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Test 4.0-lSd9A-005 Engine Parameters, Narrow Band--at8 Sample during 
Operation of Oxidizer-System Pulse Generator at 13.0 cps 

Figure 46 
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If thie equation is  written a8 a set of linear equations, the direot nathod for ' the  

r a a u ~ ~ n t  of the a t r i x  %(a) should beooa obvious 

" s 
V,W J) o m l l u  -lit& of oeoillatory flow the j ib port 

Pk&d J) oomplex ~ l i t u d e  of oaoillatory pressun a t  * port 

'f,# = admittanoe mix ooeffioient . 
Born eq (2) it i s  asen that the definition of eaoh admittance ooeffioient i e  obtained 

by eetting all but the Id!! oscillatory pressure to  zero: 

Phyeiaally, the direot measurement of the @ column of the admittanoe 

statrix nay be aohievd by applying an oeoillatorr p e e u r e  a t  the kS port while 

wing the oaoillatory flow a t  eaoh of the o+her porte. By oonssoutively 

pulsiw a l l  n ports, the e n t h e  admittanoe 1819t3ix may be definsd. Theee pohs mast 

be short-oirouitd by oonneoting t h m  t o  rsro load oae so t h a t  a l l  



8. (oont.) 

omoillatory prerrruree exoept the @ouras preaaure are %ern. In  other words, the 

to ta l  pmrurclr (osoillstory plue mu) muat be kept oomtmt a t  there ports, This 

short-oirouiting might be done by ineerting aidebranoh meomtore or largo  

oapacitanoe acoumuPatnrs art a l l  ports of the element. I f  reeonatore were wed, 

then they would be "furud" t o  obtain a very small impdance st the pulsing 

frequency. Tuning would be achieved while the puleer i e  operating a t  a uomtent; 

frequency by vmflng the volume of m e  i n  the reeonator o ~ v i t y  un t i l  the oecillatory 

preeeure amplitude i n  the gas oavity i e  maximized. However, thie method of direatly 

maeuring the admittance miatrix i s  not recommended beaauee of the latorioua 

resonator tuning procedure. 

The uee of accmdatore +.c establish the proper boundary conditions for  

admittance meaeurement has recently been attempted by inveetigators of f luidic  

( f luid  amplifier) devices. The measurelnent teohriique, - d c h  i e  reported i n  

biblioep'aphy entries H.2  and H.3, requires that  eaoh wrt other than the source 

part be terminated by an a c c ~ l a t o r  with very large capacitance. By use of 

expamion ohambers with cross eectionsl areae much larger than each port, the 

inveetigatars m e  quite successful i n  measuring She admittance mstrix of a f lu ic  

amplifier a t  low frequenciee. However, this procedure i e  orJy applicable t o  a 

laboratory experiment since it ~ e q u i r e s  the time-consuming removal and reinetal- 

la t ion of certain pulaers and accumulators prior t o  each pds ing  condition. 

Therefore, aince both method6 of directly measuring the admittance matrix of an 

n-port hydrs,ulic element are impractical for  industrial use, an indirect method 

lllatet be d.riv& 



nt  of the idsally f ree  c o n d i t i m  st .sr& port in an n-port 

aetuork i e  often 80 diff icul t  a s  t o  preoludg the direct n t  of the 

sdplittanor mtrixe Therefore, it is desirable t o  develop an W r e c t  

teohnlque t o  allow adml t tme measurement when same or a l l  of the ports s r e  

dynaraically oonatrained by sfme non-sero load oea 'Phis method, -oh is 

equivalent t o  that deriwd i n  b i b l i m p h y  entryii.17 for  struotuml syetema, w i l l  

allow the e c  loading effeot of the oonetrainiag netwrk t o  be analytiually 

mmved fron the pulee t e s t  data. 

Coneider tlie oonetrained n-port hydraulio network i l lustrated in 2%- 2. 

If the parallel colabination of the teat  element and load elemant i e  aalled the 

oonetmined element, then a "constrained bpedanoe matrix" deeoribee the peeuree  

at all porte rs a fundioa of the to ta l  eouroe flow into the oonet-ned network. 

Therefore this network i e  deeoribed by the equation 

where , I  = [Gtu>] - ~-tnil*a ce matrix 

The constrained impedanoe matrix may be meaaurad by sequentially puleiag ea& 

port with the other puleera blocked (zero oscillatory soume flow)? 

- element of the ooastrainad 
oe ?mtrix 

( 5 )  

Once the con~t ra imd 



the of tho t a r t  e l  y,) rs. ba fouad by u. of the 

9011 8 

Ia order t o  w e  t h i m  rqurtion, one ( R U ~  be able t o  owruurr or aoolmtely pr-ot tho 

tt- mtrix of th. om- S @ t W O a r  If it 1. tht th. I d  

aatw&k i r r  nos-intanoting, ro tht thav is no rrion of orroilletiom through 

the 1Qd f2Qm on. part t o  anotbr, thcm the load .dmitt.nce utrix Y-114 1. 

diagonal and lpsy be ae at the e m  tires aa . The followiw equation . 
defhes  the load ttancs matrix: 

Non interaoting load 
\ . 

= 
i admittance matrix (7) 
j 0 , jjk 

note that th i s  matrix re~ukee mea6uresent of the oecillato~jf flow8 into tho load 

at each port but i e  independent of 2he eouroe looation. However as a ohe& on the 

aseuslption of linearity and non-interacting load tranemiesion pathe, this nrrtrix 

ehould be o ad for  eaoh of the n pule* wnditione. 



As em example of the application of the corntrained impedanoe method t o  the 

measurement of the admittance matrix of a two-port QrdraUic network, a hypothwtiaal 

pulse test of a rocket engine turbopump and associated flow fac i l i t y  w i l l  be oon- 

4,dered. A pump *%old-flowN t e s t  fao i l i ty  and pulsing apparatus, as shown in 

Figure 3, i s  typical of dynamic t e s t  equipment used by 'tPogoM investigators t o  
L 

empirically deternine the dynaPnio characteristics of the %urbopar~np. 

The procedure for  the pulae tes t ing of a turboprap is t o  pulse the flow a t  

the pump in l e t  with the outlet pulser looked and then pulse the output with the 

in le t  puleer looked. O f  oouree, both modes oi' pulsing akouldi be performed at the 

m e  atesdy s ta te  operating point, so that the effeot af operati% oondftions upon 

the admittanae matrix may be determined. The o8oillatory pressures and flowe shown 

i n  Pigure 3 should be measured with flush mounted preeeure transduoere ad 

transient floumeters and should be reoorded on magnetic tape. The tape reoording 

of a l l  dynamic response data is eseontial sinoe a digi ta l  q u t e r  is usually 

required t o  1)' transform the original data from the time do& t o  frequenoy 

domain, and 2) manipulate the resulting freq~~ency reapmme information t o  obtain 

the admittance matrix. ~ormally, the frequency response infomation is obtained 

by meme of 1)  a croea speotral analysis program i n  the  aaae of random o r  noisy 

periodic data, or 2) a Pourier analyeis program i n  the oaee of aperiodio (transient) 

or  periodic data. 

If the transient flows are not meamred, they a n  be inferred from the 

t h e  fluah mounted preaeure meaemeipents provided at each port. The osoillatory 

flow paaeing through eaoh branoh laay be the osoillatory differential  



Pm (oont.) 

prrrruro rinoe the oe between th preeruree 10 known. It w i l l  be urunrdl in  

the followin& dlrouerion that the fluoturtin(e oompo~~~nt of flow i r  BPfc m o ~ ~ e d .  

Sinoe the turbopump ehown in Pigura, 3 i e  a two-gort ryatm, eq (6)  ray be 

written 

Beoalling the definition for the inverse of a matrix, eq (8) lnray be written 

explicitly i n  terme of the unknown element8 Y jk Co;) of the pwg admittanoe 

matrix: 

( id)  
I 4  



i~ the det of the o o n s M a B  ee r a f r i x e  Shoe it 

i e  ass that oeoillatory flow is not the follmdng definitiane of the 

where e of souroe brsaoh a t  k9 port 

Equatione (9) through (14) are suffioient t o  o-letely define the 

ab i t tanoe  matrix of the pump from the aix premmm resp02~1 ( P ~ ( u )  9 

P: (a), P:(o), p2 (0 ) ,  P:(o), P:(u)) and for the four known branoh 

impedsl?ces (f (O ) %'(a), Z:(U), Z ~ ' ( W  )). Thew equati- y be u i l y  

F o e  t o  ompute the admittanoe m t r i x  coeffjlcienta a t  -oh frsquemoy Pros 

the input epectral preaeurat data. 











l f b ~ t S 8 m p n  r tbb ~ I ~ C P I  aon&mW at AezeJat- 
Qsa,rrl in tburrrrrf;o, Clil , ~ w u u o b a t a c f p r r o ~ r r  
ud amlaw tart data rarl3.k, oi oa8illrf bPr t9wm#h' tha 'I[LBe7-AJ-S 
valinr-*-'=Y-h.fl f#fb,fruui.rntiorurigwdtmtb 
o#iu.tioor in fh, mmlytigal ROb.1 ef tha =tan. XX Xmmilar cmtm&ml mmerltfr 
fbr AeroJatlorrcsaril to aordubt tUr ru'&utbrhrb Mb.r &atmot CM8@ 
m i u a  (m) lw, 4aW4 16 &ril 'SS3, to ~orrtmat U &(~S'~)-SP. -102 ru 

~ i r r t o t h i r ~ t b p ~ ~ ~ n t B I .  PnoPfoatbk 
z w  A m  iga ,  ua i r0~1Qrrb  wia ~ m t m  ef 
âim rrpc#t to bUirfs8 OdrLoioa tam). 



Lon@udb.l omil lat ionr,  nlhrrad t o  u POW orcillatlonm, ha beon aokd 
i n  the flrat-a- emam aya- & the 'Mka IT I= durlq t i a a i l o  fligrt touting. 
A8 a mnilt of thir problem, throtrtbal qaat ionr  o f  the p-llm? r y r t r u  
#re dmvirrd to urr lyre the trsarPIr o f  thee8 o m i l l a t l o w  tne i i r r t -a t -  
engine. Xammr, twbher &+a f raa  8- krtr -re requimd to vwfi*y or  na41fy 
th, fhrarrtioal qu~tiasu. Oo~u.~ueatly, 8yrtrar DiHr ion  (bb3) !.maad 
CCl! 109 to .Aaro je tbrmrr l  to oonduot rpraial mghe t e r t r  to bok t o  v r r i f y  
thow q u a t i o m  ub to pmride tham data to m e  'hohnololp Laboz%$orier wd m. 

iOf fb, wV@&4rfiO& of tba t 
a - 5  ea(lCi# oy8- u u  0- * A t l g a t  1963 
Tbr *8$ -1- 8- 84- brtr 

-ah 8ro iLkf toar  wn r o b a i m l Q  -ad b ba, ~ t t m  1Larr. 

