

EXPLANATION OR PURPOSE 

Alternator Valve Frequency 

Initial Condition on Oscillation - Integrator 01 

Alternator Vulva Frequency 

Obtained from Magnitude and Time Scaling 

Reservoir Pressure (50 psi ) - Magnitude Scaling 

Lumped Transmission Line Parameters Times 
Magnitude Scaling 

Initial Condition on P^ - Integrator 05 

Friction Loss Parameter of Lumped Transmission 
Line Times Magnitude Scaling 

Lumped Transmission Line Parameters Times 
Magnitude Scaling 

Lumped Transmission Line Parameters Times 
Magnitude Scaling 

Lumped Transmission Line Parameters Times 
Magnitude Scaling 

Transformer Compressibility Parameters Times 
Magnitude Scaling 

Initial Condition on Pg - Integrator I5 

Transformer Pejrumeters Times Magnitude Scaling 

Transformer Parameters Times Magnitude Scaling 

Transformer Compressibility Parameters Times 
Magnitude Seal!ng 

Transformer Compressibility Parameters Times 
Magnitude Scaling 
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r POT NO. FORMULA EXPLANATION OR PURPOSE 

P22 

P36 

?k6 

P51 

P60 

QO3 

Q04 

QO9 

QIO 

QlU 

QI5 

QI6 

CU.8 

QI9 

Q20 

Q22 

Q24 

% 

Initial Condition on - Integrator 22. 

Initial Condition on High Preocure Accumulator 
(Volume of Air) - Integrator 36 

Initial Condition on Low Pressure Accumulator 
(Volume of Air) - Integrator 46 

Flow Demand (6.5 gpn) - Magnitude Scaling 

Magnitude Control of Frequency Oscillator 

Alternator Valve Area Control 

Alternator Valve Parameters Times Magnitude 
Scaling 

Source Pressure (4,000 psi) - Magnitude Scaling 

Obtained from Magnitude and Time Scaling 

V (~-)(S.F.) 
v8 

Transformer Compressibility Parameters Times 
Magnitude Scaling 

Obtained from Magnitude and Tiire Scaling 

Obtained from Magnitude and Time Scaling 

jW.) i^-(S.F.) Gain Control for Transformer Force Equation 

(£)(5.F.) Transformer Parameters Times Magnitude Scaling 

Obtained from ííagnitude and Time Scaling 

Obtained from Magnitude and Time Scaling 

(S.FjCg’V'V.éOl) Low Pre osure Accumulator Parameters Times 
Magnitude Scaling 
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POT. KO. FORMTLA 

Q32 

Q35 

Q^5 

Q^9 

Q50 

Q51 

Q52 

Q53 

Q54 

Q5Ô 

Q59 

\ (S.F.) 

Ci (¿»F») 

C2 (S.F.) 

(S.F.JcJ-V^d.éol) 

Q6o 

Qol 

«S2 (S.F.) f 

QÓ3 

EXPIAI'ATIOH OR PURPOSE: 

Eí,íimieUCy Calculation - Obtained fron Magnitude 
and Time Scaling 

High Pressure Accumulator Air Volume Calculation - 
Obtained from Magnitude and Time Scaling 

Lov Pressure Accumulator Air Volume Calculation - 
Obtained from Magnitude and Tine Scaling 

High Pressure Accumulator Parameters Tim^c 
Magnitude Scaling 

Time Delay Circuit - Magnitude Scaling 

Obtained from Transport Delay Circuit Parameters 
and Tiroe Scaling 

Time Delay Circuit - Magnitude Scaling 

Obtained from Transport Delay Circuit Parameters 
and Time Scaling 

Obtained from Transport Delay Circuit Parameters 
and Time Scaling 

Obtained from Transport Delay Circuit Parameters 
and Time Scaling 

Obtained from Transport Delay Circuit Parameters 
and Time Scaling [l^> 

Obtained from Transport Delay Circuit Parameters 
and lime Scaling 

Obtained from Transport telay Circuit Parameters 
and Time Scaling 

Reciprocal of Line Characteristic Impedance 
Times Magnitude Scaling 

Obtained from Transport Delay Circuit Parameters 
and Time Scaling 
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POT. 

r 
Q61» 

Q67 

Q63 

¢69 

Q?0 

Q71 

Q7I* 

. Q79 

qQo 

q8i 

Q82 

Q83 

084 

Q89 

Q90 

I. 