Ia rooodhw8 Hth r o S ~ r p a ~ ' h o b n a o q ~ t o z i 8 8  
( t W h i 8 ~  -@8Z m--f%4w k b 8  # O M ,  h t0 th. 
e w t  f8&8, to 0-a m88- w #8 wir?r 
te r t r .  2ha no-fl# krtr pmvlW m tb, 8 m t 0  bbf 1- of pktar 
mtrab, Znq\unaJI valwr, ud f- irrw rrrbiorl omi lk t imu hrrr on thr 
-8 m m  O f  kh -1- m. m m  wn #@*- w&*& 
tort=firiry't& e* by ibawi* m f l l a f i o a r  ia m l k n f - f u b d  oa@a 
w i t h  tbo fhrurf4hrkr mlwr k i w  el-. a i r  @ *Im m-fiaw kr t  data 
ir nof iaa ludd i a  tbir rrport boarum th, Waf rrnrlfr b rro wjy -%ad data 

the e w h  k 8 t 8 .  . 

T& i r r q u o ~ y  & tb o # i l l 8 f i a ~ . i ~ a u a a d  8- klf- 
5.6 to lgopr .  ~ ~ w t ~ ~ r ~ ~ t h , ~ ~ U ~ ~ ~ p r q w r r r r k a ~  
68 t o  100 pair. T&P mminal muation Q ~ W J Z W  t& fwl YII 
29 to 36 pair. ThrP -lit* of th adUur oircu i t  mlllatiau nr rudod 
by clmqing the 1- o f  the orddirer pulm grmrnfor piaton et-1 kh rt- 
length, mt prior to oaah tort, ran@ 0.15 t o 0.5 is. T& mudtrr.t m- 
to-prak mplituder i n  the ooddizer nwf ios: lie, e flwm P. te 73 mu, ibr 
nulraw-bud data. The -1itMe of tbo hul e l m u i t  oas i l la t iom w u  r L i l u l y  
variedj the furl-pulm-guwrator pirtoa-mtreka l e q t h  war e8t 8% ' W a r  a- 
frm 0.5 t o  2.0 in. Tb remaltant ~&-to-p..lr w l i t u d e r  i z  tho wl mct ion 
l i n e  varied frm 1.8 to 18.1 pru, for --band b t a .  

Only os# raba~mwtly (SA) o f  tbo f i r a t  -atage engiu, BA 1, ww i w t a l l d  
during thr ea~litm teatr  . &8um&ly 2 wu d.1- not only t o  connm 
propl laatr ,  but d m  t o  allow extearim of e4 i rw teat t i r  i'mm 165 me to  
200 nc. (wine flrlng tlmn could aot k extorbrb Putbor k c a u n  tba 
Y ~ - A J - ~  tur top i i  goarbor fr 1i;rifrd to -ration f o r  a30 nc! mr teat 
firllu. 
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PrpHurr m that 
o ~ t l o r r  am1 i r p r w .  





Tart 1 .O-1 m- 



In D-10 
III D - 1  

111 D-15 

III D-l6 

LII D-17 



Plot* mu- n k8 n e, md 
sn% 

furl rPb QxulUs b o o t s m ~  ad 

III &la 





Plat A, Qddiur-muut D8e-S rr Tim 
Plat B8 -14-t Dlf. V8.m 
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~~ oralll.tiom 0s a i @ f u W t  apli* havm RaOawarPnll ln 
f h , W u - S ~ ~ ~ f b ~ x ~ i Q O O b ' M t r a I I - n ~ .  
~ . m n r l t c o b ~ ~ * ~ ~ f b a r O b f h , 8 t r l , I d r r ~ ~  
p . l l m f i r r ( l 8 y m t m @ ~ ~ r J 8 ~ t Q 8 s d ~ u m l y s l n # t b b ~ ~ ~  
o o c i l 3 . t ~ .  8tXm t b w  .grrrrtbru apu@a rrl* m-uw bq 
im~n~~,~imrrktio.act;prkrtr\rbfi ,mil Ir~~~~~infrrol 
d u ' M d S n f o f b p m p M u r t  QT 
roa i i ieatw ob tho rgwf 4mmxal 
zmamml-35s, a.- at.-- 
~ ~ ~ f s ~ r i f y t h a ~ t r r a d w ~ t b a r u ~ ~ b q m  
~ i o . l o q u m t ~ .  ~ f . r f r u e m t o b ~ ~ l o c n e ~ ~  
i m m m d ~ l n t h o ~ l P O f i Q L - 8 ~ ~ ~ ~ .  





53n p- obJeetltn of eb mnafer fumfiolp frrf (am) gr#~rr 
~ ~ ~ 1 b r f . r n q u i r r d f 6 r f h r  6%- of tb kro3.f- 
twwml mo6mtioal quatiaru und to -88 fk r fm&islu Up- 
brrirrally. Zzr mnl, it wu. oozmluld fhof ldm '-1 to& rrr\rltr - fbrf 
fib8 jRlU W= 8-• Alma if W U  8wlI&@d w tb kd &- Prorrld pnrri(k 
tho of iurth.r ?ammat a#.- ul@QrwJIDdbl* 

A l l  to& brf. mrrd bg; CC# la nrr awarra!tU# -, mrrrb, 
and t n n r d t t o d  to awmmmtitnr of Ebmo lrraamrAlr Uborr-8. Sn bra 

clrtrmir, irribmtiar on tho e - m t r  of t b r - i ,  -at mri- 
abler on the.- rrm oi tk m@n fmd rjsfr. 

Rarthar, it ru -1udrd tbat tb rp.oirl WdO inrtru#rf.tbo hutal ld 
apsmtod mtirirotorily to proridr valid b.k on tb Qamio rrm d a Hnt- 

' rw en@#. propoll& rJnfrr. 

It ru oo~raludrd ira tart nnrltr tbat tln firrf-m POaO oroillrtloa 
- m 2 @ ~ ~  mlitudr8, ud ma-8 0 k . m  (Rubl 'Mful 
nclond-loopn mirr i la  flmtr rrrr rat%- 8- mtiar ob fYPb 
gulm goarmterm srb afbor mirl krf usad in  oo-iar rlth tbr 
CCI la ne#an-loapn e m  to r t r *  Worrorrr, w i t h  mapat  fo arrrrll tort obJae- 
tltnr, dl1 8 krtr ooadtlnted wrr a l m r i i k b  8y mpo@m'btivor ob rzd 
Tmbnably Labemtoflea u 8.tiriroMmr 

H-r, w i t h  to 8tati.8 ta&.rsmuWfbo of tb d r a U e  1 ~ ~ n 8 l  
wi l lat ionm, fhr toll- qual i i toat iau 8bmU k eo80S&m& AlfbOUPI rp.oidl 
kudw.rr d e r m  ud t a r t  aonditioar wrr erruyrd to rbu lek ,  u aeaurataly or 
porrible, tha orc i l l r foy  corditiollr obaervod in tb 'Mtan If ni#ht tart tnhblea, 
t w o  dwl8tiau &ill efirt.d. Pr tb iirrf: imtmee, flat omi l la t i s lu  in 
tho rJctiar line8 of tha ni#lt tnMt!ler w n  l ~ f d i m l l y  saausoa, ~~, 
in tho riarlate8 yrkr, tb, Slow W e i l l a t i w  Uom ladwed ndirWjr into tb 
m t i o a  1- tltret@ jbO. tartar. With rrmpot t o  tk gurlifhatian, tho 
rtrrlctuml aa8darofiaa of tb, tnb iokr  (.Nnrrr4, rf tb 6h@o I e q l a ~ )  ru 
.pproawstaly g to, l&i8h o o x m r p a d r  to . 0.m-in. -1 mrr -arm- pirfosl 
rtor& in tb 8-W w. m r ,  fhr nwl p m  rfmb QlriPl 
t h b ~ p r g r r r u y l a i r a O * 5 i n * t o ~ . O ~ .  t o ~ m f k o ~ t o f ~  
.ngilu abrrtiaru (no*) on thb tad -** Sn esmt emof, i f  w, of t bm 
tw d.viatimr ourd k ammtaly -8 'Prurrirrioa 03 fhr la- 
0lall.tiau infmaU8.d a t  tb rpraidl  p.g-amtiss-1- forrv .rj aof muraly 
duglieate nmmml tmrriem of fhr m- omilktiam in d r r i l e .  
Rirtha-, b d h o b ~ d e v i ~ t i o s u . r ~ r o ~ a ~ 0 3 ~ o n i k t i a n t b t  
her rrat oaaw! b #a rrhtaler. 



Tho gurporr o f  ths lk4Ino b u u f o r  Fuuctisa mrt (-1 -am war to 
obtain r t a t i c - t o r t  data to mi* tho thooret ical  oagin~ rgr tan truufor fbnctionr 
that  are urgd In tho q I n o  t r u u f o r  ma ly%iar l  mbl. Plgurer 1 and 2 m ri.plifiod 
flow diagram@ o f  tho fht-rfrlr 8a@m wgrich deiraribo tho primary truaofor Cuacfioar 
I n  'the ~ n g i n o - a i r r i l o  rylkpp md In tho r k t i a - t o a t  q i n o ,  n r p e ~ t l v e l y .  In 
f l i gh t ,  tho whiclr-wine rylkor l a  r nclorod-loaptq rylkor in which thrust  
oac i l l r t i ona  (m) fo@ back -ugh r o huufor funotiog,In tho rP i r r l lo  
r t ruc turo  , ro ru l t i ng  In vehialo u i a l  vibrrtary roeelorat ion (XI). ' Prir rtrwtural 
acceleration cruaor o r o i l l a t i o m  In tho propollaat ruet ion pnrrunr md ilaw rrtw 
which wre h m e f o r r o d  fhrougZI tlCu uyinr, ro8ultiag In thrut oro i l l r t i oa r .  By 
analogy w i t h  tho matiga Involwd, tho uirl rooolorr t ioar r r o  &ad nl#lO,n 

DWw tho h. th.'.r~m dB8 -0- brt.d 0 
loop" ;yotom ( q h o  withaat w h i o l o  o r o i l l a t i o n  t r u u f o r )  w i t h  n a i g i b l o  r t r u o t u r r l  
feedback. M l r r i l o  o r c i l h t i o a r  -am 8 i w l . t . d  on tho80 t m k  trrvorrly tho noabml 
r-• o f  f r q ~ u r n o i u ,  aa@it.ador md pm@ rwtiaa pnrrurm urosuatord dw ly  tlCu 
p a r t  T i tan I1 ~ ~ l r r i l o  fli#hk( Tho o m o i l k t i ~  w8ra bld~O@ b tb pus@ r ~ t i o n  
propel lant ryrtem by wuu o f  r girton-driva pula0 m a t o r  of fhr voltaa-birp2lomeat 
type. A rlmpliflacl flow dir(run o f  tho e4Lno id rylkor 18 r ham in ?4ruo 2. Tha 
figure rhm that tho cuaitg$i o r  Input  fo tlCu r y n t r  18 oagor rd  of kw ropurto 
or~il l.to?y ao00lrmtLosu (35OB%), which Uvi- 8UOb(m -8- 
o r c i l l a t i on r  (ma, Pfr). Thr orci l laforJ m p o ~ u o  of tho w i n o  fo t h o  r w t i o a  
p r e r r m  per turbr t iom ir dotmnlmd by ~~mruroaent o f  -0 o r o i l l r f o r g  oggonui t r  
o f  the o r c i l l r t i o n r  in tho chunbor prorruro (m) md thruat  (hl) wgrich ooour a t  
the a m  f iuqwacy u tho pu l ro  gonorator Input. Appendix B deireriber tho three 
wthoda employ& f o r  f'rrqarnsy flltoriag. lhir report prwonk only tho pUtr o f  t&e 
frequency rerpoaro with rerpect to o r c i l l a t i u ~  e t u d e  which, f o r  my rmtr, i r  
defined a6 tho r a t i o  o f  fh4 amplitude o f  fh4 o r c i l l r t a r y  output t o  %ho wp l i t udo  o f  
the oscillatory input. 

It rhould be notod tha t  r l x  "no-flow" to r t8  w o  prriamnd in addition 
t o  the right engine to r ta  oonduotad 'duriag thb propme Data fmm tho "no-flawn 
t e r t r  are not  parontad or uurlyrcod In th in  r.porC riaor tho krt multr In no 
way affected data from the ~ n g I n 0  t e r t r .  9bo t o r k  woro cmdu0t.d to provide tatorb 
Information to r i d  In cowhotin# tho u y i n o  tort propam. Ia fomqt ion w~ re- 
on the effocta d f  pirton rtrok l-, i r o q p w y  rrlw, and tur- irr#, w r t i o a l  
oclci l lat ionr on the dynmlc rorpoouo of tho proprllurt ryntan. '8uro Wk woro 
performed w i t h  pmpellaata in tho urgIno, with thru8t-chmbr a m  cloaedB Ud 
w i t h  auction-lIno pzwalwr opm. Thr two pulro (rrurrtora wuo then Wvi- 
operated a t  spocif iod r t r o l u  l-, fraquoaoior, ud pump aarirur. 8Ugtion glll8u?or. 
The no-flow t w k  mn conduotod a t  m r i o u r  Intarml.8 tho wino t o r t  
p r ~ g f ~ :  TWO beforo m a t  -001 tho 0-8 brtwrrn ongin0 a ~ k .  'hu f;inrl 
no:W .$art' foUowrd art +or. 



M 3 C  ical aport1 ~89-~~-65-54  

21, Technical Discurrioa (cont . ) 

The t a r t s  were conducted on Tert Btrnd E-6 on Sub.slrcmbly I u b e r  1 
of RIhD Engine y~R87-AJ-7, SN GR 2-87. For there tests,  a special 7-in.-oxidizer 
suction l ine  ImtiUed between' the teat stand tanka and the eagkne interface was 
used. t o  simulate the dynamics of the missile propellant s y l h  w i t h  which a single 
subrseembly was operated. Subasreably Ilo. 2 uu aat  irut.llad on a w n e  
assemblv. Olcillation in suction prrrrures wu induced bp a mchurical pulse 
generator sy6tsnt. Bpscial fbel and oxidizer ructim l lne ~8glPLbller wore installed 
t o  incorporate a tow-Punifold which Interfaced w i t h  the pulre generator ryrtem. 
A schematic dia$rrpa of this sy8ttm i r  ahawn ln Figure 3. 

Both fuel and oxidizer circuits incorporated reparate pirton 
mechanism8 of identical design. A vrrriable motor war alro h t i l l e d  to 
provide the. wiorarr frequency lavela rsquir the t w t .  The variable spped 
motor was connected to r slave motor which operatad the pirton by a crank wchurism. 
The slave motor w i t h  the operating arachrni mounted on a p la t fon  supported 
from the test-stand structure as shown in 6 4, 5, 6, 7, and 8. 'mis wtor- 
drive system wu derigned t o  pulrate either the fuel, or oxidizer ryrteia reprrately 
or sirnultnneouely by a syrtem of clutches. 

Tbe 1 R&D engine SP1 OR 2-87 ma modified for there ta r t s  
hy incorporatira the 38 pattern injector (Rf laodified by rpecial 
instrumentation borses) aad the new contour nozzle tion chmhr ,  PI! 2 @ b .  
Gears of 4360 alloy s teel  were imtal led in the turbopuap gearbox. pla turbine 
manifold arsembly, Pfl 261244, was of the nonslip m e  type for Tert Run8 -001 
*.hrogh -007. On Test Run -008, the exiating SN ON turbopump assembly, incorporating 
&he production -el impeller RS 246627, was removed and another unit, TPA fB? 1235, 
raa installed Incorporating the redesigned fuel impeller (CCB 104/112/~4) Rl 289660 
and a slip-vane type turbine manifold, PI4 263013.. 

Tbe engine assembly was further modifled, rs discussed in Section 
II,B,l, by the incorporation of special. fuel and oxidizer suction line assemblies 
raving torus manifolds connecting t o  the pulse generators, by the addition of bosses 
fcr f~rlsrh-mounted pressure transducers in the suction dirchrrge lines and in the 
injector, and by the delet,ion of Subassembly No. 2. Subassembly m. 2 w i ~  deleted 
Loth to conserve propellants and to extend engine teat duration. Aerojet-General, 
68L,, anb Space Technology Latoratories agreed that a single subassembly would provide 
adequa?~ data. 





LII, b, Wrt  s tatioa, .ad Data Muction (cont.) 

Mcrorjn t rwducr r r  ware wed In f uU-reale valuer 
for tho teat rorirr .  All ruetion pmrr r w  pr088~08,  
-t .ad Pfr t, vcm inrtr\aarmnW w i t h  -reale trrnrducerr . 
me two p i r t J  te rm prumrer  -re i m  -pl& ran&p tr.nrducerr, 
md &ill IMU k on tlya t r a m  ride of the p util ired 0- to 1,50Oapri 
rlnga truadworr. 

ation accelrrratioaa were 8aonitored with 4402 
8 mufacturud by the Comolidated Elec d c r  

tom were reloctod In prcrfermce to thore of 
law ~~ r 

the t c r t  pwppem 
cllaAarted by ro 

w i t h  fb. 1- cel l  force r-al i r  given by tho fo 

The actual teat  data indicated l i t t l e  Uffennca between this 
corrected thrust, Fnet, and tho raw load call output6 FObl and FGBO2. 

The pooltiom of the pulala$ p i r t a a  relative to their 
respective cylinder@ were memured wlth linear potentiometer8 w i t h  a 2-in.  xia arum 

t capability. Comiderable difficulty vu 4xp.risncod w i t h  thr mchrnical 
nectinq there potentiometers to the pula0 &merator pirtQn rhaft. The 

crank ~ C ~ M I I B P  of the pula8 gcnorator allawe radial turning of the rhrft  about i t r  
lobgitudirul u i r .  'Phi8 radial turnlag made porrrible the t r . ~ m l r r i o n  of la teral  
farce throuqb tho vertical .w cmmcting the shaft to tho patsnticmatcr, which 
couLd have resulted in binding of m e  potenticmeter. The difficulty war accmtuted 





.XI, B, ' h a t  ma ation, md Data Reduction (cont .) 

Tbe +,ape recorder8 uaad for primary data acquirition in th i r  
mchinar auaufactlired by 8- Electrical Co. 

Qlr were recordad in the mode a t  a cenbr frequency 
of 3-in./rec. Both of these mrchiner were checked 
r t  in  the aerier t o  minimize the porribility of losing 

Tha Go -8- tam8 each contained 32 channels of data; they 
were 8uburqwntly ured to produce the tape copier and the orcillogr8phic data furairhad 
to &per Tschaology hboratorier and to the Aerorpace Corp. after  each teat. 

All data chmnalr, w i t h  the exception of the l lnem potentio- 
Warn ,  were calibrated by campariron of the recorded parameter orcillatiom with 
orcillrtionr iraa a rhndard alternating current r-. me calibration ac 8- 
uu ref a t  a equivll.mf to the mplitubs of a given data and m a  

ths data channel rQml a t  the output of the ltryhb amplifier. 
m e  gain accuracy of 2 1s of the amplifier parmita tha ure of th i r  ctochaiqw. '~ht 
crlibratiam ated for the effect of the hQh-prar rerirknce-capacitance 
filkrr ro that no data comction me necerrrry m a ruult of wiag there &vice@. 

re  calibrated by rstt ing the 
indicator and then PbJlicrlly 

coxvllag the riCgulr on tam. 
i t ion ~ O l . 8  vu i f i ed  th8t 

vu nagliqible d l f f  f the pre-ret rtroke urd the lw- 
, pals-to-peak vrrlue a calibration. 'hrir calibration a b o  

a e m d  M a checltout for the Solartran reference system. 