:;o. FOPjiULA 

(S.F.) Zs 

(S.F.) 
zs 

K5 (S.F.) 

(S.F.) Zg 

(S.F.) ~ 
zs 

K5 (S.F.) 

“ (S.F.) 

EXPlAriATIO:,’ OR PUI^OGE 

Obtained from Transport Dclt^ Circuit Percrsters 
and Time Scaling fc> 

Time IX.‘lay Circuit - Magnitude Scaling 

Obtained from Tran 
and Tice Scaling 

sport Delay Circuit Parameters 

E> 
Obtained from Transport Delay Circuit Parameters 
and Time Scaling 

Line Characteristic 
Scaling 

E> 

Impedance Times Magnitude 

Obtained from Transport Delay Circuit Parameters 
and Time Scaling 

Reciprocal of Line Characteristic Impedance Tines 
Magnitude Scaling 

Friction I-oss Parameter of Distributed Transmission 
Line Times Magnitude Scaling 

Obtained from Magnitude Scaling 

Line Characteristic Impedance Times Magnitude 
Scaling 

Reciprocal of Line Characteristic Impedance Tires 
Magnitude Scaling 

Obtained from Magnitude Scaling 

Obtained from Megnitude Scaling 

Friction Loss Parameter of Distributed Transmissio 
Line Times Magnitude Scaling 

Reciprocal of Rectifier Valve Parameter Times 
Magnitude Scaling 
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pot. i:q. for;nu 

Q92 i (S.F.) 
RR 

DCF] /,natío:: or furposk 

Reciprocal of Rectifier Valve Parameter TincE 
Magnitude Sealing 

[^> Method for determining pots for four root 

delay simlatioa on Page loH. 
four pole transport 

A 
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Method for dotemining pole for four root - four pole transport 
delay Bjüulation. 

Tg ° Time for pressure disturbance to travel length of tube 

(times 100 for time scale). 

Calculate, 

a „ t j!a 4a 
e 

b = O.34 a 

c *» 0.71a, 2c and 4c 

d *= 1.5c 

2 A v2 
a + b 

2 • 2 
c + d 

POT NO. 

Q51 and Qol 

Q53 aad Qt>3 

Q54 and q64 

Q53 and Qbö 

Q59 and C¿69 

Q60 and Q71 

VAUJE 

a2 + 1 

4a 

4c 

2a 

2c 
2 2 

c + d 

O 
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APPENDIX - E SYSTEM DESIGN PARAMETERS 

Accurrolators 

High Pressure Accumulator 2000 psi 
Lov Pressure Accumulator 100 psi 

Alternator Valve 

A0 » O.O50 in.2 

Frequency - 4, 6, 8, 10, end 12 cps 

Fluid Properties 

100 in.3 
100 iu.3 

MIL-H-5606A (Reference 11) 
(for 150° F and 3OOO psi) 

£ « 230,000 psi 

p 
~V ** O.OI8 in. /sec. = II.62 centistokes 

9. « O.OOOO79 — —‘ ■ 
in. 

Lumped Parameter Transmission Line 

MIL-T-6845 Stainless Steel Tubing 

Line Length: 10 feet 

Line Size: O.D. O.750 inch 
I.D. 0.666 inch 

Distributed Prrar.eter Transmission Line 

MIL-T-6845 Stainless Steel Tubing 

Line Length: 50, 125, ruid 200 feet 

Line Size : O.D. O.5OO, O.75O, and 1.000 inch 
I.D. 0.444, 0.666, and O.902 inch 
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Transferí,.er 

AT1, AT2 ° in2 

Kg ■> % Ib./mía. (Spring Constant) 

2 
M « 0.423 

lb-sec 
ft 

V8, V9 - 24.65 in3 

b » 1.0 (Damping Coefficient) 

V ■ 13.62 pounds 

Typical Values for Run No. B-B-8 

^ i 
c a \J ~ = ^>350 ft/sec 

Cp = O.8O (Assumed) 

(Assumed) 

(Assumed) 

E *5 27,600,000 psi 

cl«5 

C2-5 

S “ CD \fT “ 33-] 
Bal 

v/lb-ln-min 

K. 