4. Data FWuction ' 

\ 
Because of the 14-hack limitation for the dub taper .nb the 

12-channel limitation for the oscillograph playbacks, th2 data were divided into 
6 grow Limited to 12 parameters each as shown in the POaO Inatrumentation Lir t ,  

i x  C. It.ch of theae poupin#s ma played back into tape 
r, urd a tape copy wm pUds a t  3-in./rec tape reco win8 a center 

f reqwncy of 54 kc. There copiea were ma& withotit signal coaditioning or f i l t e r h  
between reproducer and recorder. In addition, m 08cillograph playback vu mmde of 
each cf the ~roupinga which was bmd-parred froin 2 to 30 cps wing Pytnnricr lbdtl 
722 f i l t a r r  . Ramow band p l 4 b c h  were made of ha24, Pfr26, ha-2, Pfd-2, PC%, 
and Fnet wiag 2 cmcaded Dyt.ronicr f i lkrr on each chamel. A l l  of the filter 
sectiona were aet a t  the irequancy of pulration. !ho of the rectiom were r e t  for 
law p u r ,  and two wsra r a t  for high p u r e  To wmpemata for the variation in rmml 
produced by attenuation from the c ~ c a d e d  f i l b r r  M the center frequency war -, 
it me necsrrrry to t r a r l a t e  the callbratiom on the m ~ t e r  tapem to the frequbciea 
of pdration by reading the tape-calibration level8 urd rubrtitutiag rignab of 
matching mplitw3.e a t  the new frequencier, 





p r r u r e  orelll.tiau in the ruct iaa l i n e r  h u  
In general, the v8rl.bler in #ch teat  coo- 

t= mch dr iv lpg  ~ W I I C Y  1-1, th - 
tan atrob, 8nd the 8- ruc t ia r  p r m r  
table8 bve UL ef fect  on the dJnuic reapam 

of tba t.rt r W  rrd -&me mllurt ryrtew. With thc cptceptioo of th. 
met ion  rnmxrorn, all af th. t ea t  coeditiaam vrrv n~orlly mat pr ior 
tart. 'Pbr a d m l  nretion prerwrer  were taotro- dur i ry  the tart. 

b p ~ o b ~ ~ a ~ t h t . z l l r ~ ~ f i l l l f ~ .  W i t h f h . m ~ l l ~  
o ro i l l r t i aa r  k i a g  iaduord in the nrctiam lkur d u r a  fh. tertr, it would k 
a&mnly duf&srrlt to roount.ly do- tbt ma mqumd xumiaal rwtiar 
mr\~nr nn Miry wUwd 8y tha v i n v l  u#itaeb( ot gu7p rwtiw pmorunr 

nrofiaa User. hum, pwprll.nt tuk bottar p r m r a r  
4 flu tart ud wre djutd to 0bt.b the d r r l t t d  . Tha t8ak b o t h  v n t r c n  r8quird to &Win 

T& W b L  d m t i m  of mch W 200 WC, fh. trrr- 
ka-th. limiting irotoo. 

T& rubpamgm@a proreat 8 d i rcur r ia r  o t  mch teat. Iadi- 
vuw p ~ o f r  ot prrtiarnt tea t  d m t i m  ( ~ p p ~ n d i ~  O) - ~ r m a n c Q d  
to c l u i f p  tha d i r c u r r i m  ot r p c l o l -  w f r  ud general. engine p.r- 
for race.  It rhald k noted thrt any c coadi t1 .a~ mat- - the prlring 
are not accurately ref lected on tbm p l o t r  @Inca th. g l o w  are o ly  tracer can- 
n e c t a  indiridur3 d8tr pointr  a t  latermla & m e  recaad, trhermr the Induced 
# C % l h t t w  rur(yo - 5 to 20 C p .  6fteX' b .Ch w e t J  8 k c h n i d  
rnaatlng rru held a t  Aarajet-Qeneral, Ssc~u~cato, to review the data, d i e c u r  the 
reru l t r ,  ud coa f i r r  tha c a d i t i o m  tar the next tort. I11 thir l~nar the W r t  
]mowledge tma utilitad in emtablirhing cbaditionr too each ter t .  
Repwreatatlver f r c n  the 8 . l l i r t i c  8yat.sr Divimion, 8- Tachnolw &bor8torierJ 
liurtin W i e t t a  CO., - o a t - ~ k n a r r l  carp., ud the camit- t o r  ~ ~ v e o t m t i o a  or  
m8@ib m c i l h t i -  ilnritgd t o  t&O- UM8t-• 

7!ha t&@t q i n e  tort wu 8 reference checkart ter t .  Itr prrpore 
#r t o  check tha m c  rerpame of the tort aturd during pule*, t o  ve r i f y  
engine atmdy-alate p . r f ~ o s ,  to o b k b  m a p i r i a l  t a r  mirybg ths 
theoretic8l r e h t i a u h i p  & dri- fmqwncy .ad pirton rtroho t o  ths 8mplltrrde 
o f  the renr l t iag  pump mct ion  psr~ura wci l la t ion ,  and to obtain w i n e  trpnafer 
f'unctioo b ~ t a .  Bof$ tin aoridiarsr ryrtaP and tke -1 myatem vere pulrsd. 



III, C, m a t  Mltiaar (cart.) 

' T I b ~ o f  krt $ma4 mo aun8ib.nd 
vital 8- )QW CQQ ky b.rcrrrd mnrlt4 fta 
tho rammat u t ~ k r t r t u d .  I f i t r ~ t i k g r r ) a a J r o r o o ? . ~ t h l n  
t h o r r a l t . o f t h m d r i r l p l ~ c y ( 5 c p r t o # ) a p r ) ,  m r l a u r d u @ t o t b r k r t  
atmd muld maul*, Aae-trra urnmantad ub thm krt afud, aw @#a 
b e 4  mnl- fap marday r o d r b a m t i ~ ~ ~  dur* th. kr t iag  a8 . arltarIQL 
tap. m#llw a h w a l l m e  

A t t h a t m t o f f h r t w t , t h ~ - a l . - m . J n  
O p r s r ~ t o l J r S w o i a r t m d o S t h , n o a r e r l t i m o S l n o  a&la 

orwd.m,mr~l~t\Pb- r a b . e b m m F m ~ 9 3 n o S m m i . I ~  
-p..*aunsri.y"--r.-u-u.~,wiT* 
A l l o t h r r m k t 8 d ~ O a , ~ ~ a t a U m ~ e  ma- 
aaamly brd es d-- .iY.ot ar thm obj.Otim oS th k a t ,  lha ni- 
u t u t ~ ~ ~ r r r o r a d r r 3 r r p l . o r d r L f h . r u w . J r , p i o a t o ' I k r t ~ *  lrro 
~ t h o ~ t t . 6 p r r ( p r w t i a r ~ . n a o t u r ~ t a ~ o t t h  
dymmtc ctmdltiau, t b r r , n r r r r  ~W%OYI iamaaaa b t h b J a u b a u p U W o S  
P I 8 - 2 O a t ~ + 1 # , m ~ ( n r \ ~ . 1 6 ) ~  l h a k r a n o n I n ~ ~ o b t h a ~  
t i a u a t P l r b ~ ~ f d i n n ~ c d t . o f r & t b , l ~ ~ ~ a k p m t h . W  
lortr i -u&=-w-Y@--D~grr-m-=--  
mputae8, ~ m a t v a r i . ~ o t ~ b r a b ~ & l m 8 # t h t l r r t 1 0 m o S  
t h . t w t . r r a r u u l t o S d . 1 4 b u r t o h u m n n a o f L o l a t d r l a ~ r h ~  
themQumdt8nkp.rrrp.em ~ g o s u \ o r # v m r r l s t i * o o l u Q a t ~ t  
t h o p l l r i r y ~ l o a o t t h ~ r a b b d n o a i r r a t a r t h ~ ~ ~ m e  All 
teat  db3.atlvea warm t rab ao mlm oS rwmmaa oamxmd th wt 



'Phn ggm objective Of thlr t a r t  to 8qulm trmsfer fmc t i oa  
data of the -1 ryrm t * u  Wau pmlotemlrmd fPequmcior and a t  two dlff-t  
f b l  ruetiarr prmmr. A n c a d . r y  ob3.ctitn olu to obtain fbrther data OA 
ajridirar aptem ~ i r t i c ~  d u r w  -tien oi th. 8;prt.r wlth .rz ajrid1a.r 
pulm pirtea rtr- of 0.3 in. at  15 c p .  The e$dlt iaul refortmce 6.t. 
w Iwcerrrsp .la &or to .oes accur8tely rprc* the c a r d i t i a u  oi &lotar  8tsol;s 
1- and trsL b o t t m  prrurrr for W r t  4.&1~-RJA1003, duriryl m c h  ~ m r u r r  
o s c l l l ~ t i a u  were to k lath8 -1- ay8tam'(?Qumr I8thrmgh;U\. 

mehoftuo q n m p r e n t h 8 f W l r ~ l ~ ~ c ~ ~ a t  
f i v e  i f e q w a q r k p r  as foIbo#: 15 cpm, 13 cpr, U cpr, 9.5 cpr, md 8.0 c p .  
mNUHMI18troby 1 ' P h n & P b o t f o l r ~ ~ f ~ t h O f Y D ~  
vau r c ~ a u ~ d t o b . U l ?  8 p r i g W 2 5 ? ~ ~ l i g i a r ~ ~ a n d ~ ~ ~ - ~ ,  r e 8 p e t i ~ a l y ,  
dux- firrt m p , u d 4 8 ?  Vprigmda?jpig #IE.BW R T ,  
rerprctivoly, durlry th8 mcard miamp. BDonrrr,-mB rrrryod a g p o ~ d m t o l y  
4 3 ~ i e d ~ r i p ~ ~ t h ~ ~ y ~ , . n d P p E . B ~ W ~ r i g . r d U 0 1 4 * t h .  
firrt aad HcQP~ mpr, rerprctircaJg. m a n  trrrlt bottom psrrrunr ur rbovn in 
FQuml8. A a i a d l c a k d i n t h i r  , i* took 8-klj 25 HC (m + 95 w c  
t o E B 1 + 1 S O ~ ) t o n d w m - B k - ~ ~ t o t b m 0 o r r u n l . r r l  
required far th noard  !Be 8- of tbm twi rvrrpl md tha teat  
tiorr a t  which they were maductad ur u IOUC3111: f l r a t  maep (fml), 15 cpr 
i r a a ~ + 5 5 t o m + 6 1 . 5 m c ,  1 ? 1 c p r f r a E 8 l + 6 3 . 5 t o P 8 l + 7 0 r e e ,  U c p r  
r ~ a a ~ s 8 2 + 7 2 . 5 t o ~ ~ + ' f g ~ e ,  9 . 5 c p f m m ~ + C k t m l g l + 8 7 r c c ,  m d 8 . 0 ~ ~  
fraaaF131+ 90 to  a + 96.5 rac; 8ecd mwp (Ml), 15 u p  fram + 119 to 
F S l + 1 2 5 ~ t C ,  ~ c p ~ F 8 l + W t o ~ + ~ 3 . s c ,  U a p m f r a a f S 1 + 1 3 6 t o  
l%l + 142.5 wc, 9.5 8- rWaa R3l + 153 to F8l + 157 HC, .nd 8.0 cpr frm 
FSl + 1s.5 to h i  + 1.68 mec. 

AitQp the# tvo -1 8y8- fmaqumcy rmpr, th8 -1- aptem 
wu pulad, miatain~ n B  at  43 pu md m - B  at  I 3  pru. T b  cod8iarr 
--tar pirfoPI I- 0.3 in. A t  fS1+ 1'13 gulrw w in1tl.m in 
the o jdd iau  myma at 9.2 cp., red tb, f tqnncy nr a t  a rate o f  1.2 cpr 
until I S l + l 8 0 ~ c ,  vbea i t rawbad tb. recpixd =cy of 15 cpm. Thlr 
frequency nma minta%md m t B 1  Ell + &I n c ,  u&n th. &ulrin@ nma taminatad. 
Tart  d u n t i a r  I R ~  1gb.7 roc. 

AmahownhFQurer 1 9 ~ 2 0 ,  t h 8 l q p m p l i t u d e r  inwaerura 
osci l lat icuu im RD, RJ, PP8, Pc5 BQT, WD m d  (m Appendix A far r g . ~ o l . )  
t b . t o c o l ~ a t ~ ~ ~ 1 + b m ~ a t ~ + ~ u c . n a n ~ t 0 f t h a  
15-cpr -q 8- Of the -1 8-w 8- U clrqpkirwd in ths dirCW8i- 
of' -8% -001. Am atatad pwi-ly, -tic ooci l lat laar ur not an accurate 
re f l ec t i a r  oi c m d i t i a u  in q l n a  -tar# kmm th8 gmpha are plot ted w l t h  
data mlntr at  in- of 1 no,  wbmmm tb induced o o c i l l a t i w  fmm 
5 to  20 c p .  lEhs lwraua .nd ds- o f  PQB MB PZ8 drmriry the initl.1 



& r a a o b ~ k r t . r r ~ m W a t a ! i u P g E - b ~ P P E I B u r b r a ~ l a f l r U l t O i h U l l U I  
~ b ~ g g ~ ~ t r o f i U o l t b f t t a n k  ~ 8 8 w @ a 0  %!ha mla8ry reaabory 
ebJaatinr of tbir krf aoaQI(PU8bd u t i r ~ t ~ r i ~ .  

g e w .  08,jaotior of tbir t a r t  n a  to awu i r r  frurrior fuaotim 
data oi Uw a i m  wrCQI a t  rrrriau m a t a r r r & r d  fPeqrurroir8 urb a t  h m  di-t 
ac%diasr tmk b o t t a  parmurar. Qlg fbr ox ld i r r r  yrt- 1M 
r o k d ~  t m k ~ m p m o u r o r  --bat 78 + I ( ?  migUb f?%rn&a~ th 
i i r r ~  md maw, r a r . o a t i w ,  a m a  a t  PL f a p . ~  for both 

'-Pa 'brr a- porrrurer m r a  W i U a  flw f oknnuar  r r tabU8hd for 
th mtmnlrur. k o h m  tn 99, m - b  nu 78 pria w t l l  ni + 89 raa 
a t  whleh t ~ w  mdwtitm to 48 p@ nu La i t k t rd .  9hir mlm of 48 p r 4  wu mohad 
a t  3 B l +  m, r a 8 0 ~ ~ 1 ~ 8 w r ~ a ~ t a l y h 6 p 1 i g f e r t h  rvriadul of tha 
tart .  --a (- 43) tklru a a r r m t  thr-t fb, t o r t i  HZ-b 
-ad b.hrms U urb eP pra. 'P& ~ i u e r  pulra-8wma4i8r pirtar rtrok wu 
0.33 i;n, ~hqwney rtapr ior r o h  rwapwarr 4,1 11, g o ,  Pad 8.0 ow. '~hr 
dunt ioa  oi mob rw 1~ aa follower tirrt nrrrp tJ  ojclbi~rr 3 , 19 opr m nl+ 38 
t o  mi + 45 HaJ  13 m m + 48 t o  mi + 9 . 3  I r e J  u am mm m + 57 to 
FB1 + 63. meJ 9.5 -FBI + 65 to ml + 79 r ~ j  rrd 8rb OM m1 + 74.5 
t o  mi + k raaj raooad nrrrp (oxidisor), 15 opr frarr + 143 to mi + 14*5 rao, 
13 Op8 h.orr rn + 1% t o  mi + 1 s  rao, frarr m + I& to + U7.5 rao, 
9.5 apr frola m + 1'10 t e  m 1  + 176 rao, and 8.0 opr frarr + 179 t o  11181 + U5.5 
rac. mrt durr t iar  rrar 200.45 rao. 

A raeoad.ry obJaetlva of pr l r i ag  tha -1 ryrtma #rr dalatrd w l o r  
t o  the t a r t  d w  t o  a l a  b e t m n  tha -1 pir ton rbf't md flw p w ,  
The fuel ryrtea gulra maemtor war ragairud by inrkrlU@ a rimw ohwrar 
prior t o  mrt -0OL. 

'P& p s l r r y  objaotlve of  th in  t a r t  ww t o  auquirr fwthul trmrfar 
function data of fb, iwl ryrtem a t  vrriau pradatom%md fmqumoiar ulb a t  two 
di t faraat tank bottarr pnrrunr. Sincs tha a o t w l  tank boffarr pnrnrnr ?or 
Tert 4.0-15-RJAIOQP ama weU bslw tha rohrdulod valuar, the roWUl .d  tmlr bottom 
pparrurtm f o r  'Plat -004 were W s m  u thorn ?or 'Plot -OOB with llTJ ar t  
26 + 2 p34 and Ui + O pm4 tor tha f i r rb  urb rnaond frqmay runp1, rarprotiwly, 
md"#rr-~ a t  48 pme ier both fraqwnay rmpm. Both tank bottaa pearrurrr wrrn 
ariatab.ad a t  the r0bndUl.d valuer 88 rhawn in m r  O5 and 86. OrigLnrlly, 



tien of both fh. fual  r y r W  and thr oxidirsr ryrtea rru plnrud; but, due to 
i d l f a g o f 8 a O I  i n  tha oxidisor prlre grrhorrtar oylindrr, fh. widiser ryataa 

pulmtio~ W d e k k d a  A thikd pulmtion of fhs -1 8~8- W c o n b u ~ t ~ d  i r u k d e  

~t 9 76 roc, reduction of m - b  iror tho firrt  f t q w n c y  
p018ure of  28 -4 t o  tkm recamd ~ q w n c  pnmmm of 21 -4 rru 

redwed to th i r  lower p n r  F B l + 9 0 m c a  Pufreqwncy 
w p  15, 13, uJ 9.5, urd 8.0 (idratta with 

Tha duratiofu for  which them fkequat~cy u w  extended rru u 
e ) :  f i r r t  rmmp (-1 oreillatlosu ind?wed in  fuel ryetea), 

15 cpr fran l$l + 28 to 831 +-35 n c ,  13 cpr m FB1 9 37 t o  FS1 + 44 rec, 1l cpr 
from + 46 to R31 + 53.5 roc, 9.5 cpr m1 + 56.5 to B s ~  + 62.j roc, 
8.0 cpr ftm l W l  9 65 to R3l 4 '72.5 rec; recardl r m p  (fuel), 15 cpr iKla R3l + 97.5 
t o  F81 + I& mc, 13 cpr f ' ra~ rsl + 105.5 to.= +I12 aec,ll cpa fraPl FPL + 114.5 
t o  mi + 320.5 roc, 9.5 cpr fnrp mi + 122.5 t o  mi  + 328 me, ud 8.0 cpr m 
m~. + 19 t o  m1 + 136.5 rec. m e  fuel  gSrtcm rtroke for thir t a r t  rru 1.5 in. 

A rscoDItfrry objective of pula* tha oxidiser ryrtan wu deleted 
becuue of ur 0-riq bind* in  that oxidizer-gulre-8emrator cylinder. A t U r d  
fuel-ryataa $!xqwacy nc~.p wu couduoted i n r k d ,  aminkbin& m-8 a t  48 prig, 
and lowtrriag FIT-B t o  lfi 2 2 grig. Thir prerauz-e reducttar w u i  intt iatad at  
P"81 + 138 roo, oad m-B entawed tha "targcrtW mage (l6 2 2 pala) a t  181 + 151 mec. 
'Pert timar of the *qraancy rtepr were a8 follawr: 15 c p  fkaaF61+ l60 to 
m i +  167.5 me, 13 fra~~mi + 1.67.5 t o m + i f i r a c ,  u c m m i  + 171, 
t o  181 + l$3 rec, 9.5 c p  im rsl + 183 t o  FI31 + 191 n c ,  aad K O  cpr hr 
FS1 + 191 t o  R31 + 198.5 rec. Tert durrtion uar a1.2 roc. 

Tha n i t r ~ e n  s ta r t  valve remained open 15 roc after the r t a r t  of 
the teat, awing a 27,100 rpm turbine rpeed 14~) and a 905-pala caabwticsn- 
cbmber p r e r w e  (PC~C-2) dur- thin period Figurer 25, 26, .ad 27). A l l  related 
p u u t u o  p id-1, PfJ, Pod, W ,  FamO and PfJQ)--refereace A p p W  A for 
ay&olr) rhowad r i r i l e r  "overshooto ; hawever, yrul.ing of the me1 ryatanr did not 
begin unt i l  kCtar aororl. operating canditims were achieved at &1 + 28 ss?, The 
nitrogen rtart M3.w was removed and replaced with a new n l v e  prior t o  Teat -Q65. 