A P 2 
—g- = 0.0384 iüSÜL. 
IT2 b/ in2-^2 

1 
p le V 
-A-O 16,300 (psi)*^111 - in3 

K, k + 1 
1.714 
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• • 

Kc a e 
Tr2Dj 

P k V 
i i 

0.240 Ib-nln^ 
2 2 

in -gol 

^ 3 nr^ 3 1>920 (pai)-^ . in3 

= 6.5 gpm (Assumed) 

* 4000 psi (Assumed) 

*= 50 psi (Assuiaed) 

n VD 
*!, “ y " 5300 

« 1.847 
in -gal 

Te ” 4 T O.02875 Seconds 

Pf. 
n.82 

lb-sec 

in' 

“ 215,000 psi* 

I.3I6 
O.25 = °*0370 

f . -0-316 

fp *» 1.2f a 0.0444 

^ = (Assumed) 
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APPENDIX - F COMPARATIVE WEIGHT ANALYSIS 
•* » 

<3 

A comparctive weicht analysis between a pulsating hydraulic system 

end a continuous flow hydreulic system for the B-52 stabilizer trim hydraulic 

system is presented in this appendix. An alternator valve was installed at 

Station II57 of the B-52 left body hydraulic system (Figure 24) which con¬ 
verted the continuous flow to pulsatinc flow. This location was selected 

since the flow divided at this point to the brakes, crossvind trim, and land¬ 

ing gear systems, end to the stabilizer trim system. The pulsating flow 

energy was transmitted in a sinele-line (Figure 25) to a rectifier valve 

which converted the pulsating flow to continuous flow for the stabilizer 
trim hydraulic system. 

The weight analysis compares the two types of hydraulic systems from 

and including the alternator valve to and including the hydraulic motor for the 

stabilizer trim. The continuous flow hydraulic system contains three lines 

(pressure, return, and case drain) between Stations II57 and I65O while the 
pulsating hydraulic system contains one line. The plumbing required aft of 

Station 1650 was assumed to be the same for both systems. A schematic show¬ 

ing the relative location of the components of the two systems is shown in 
Figure 25. 

The results of the comparative weight analysis indicated that the 

pulsating hydreulic system would weigh approximately I7 pounds more than the 
existing continuous flow system. A summary of the weights of the components 

in the two systems is presented in Table II. The results could be reversed 

if the alternator valve could have been moved forward, thus increasing the 
pulsating flow line length. 
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TABLE II 

B“52 STABILIZER TRIM HYDRAULIC SYSTEM WEIGHTS 
(Continuous Flow vs. Pulsating Flow) 

ITEM 
WEIGHT - LB. 

Continuous Flow Pulsating Flow 

Lines 

Fittings 

Fluid 

Alternator Valve 

Alternator Drive Motor 

Check Valves (2) 

Accumulators (2) 

Hydraulic Motor 

23.80 

2.CT7 

13.½ 

19.85 

1.66 

6.12 

10.00 

3.00 

1.00 

13.00 

1.58 

TOTAL 39.35 56.21 

♦Representative increase in motor weight due to increase in case 
pressure requirements 

ij 
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Itatailed Analysis: 

A. Continuous Flow Systen 

Assumed the line length from the alternator valve 
to the rectifier valve was 500 inches. 

1. Pressure Line 

Outside Diameter 5/8 inch 

Wall Thickness .0^9 inch 

Material - Cold drawn corrosion-resistant steel-AISI 304 

Weight = (500 inches)(0.0252 ^ ) = 12.60 lb. 

2. Return Line 

Outside Diameter 1 irch 

Wall Thickness .065 inch 

Material - Aluminan alloy-5052-C 

Weiglat = (500 inches)(0.0167 ) = 9.35 lb. 

3. Case Drain Line * 

Outside Diameter 3/8 inch 

Wall Thickness .O35 inch 

Material - Aluminum alloy-5052-C 

Weight = (500 inches)(0.OO37 -½. ) = 1.65 lbf 

Total Line Wciglit = 23.60 lb. 

4. Fittings 

No. Fitting Wt./Per Total 

3 
3 
3 
3 
3 
3 

AN 832-I OS 
AN924-10S 
AN832-I6D 

AN924-16D 
AN832- 6d 

AN924- 6d 

O.304 lb. 

O.O59 lb. 

O.236 lb. 

0,040 lb. 
o.o4i ib. 
0.009 lb. 

O.912 lb. 
O.I77 lb. 
0.708 lb. 

0.120 lb. 

0.123 lb. 
O.C-27 lb. 