The primary objective of th i s  teat  war t o  acquire further tnmrfer 
Zunctloa data on the oxidizer ayrtam at variow predetermined frequenciar and a t  
two Sifferent oxidizer tank bottun prerrwes. There obJectivea were identical t o  
the previour oxiditer uymfem test (-003) with the exception of the target oxidizer- 

bottoln prerrurer. H o ~ v e r ,  in Test -003, only tbe oxidizer aystan m a  pulred; 
in Wr t  -005, both fuel and oxidizer systsmu, were prlred. Tha tank bottora prernver 
were nrintained within the %rgetn tolerance of 38 2 2 prig and 37 + 2 poi# for 
POT-B during tbe firrt and recard frequency awepr, rorpc t imly ,  d 21 2 2 prig 
for PFF-B during both rweeps. An rhown in  FYgure 28, after the firrt frequency 

Page 14 



III, C, Tort i t iagu ( o ~ t . )  

A rooaadrrJ( obJootirr of thm fuel 8yaW ( d e w  ln 
%at -003) w ale0 a e r h r d .  m a w a r  fop -I a t  37 + 8 -4 hr 
m a  ah I1 f a prQ.wm mS8WWrflthkr $&mnoa hr N nrp, and 
inquanoy atem & m.5 am, 9.5 ow, rrrd 8.0 opr m a  'Phr 4- udl U-apr 
r t am w o r m  not oarduatrd Ln thir rmop Ikraa a a ftwl-#&rW a m  d a.0 kr. 
mr eqlqmdj tbL J.uagar a m ,  h oua$mat& flth the a,rL" 
would bva orurd daa@a#owly lm#a waUlrb@y aqplihadoa ia  hul pamur. 
l iaor  tho -1 n m p  Laolubad arly thm -ha thm 8-&. M-Nrtm 

U WOd t0 &WOW0 thm ~ 0 i l l B t Q E ~  wtd@~ -i". h 
i a  tho diroaumion of Tort -001, -tion a t  tho lmm trsqu#raioa 

noPwUy goodwar wino pmamkar oraiU.tioa of l o r r  rrlpUkdr Gbrr &ma mv 
tLaa bt hl@r feequomior of U to 15 o p e  'Ihr &orrrrrd w o i l l a ~  mWa 
at thn bumr faquonola #r dad t o  prod- dm* *%oh oould bo rmd&ly 
dirtiryuLlhed rand- omail&ti6M dw to wino ~ i m e  Z h  t a r t  t U @ a  of 
-ma rtopa worm aa fo l lowmr  10.5 opr *em lllBl+ 1(50 to + S . 5  ma, 9.5 opr 

+ l66 to ~ 8 1 +  1'19 r.8, a 8.0 cpr iwrm + 1s tom + U4 roam 
Waf d ~ t l m  197.9 r.8. 

of  POS14 (- 28), d ~ r i p l  tho two 
wing m a r  of thir tart, rhona r parch vtrr tba v i o a o o d  eel 
prwrioum tartr.  mlm m s  a malt  of the Oo5-ia.  oxU%sar pirtss reto*rw, tho 
lugeet tbat hd born uod  tbur f.r. krsthar tram in 30, T!T (m -1 
~per8 tu ra ) ,  r h o  rhowed armt ic prtomanoaj horwer, thir w m wml5.ble 
trace due t o  a dircrepzrt tharmocoqpZa. %be mm rrpkard after 
Tart -005. 

Ro other anemliar mre rgpuvlrt ia tho teat saoordrj hawrmP, 
pomt-fire hmprctioa rovoabd that tbo turbine firrt- a d  #ad-a tago  lrol l l ra 
rsre dmyp.d. Tba aorsle buclut bras@ WI bo#un t o  wprr,ta, UlawUg tb, 
bucketr to  lowor and cantrct tb. turbiaa rotor. %be w i n o  wold ,  R PblP144-19, 
81f 0605152, w raphoed wier to  mat 4.0-15=~&006 with turbine m o l d  
PrO 261244-19, Bg m. A t  tho time af irilun, amifold 6l! 0000s bad mQUUkt.b 
1050.7 rac to ta l  nur tho;  tho dor4p mm tkr Of thLa r a l f o l d  ir 800 mo. 



TXX, C, lbrt Coaditioar ( ca t . )  

'Phs amace 
of the f l u i d  column 8 .  The 
f'irrt frequancy #weep uu c rkpr 
of 15, 13, 12, 11, and 9.5 qm, Imi tank bottaa prernrres wre rlntrlud, except 
f a r a f w ~ t i n t ~ , ~ t h i n t h e f . r ( l t . t ~ o e a i f l + 2 p r a a n d 2 1 + 2  
pa. for #rPIB and PFP-B, rsrpectivm3y ( m r  31 32). %rt tiwr o f  
-qurrrcy r tap r  f o r  the mrt mmap, rr rhomr in F 33, nra rr f o l l m :  
15 opr iraa ISl + 21 t o  F e l  + 2'7 rec, 13 cpr frm F81 + 29 t o  ?8l + 35 rec 11 cps - = +  36 to +.41 i8cJ'9a5 c p  i~ m i  + 42 t o  m i  + 47 n c ,  a B.0 cpr 
fpm FSl + 49 to F8l, + 53.5 mc. Th. gulre generator p i r toa  r t roka HI 
0.15 in. 

cT t i o n  of the a i d i s e r  ryr- fmqumey rmp, PUR-B and 
PPT-B t o  + 2 pig ud 15 +.2 maJ mrmo t iVeua  Both m d  
after thlr prernrre reduc3ion the a x i d i % G  rya- w8r pr l red  a t  15  -8 for a 
psriod J 60 rec b e g i m i q  a t  P8.l + 7l rec. The reduction of #1P-B wu effected 
in qproximte3y 17 mc. Rihm w u  terminated a t  FB1 + 122 rec . Thir procedure, 
a m -  with reduction in aaidiaer tank ptrnrra, uu miornad irr ordm 
to  -in fbrther inrlQht into the individual ef feot  of a r h t i o n  Zn nrct ioa prerrure 
on the dynamic rsrpaare o f  the o x i d i r m  ryrtam during gulrrtion. 

A ~ f - ~ ~ t ~  IrCqveney ~QP HI then c d u c t e d  a t  there reduced 
tank bottom prerrurem, ud a t  f ~ q u e a c y  r tepr  o f  15, 14.6, 13, 12, ud 11 cpr (the 
14.6 cpr etep r1-tl.y exceeded the w value o f  14 .0 cpr ) . The fuel-grulre- 
g e m r a w  pirton r t roke uu 0.60. W r t  timr o f  the fmquoncy rkpr of t h i n  
m p  were u ioW: 15 cpa frcm l81 + 141.5 t o  m i  + 153 rec, 13.6 cpr f rom 

+ 153.5 t o  + 164 rec, ll cp, iraa mi  + 165.5 t o  F81 + 171 rec 9.5 cpr 
hp ~ 8 1  + 173 to + 178 rec, slld 8.0 cp. from P81 + 4 9  $0 a1 + $9 HE. 
m o t  duration uu 200.1 rec. 

All the tracer in FLgurea 31  thrw 33 were noral except TfT, 
which uu srraaeauo due to a disrcrrgurt thermocouple. The thamocaupls wu replaced 
prior t o  Tsr t  -007. 

The pr- objective ai t h i n  t o r t  w8o t o  acqu- f n n r f e r  -function 
data when prerr t l le  orci l lat ionm were induced riuualtranow3y in  both  p row l l aa t  
ryatenm. To emure th.t the fuel end oxidizer pirtgar would pulre in pbue with 
each other, the pirtamr ware put in pbue with one mother ud -a@ with the 
' k i - d r i v e "  motor pr ior t o  rtultiryl tha w i d r i v e  motor and the engine te r t .  Siace 
both gulm mochnim were already e m ,  the motor uu not  rt.rted until a f t e r  
rtudy-rtak o-tiorr uu achieved t o  p-eclude any interference w l t h  the rt.rt 
tnarieat. (wemtor pirtaa 8trollRr were O s 7  in. for -1 and 0.5 irr. for 



~ b j e c t i w  of U r  tart uu to furWm Q w w t i p t e  the 
f luid-aolura rrronurm La both pyp p p w t  nration lian. -0 ln r r r t i l r f i ao  
oao r i a td  oi ur ladiv~ual irequraoy rnrp oi -oh -palhut yrtem. l!ho 
ryr- wu mad fmt a t  utapa of 15, U, 11, 9.5, 8,Q, 6.5, uDd 5.0 opr, ming 
tha flrrt flvm r k p v  oi t h i s  ox id lmr  nnrp tho f b e l  pukiry ryntoa oau- (thm 
flylhml uu not adrgwtaly brJud  rikP the uua frquanq nmp) r a n s t i n g  ia  the 
laduoriwnt of oralll.tlolrr 3,n thr hrrl myatem a t  a rPurLPrr fHqwaoy Oi a.5 om. 
Eam~rr, th. freqtmog (uPd Uwmfora a t u d m )  of th. fiml-pammara o r o U t l a o r  
wu not o f  l ~uifiolmt imgnituda t o  h8V0 uy o o s w w  oa b.tr QbtrLard 
the o x i d l l r r  fraqmqy rump. Ibs tart dumtioo of lroh f rag~rnoy  rkp dwing  t h i s  
mddiau-tqptoa fnqumc~y r m p  wu u follomr 15 ejp irarr 2U1+ 6 t o  llDl+ 72 rmc, 
13 cpr 4 7 t t O m +  79 rmc, ql OBI -191 +&. tD=  + b ma, 9.5 
fioln mi + 87.5 t o  191 4 reo, 8.0 qpm irolP rrJl + 93 t o  flB1 + 08 r r o  6.5 epr irarr 
FSl + 100 to lf81 + 105.5 wc, llld 5.0 o ~ s  tram RBI. + 108.5 t o  RBl + ilk u o .  

immr the oxtdiser ryrk. M u  gulwd, fb iw1ryrt.a - pllrrd 
a t  frsqwacy rtapr & 11, 13, 15, 17 sad 19 opr. Blam mum of -8. fmqumoisr 
w e  hipCh- thn t b o r m  bt W U C ~  ths pab~ ~~~ ~~~J 
thcr mwp m a d  th rely *am leu t 
the rrPglitude of tha auction-pwrmaro arc111.tioau had b e o w  a w r r l v e  a t  tbR 
hi&mr fmqwacier  yrd hd necermitrted t.rrPb.tiaa M tho f P q w m y  m@ap, f h m  &U 
a t  the 10- m u e n c i e t  would already h v e  beon ampalred. All fkqamcy rtapr mm 
accoaglishd, houwer, without ucanr ive girarmn\nr-sloUtim amplikd.. % b r a  m~ 
mome d i i f icu l ty  10 achhving the 8 W W  t e r t  duration fosr thr lut two ~ c i m r  
due t o  mc&n ica l  r l i p p l ~ e  in tihe puhiag ryatem; Wummr, ~ c l r p t  hwat ioo wu 
obtained a t  there r e w  h.equcmclmr t o  propidm &U for eryirurrLpg evabstloa. 
The teat  durr t ion o f  nch  fhqu~liey r tep  during thlr -1-ryrt.1 frqumoy nnrp 
HI .I ~ O ~ ~ O Y I :  ll m 1 +  132 t o  ml+ 137.5 H c j  13 m m  + 139 
t o  XSl + 143 rec, 15 cpr *a RBI. + 145.5 t o  l!8l + 150 rmc, 17 cpr ftom F81 + 156.5 
t o  F81 + 161 arc, ud 19 cpr f'ran F81 + 1T1.5 t o  lU + l8b mac. Tbrt d u s t l o o  wu 
190.9 rec. 

a m  prlauy obJectlm o f  thlr tart wu to aoquLar truufu i\ootiaa 
data on the mdariqrad POOO fuel i m p -  (PI i?@660) o m -  w i t h  tho hta 
mined fia b a t i n g  fh. uirtky prodwtlaa mlkr (m 2 m )  duriry tha p n r i ~ u o  
reven teat,. lbma frequarcy rmpl tmra conducted aa th, fuel @yak.. 'BarrL 





Tbr gulriqg ryl,tcrr uwd te induce p n s u n  oroill.tiolu in the 
m c t i ~ ~  lW8 is d i ~ ~ w d  ia Am(rrpb IIS,B81a I k a t b o t m  
temtr, tba fwd qrtaP p n r m  oloilUtioru \nrs oonotast-8- 

pirtoa bavlce. T&ronPn, t k a ~  orcillatoxy pnrrurv wplikdrr .n propor- 
tional to tbs auun of th driving inquanay (fbr -rrible C h U m ) .  blmo 
-y -8 nrL& .- a. given ter t ,  the dri- uplikdk r a m  ram mxy&ng 
corn-. Tbir -rot i r  of m in ilrvmMtim8 ef 
limaar qtrtamj b6umvmr, th Tim 11 -ofbad .rjrrtg dl- 8- ma- 
l i a u r l t i e r  with nqmt to orolllatioo fnquoaey ud uplikdk. All r a w  data 
p r e ~ l l t e d  hmnin obUd be v i e  i a  thc la 9f th aborr o b m m ~ % m .  Tb, dlr- . 

suraion of th data -ria w i l l  be p n e t a d  urd.r t b m  artrgofiorr (1) droll*- 
to-engine - arctiea l i n r  dyamicr, (2) krbogurlp alrrrotrr58tio8, rzd (3) 0-1 
engine fmque13Cy n m e .  

Due to &lay8 ia 6.- rdwt ion ,  the ho-o data wm 
ini t ia l ly not available fbr the a a Q m I 8 3  only nlllPt3 fP# e;hO vUa W Ud aarrou 
band &ta are Urcurwd & thir mport. Tb. m- g r o w  
and a m  prereated & A- ? fbr i a f o n r t  8 bWa# k# eea- 
a u c t d  on then da ta .  ~ a c r i p t i o n .  of ~ o m m n - t l l t m i  bia .n -. 3- i s  
Appendix B, Appendix ?, .rd in  8octiorr SXI,B,k, Data tiolr. 

The dynamic r r r p o a ~  ch.rrrctulotiar of th nin~ilo-to- 
engine pwq nrstiea 1-8 are boat dorcrbbed by plot8 o varars tb ratior 
of amplitude of tho a c t i o n  pmrlurrs (Po 
piston accelemtioar (#, xi) .. The auction line 
the g m  t e r t  ( ~ r / k o ,  ~ s / k i )  are not the rp. 
reaponre functioar (Pbrfir, Pfrfir) but rbould dieplay ne#oam ebrrrctarirticr. 

The orcillatery rergoan of oxltli-r -c auction 
preenurg to a vibmtoxy accelentioa i r  i l lurtmtad & mn I11 D-1. Tbr m t i o a  
Por-24/h i r  plotted verwr frqpency (ha-& referr to the oxidtrrr a#iW rwtioa 
P M ~ ~ U M  m a a d  & in. t b  t a )  T b  wn ahmm tb.t iaeraari 
the nominal suction preraura (~ot.4)  in  an ineraam in  tb mi-• of m a 4 7  .. 
Xo (a t  comtaat tnqwncy). 'Ph. pdciw of tb, cumnr, whiah i r  lort evident fbr the 
case i n  which the a o d m l  auctioa p n r r u ~ .  i r  100 pri., iaaater  o memaat aomditioa 
i n  the oxidisor auction l i m  .ad eornUt.8 vith tha p-etad valuer d i m o w d  i a  
Section 111,~,2,a,(2). l b m - b . e d  #m--rhift data iabieata tht the aration prarrun 
oacillatioa 1-8 b e h i d  the pirtorr rtroko by a #mm u y l e  of -imtely 00. a t  the 



=D DD i8 o t  ~ s ~ t r  (cone.) 

i8 ~itirr o t  
iirqwrrcJ i 8 .  fmefioa 

Filpuv X z I  D-1 -.to fhrt t& 
i r - t o u ~ c p r w b n t h a  

i r  l.00 pair  ud that thU nroarrrt 

o f  ehr nmtant -$ m'fb, -8- in CkClt$08 
TX1,DD2,a,(2), in -ah tln 8hUt Aa tha rcawtb nroaumm i8 8ttributad to a a- 
ie t& plr3 -ma 

~ r f i f & n a r l t r 8 h o w t h r t t h ~ r c N o l r r r r t  
w y  t& ~ t h . l i #  U m tblt 6.b i8 8-(ILI~ 
b r a  flrra thrt m t o d  by tb . a d j b b a l  sloCkl, A porribl, -tba o t  Wr 

i r  f&t 8 ineuneyacrup l ia lo f fb ,  ~ w a u t i o  n-t in- - o t  tb nrotion Uaa rad Wm ?a-t inqa-y of a rmiag-r yew 
wim tb o i r a d t  ir ooourua, ~h m * i t m 4  %oumre tb, r a m  inquamy of 
tb a w t ,  lbw4r&iorllj8 th r%#ld .Llr o t  +?M am--r q m G .  oonrbtr of uo 
~ r r % b h o ~ o t ~ ~ ~ d 4 % ~ l ~ t i Q I I ~ ~  3 h - m  
i r k U ~ * ~ f e B J ( . b r a r o t . b a J i # 6 m ~ e l ~ m r h i o h o p r r *  
u rm uaidizwt'narrl #)riago W A t U a  tb alr8ult. mra err hno I p r r i b la  
mumma o t  thia mWal -mr m i t & r  a bubbh.of a l m a  ud nitrroglwr- 
t o ~ v r l p j , f o n r d i a ~ ~ m ~ a t t b p u p p n r n t b n i n l r t o r a m k r a l a ~  
~ m ~ b p t & W t b i t y o f m t u r b ~ i P e w ~ ~ o p ~ b ~ o ~ o f  
oxidiwr in fb, e-t ir Ngporfrd, 

IQpr.8 IIX D-2 
R l C t i O n  UIM 8gIOMO ~ ~ U B I  (m 

o f  35, 30, and a3 mi., nrpotiwly, (Ha-26 ts fb, 
mrsun wuund ~ ~ a t a b a a t ~ a 6 i n , a ~  
Figum X I I  D-a rbrrwr #st t$r am#utl& nrpaw fuuatioll with 
coJIlfrnt mrpot to in- (MU a@orkrrrW roeumey): th ia  
cwz4&b.riaio t h l l o o a d i *  It t& r.llpr f b  ?ha= 
pc~ifa obtaiEIBb frm tort data ir a-d to tiae thomtbal mbmm in 
X U  D-19, %ha tbo ro t iaa l  c u n r  ao~nrOondiql fo a8 mf'fwtiw fluid column o t  
40 in... eahibi%a tb boat aornlrt&an wl$h  tb tort data. On tbrn krir o t  fhir data, 
t & e i ~ k t i w ~ & t 8 4 m l n r c t i o n I l n , i r 4 u n w d t o k ~ ~ 4 0 i a .  . 
Ar now La 888- IIX,Dfi~,8,(1), t h  or # ~ ~ r n m  UrfributLoa l o f  
thir luyth i r  a e h  fbe t& oroillatory a t  tB, n r a t h  (Wr-0) i8 
gurtms tbn fhrt a t  8 r tat loa 96 ia. (md) by t& mw o t  3.2, 

F w  III 0-3 t b r f , W V ? E Z i O n ~ ~ . d t o 3 0 f ~  
mi., thr nme ioa  i r  ao bagor e o n r a t  with m a m a  
to  iir-y. IUr vwhtioa, w i t h  nrpot W ~ ~ ~ Q A W I U ~ .  i r  Jlo indioatrb in 
F4armIXID-b.  ~ ~ ~ L I L l Y l p u n ~ I X I P - ~ u d I I I ~ = k ~ a t o a m ~  
~ 8 ~ t @ f b , n ~ o c y 1 1 0 ~ i n t h a  t i o a U . 0  ThobMr r rd  

i a  a - w  s am W L W  a t ~ m i . ~ u ~ m ~ ~  
a 3 p L . o  ~ m ~ ~ ~ n a o l n r a t b r r ~ . e g k . o ~ t r b i o r b y  

the thsory Wt #a m r w r r t i J t y  i a c m r r i b l ,  aolum o t  -1 naomator oa a m- 
bubbl. rgrb(. 'Phir pl-bbblr fb.oy m i a r  tiae o b ~ -  mbuotha o f  tb nroaro t  



, = g m 5 a  - - 0 V - d  
,u88iar.trrSPnab#auylar. ma 
l b a  Qulry 'IhrC boO-VdJ#rJOOCL ir 

r b i f % b r h ~ t M ~ C ~ m o m m 8 ~ ~ i o r r r c o h  
* ~ i a s l . r ~ r ~ ~ l a g r ~ ~  (96, P, *-*-ma=- 
h O Y ~ ~ ~ a 8 6 ~ ~ ~ e o f ~ ~ ~ a f h - ~ ~ -  
inq).lkPr, MI -7, bp 8t & a t  we a, t& 6.- 
rhar that we of fual rwultr in a 17-opr fml-luatiom-ltaa fbb- 
r n t a l ~ n o P a n a d n r l 8 U o t i o a  ~ o f e 5 p m l a o  Mr-Ilk . 