2.O67 lb. Total Fittings Weigh 
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5. Fluid 

(Mil-H-5606, 52.6 lb/ft.3 © 150°F) 

Pressure line 

(O.063I ft.3) 

Return line 

(O.I718 ft.3) 

Case drain line 

(0.0211 ft.3) (52.6 lb/ft.3) e l.ll lb. 

Total Fluid Weight = 13.48 lb. 

B. Pulsating Flow System 

For a single-line pulsating system to produce a rectified 
flow with the power of a continuous flow of 6 gpm at 3OOO psi, 
the flows and pressures are as follows: 

(52.6 lb/ft.3) «= 3.32 lb. 

(52.6 lb/ft.3) = 9.O5 lb. 

Assumed the flow out of the 
alternator valve was sinusoidal. 
Rectification of single-line 
pulsating flow will produce on 
interrupted half-wave. 

To produce a rectified flow of 6 gpm, 

6 
Peak Flow = = 18.87 gpm 

Average Pulse Flow « (0.637)(18.87) = 12.0 gpm 
(Average of sine wave) 

118 



Determining the pulccting flow line size for on f.verßge flow rate 
of 12.0 gpm and by limiting the fluid velocity to ft/sec. 

. â 
-V- 

(12)(231) 

160)(15)(12) 
0.257 in/ 

D = 1.128 ^0.257 = (1.128)(0.507) «= O.57I in. 

To produce an average pressure during each pulse of 3OOO psi, 

Peak Pressure = = ^10 Psl 

Assuming, 

Outside Diameter 3/U inch 
Katerial-AISI 304 Stainless steel tubing (cold drawn) 

(Ultimate tensile strength 105,000 psi) 
Safety Factor 4 

Required wall thickness from Earlow's formula (Reference 12) for 
thin-vail tubing, 

where, 

T = wall thickness, inches 
P = internal pressure, psi 
D = diameter, inches 
S = maximum allowable stress, psi 

c (4710)(0.75)(4) 
(2)(105,000) = O.O674 in. 

(1) 

the nearest standard wall thickness for a 3/4 inch O.D. 
tube is 0.065 inch. 

1. Pulsating Fier,/ Line 

Outside Diameter 3/4 inch 
Veil Thickness .065 inch 
Material-Cold drawn corrosion-resistant steel-AISI 304 

Weight = (500 inches)(0.0397 lb/inch) = 19.85 lb. 
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Total 

I.386 lb. 
0.279 lb. 

I.665 lb. 

3. Fluid 

(Mil-H-5606, 52.6 lb/ft.3 @ 150°F) 

Pulsating flov line 

(0.0871+ ft.3)(52.6 lb/ft.3) = 1+.60 lb. 

Accumulator (assumed 50 in.3 for both) 

(O.O29O ft.3)(52.6 lb/ft.3) = I.52 lb. 

Total Fluid Weight= 6.12 lb. 

1+. Alternator Valve 

Assumed weight 10.0 lb. 

C 
5. Alternator Drive Motor 

Assumed weight 3.O lb. 

6. Check Valves (2) 

Assumed weight 1.0 lb. 

7. Accumulators (2) 

Assumed 50.O in. accumulators, weight I3.O lb, 

8. Stabilizer Trim Hydraulic Motor 

The hydraulic motor will have to be re-designed for the pulsating 
hydraulic system to withstand higher back pressures (case drain is 
plumbed into return line). Assume new motor will be 10 percent 
heavier than existing motor. 

Hydraulic motor (BAC Spec 10-1173-2) 

(I5.75 lb. )(.10) *= I.575 lb. 

2. Fittings 

No. 

3 
3 

Fitting 

AN832-I2S 
AN924-12S 

Wt./Per 

0.462 lb. 
O.O93 lb. 

Total Fittings Weight 

4: 
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13. ABSTRACT for D3-6^?6 (e. ntinued) 

those of continuous flow hydraulic systems. The R-5? application st'.dy 

concluded that the 3-52, as designed, is not readily adaptable to pulsating 

hydraulic application. The present systems are functioning adequately and 

no real improvement in reliability or weight can be forecast. 

As a result of the research investigation, it was concluded that for certain 

applications, pulsating hydraulic system offers a definite advantage over 

continuous flow hydraulic systems. It is in these areas of application that 

further studies are recommended to define the efficient use of pulsating 

hydraulics. 
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