3- ~ ~ a a p p r d ~ t h e  S"" ~ ~ o e o b ~ ~ t h f h o o ~  
~ ~ o a ~ t i a a p s , f b r f b r r r w r J r r s o f n w t i o a ~ s f f u r .  8ia8afh. 
nravnt -f?qwnay of a neomtlry yrtr with uniUmutioml e- i r  invaruly 
prraportioaJ to Bafh fh. mr 66 the u u e  o f  &e qrtm, it f o l l w a  tbf the 
~ ~ 0 t t h . ~ ~ P l U l p ; l 9 ~ b l i r ~ ~ i n r ~ o f t h r ~ e u l d / o r  
the m a r  of . the Q01U.13 o f  PlUl in the metian line. 

F4ure IZI 0-5 with 111 D 4  tba@l 
III 0-k &ow that the rt law i n q w n c i e r  w i t h  thr FB 
ImgdUer i r  not r w f i c m t t l y  f r a a  the snlw tbt vu ob-a& 
or- produetioar omf igus t i an  hge l le r .  the value o t  m-P4 
a t  low i n q w a c i e r  i r  wid to the effmttvo I- of the fluid u o h m  
above the Pfm& trre;lduaer, the ef fac fAn 1- o f  the ohrurn of fwl %n th4 
ruetian l l n e  i r  We rur far both ths probwtle;r urd red-- fuel pqpr. 'Ibis 
fkct Umlmtrr the p a r r l b i l i t y  that the hrel l i n e  frqwnuy m' i c  due t o  a 
chuy r  ka -8 cb.rrrct.rirticr o f  the fluid onlolrro Tiweion, fho c m u a  o f  the 
i n c n s M d m ~ ~ w V i ~ t h e ~ ~ d ~ ~ l . r $ r ~ ~ ~ I Y & U A t i ~ ~ ~  
of cmmliaaoe in thr lyrfrs. With mpmt to tbr &oraneatlam& t b e q ,  
t h e n b u ~ 1 t i a n b c ~ u e y r b r r r p r l . b ~ b y ~ 6 . o r r u e i n ~ o f p r a t t h a  
pwm murtioPI ial.t (ku to thr lupmma o s v l t r t l m  puriomamuo (at -ti= 
gnrrunr) o t  the ww m. 

(P) TuibapPrqp QmmUc Ch.r rat r r ic t ic r  

Tnt brt. 0 omUlatory porfonrace o f  both thr fuel 
aud a r d d i u r  t u r b m  vm o w  to tbr t h e o r o f i d  vmbma. 'Ru prepeumt 
turbopmpa ur U t o d  witb nrpt to the mount of m~Ufiaaam or 8tt.WLUtioa 
of the ia&uerb 080iAlati~r i n  r w t l a n  p r w r u n  ruppllrb a t  tbr prg lalet. l!he 

of the pPpp -0 m f i o a t i o a  i r  mued thr "pump pDnrnrrr mputlmtioar 
i.otorN -oh i r  dam& am the r r f i o  of thr orc i l la tory  d l ra&r lF p~.enrrr -tub 
t o  th. oreil l .  metioar pslwnrrr rrppliwo. 'Phr aaibimr prgC mpUf'l8a- 
tie -tor cmk.4) i n  ta a m  mpt w tb. - WtioO -- in . - m 0-6. E o h  i r  ~w w/I#-o) ioo- u 



the amdzml nrct%aa pownw i o  drcrured. 'Phi8 lnura8e ir dur to tho adr tame a i  
88rmtter t rSlp.of  p m p ~ t m a a t b r u e ~ m  mnw S r  ra&med, u- la 
S.ct%aa .III,b,2,b (inUeatod by.- rbp of tlm hwdi r iw vamu luctiaa plruun 
CWW in Pf D-25). thWw tbrt i 8  mmtod Pa IP8b,2,b 
8 p r a d i c t i ~  t&t fh. Wf. l c8 t iQL I  hC* i 8  &SO 8 0 i  0 8 a -  
wetion pwenrn amplitude. Xouever, mewate c a p r i m  of thrre arsilL.%ory e@i- 
td- racordad m.#e wiile-band Wta  i'8 diiiidt brawe #e -tor trrvoe i r  8 
-ox wr-fbmi ineluding r e  rmdm oro i l la t img nonv l  to apvntioa. 
Therefore, m';rtmt bu yet Bnn r(k to oormbte  the aaidiur prg l a l i f l a r t i o a  
to the u@%iftrdr e f  the ruotiaa prruun wsill.tieu. 

IIL D-7 i 8  8 plot O f  the ikl w porrmra -a- 
mtim *- U 8 *&= o f  - f U d  ~ 8 f i o ~  gr#m ( ma -k UBad 
rm PM/Pf8-@6, a c h  ir praportiaml to PfQh-0.  Seetiam =,~,P,a,(l), i t  

t&t m-0 - e*2(Pir-&) &W to m e  OW-- n88- dib?"butiO in 
the nrctim We 'hwr, th. r3wr o f  -4 mubf b diridd bgr 8.a ?5 obtain 
p id / k f84 *  . RQura 111 D-7 of the mft8et o f  rukL,im of both 
t h . r & ~ a r a d t h e o r 8 P l l r ~ r l l r r l i l h r A u O i W 1 \ ~ t l d ~ 1 ~ m a a f h e  
orc i l l a to r j  pwBp pufonmnam* It i r  nrnr maf  g n m u r e f l a r t i m  fbtao. Sncmme8 
a8 #e nabrl ruotiaa pnrnuv ir am8mu.d ub u the omill.torJ m e a m  prrrnrn 

8 * au l ao r rue  of the .rsliamtim *tor with irraraam. o f  thr 
orci l laforp rpgSikrbe o f  the ructiaa proanvr Wio.te8 at, rith rm-t to woill.t.087 
performme, the ir 8 noalhmar dadam. Pwl w t i o a  murr wailllt leu o f  
large rrpppli-e tnn $mM to praUwe periodic oaritatlo l a  the -. It ir almo 
rhown in Figure IXI D-7 that #a l t o f t h i r ~ e t . r i ~ t l m m t h . i t r 3 p r p r  
uPglific8ticm frotar ir a ~ b l e .  The rbded ata wars ob- f r a  8 to8t 
them the n r c t lm  p a r n v r  oociM.tioar wrm o f  nroh .a W b r d r  am to CIUH periodic 
C8tr%k&ia 8% th0 ~ t i Q  -0t* mOOe a* 8hQv 8 #Wd with hf. 
obtained without crritetioa. 

me differenem l a  u@uac8tim *for kfrma the 
rcrderwed urd production fuel. ppgr aq be obmerv& by a e r m  of Hgurar 111 D-7 
r ~ ; a  111 9-8. ~ h ,  rd.rw hd pmp in 'P# rn 193s - o f  m - 2 / m ~ 2 6  
which arm 2% to ml-r tha fhore axhibitod 8y  tho productlm amfSgumtloa fuel 
g u g q p i n ! r P A S E l ~ *  

~m. mettan m-wr-e ir wtd wrrur --tory 
amplitude o f  the hd luct ioa pnr- for bath the reb.rigwd .dl pr~&Wtioa c-- 
tim fue l  p.lgr in l%gum III b-9. 'Ib, inamme of w f l - t i o a  -for with 
incr#re o i  win@ -tub. (at 8 ceu t ra t  aaiml fuel l ~ t i a a  p r e a m )  elurlp 
dim- the a k r i r t i 8 8  O f  It;he -8 $8 ootnrvd d e w  
in Section III,D,2,b (m III ~ 4 3 )  

Imr fmotioa Ebbr-0, =oh bdieater the n l r t i v e  
src l l la tory tbnut akrbrr prmmnvr a8pUkd. fe the om i l h t ozy  midisor mution 
p m r u r e  -tub, i 8  platted - m e y  l a  III %lo. F!l@m III Dm10 



mth m-t to omma* a#m t m m t  mpukd., 
r#porrw o f  th. rubsrurblJ to a mialaar l u c t i ~  -aura mllatio 18. 
w~.kd f C l a a M  1b.tEp084. 'Etr m - k r d  -@ -td 
IR 0-12, Weh l a  8 plot o* Urn ~ W P  nnur f rqwacy,  un tauolwlwim. 
Followla# th. c a p h t i o a  o f  fhir maymilt, Qka radwtioa of thr mrtra dab m a  
wtd rzd h p n r i d d  4 n ~ ? s ' ~ r 0 r i p t i s r ~ 0 ?  R n t l . . h m d a - ~ . m m  
vided 10 llgpradir B, Appadlx F, rzd in lkctim =,B,4, -4s Ra8uctlm. It ir 
k l i e v ~ ~  q a t ' a m ~ ~ r  of th. data WU yi.ld p l ~ k  of ~ r h a t / ~ m - ~  rrrrur 
f l q u e n q  vhbh -11 ma - chawetui.ties u tlmm ioPI ~ c E p 0 r - 0 .  'ibir 
C-UI~O~ %O burd th. wd@-w rzd m 0 b u #  hf. -a8 h which fha 
o r c i l k t o v  thnut a@ifud. i 8  Rjund to k -tala -oar3 to thq cuoil- 
latory &uMr gmmaura rrlplikdu. 

s Figure III 0-13 preamta cup*w -iql th. =tin .of . 
the mplituda o f  the o r c i l k t i aa r  in thnut-- p m m m  to th. #cill.taJg i\ul 
r u c t i m  m'm am$.Seud. (Pc/kfr-O) plottmd u 8 fmct iaa of tha bri- inquazicy. 
~ a r t l y u r ~ t o ~ r ~ i n ~ d . t . p o ~ n t r ,  t h . c u m , ~ ~ ~ ~ r ~ ~ ~ ~ ,  
d o n o t r r t i ~ ~ ~ ~ t b e ~ o f ~ / P o r 4 t n r r s l s ~ ~ i h ] ) 4 u n  
IZX 0-10. . I f  th. invalid data (byall6 dw to p o o ~  mu-to-noiw ra t i o  o r  
c a v i r t i o a  at  th. pum) ur a-, th. awultr arm mra Qoarir-t. Aa in  tbit 
oxidirar cirouit, th. -We o f  tha trurrtmr fhe t ioa  Qmrmma u th. rrrri.ul hul 
euction.psrrnur i n  a d .  ~ h r  e m t  o r  l a m m o ~  wbrilr o f  a M - 0  u r o c a w  
with rvducd a- hrrl n r c t i Q  grwmlre i r  ummad by th. c s r r a a m . k # r r r .  
prro~g Wa. 'hr.os.~eaUy, umaiag'a lia- ayrtr, th. orcillatorJr. cbmbm pmam 
mQdltulk 8bguM bi ~ d ~ t h . ~ t r d . O f ~ & ~  8 m - t i ~ ~ 1  

i n c n u e  ia a/m-O. 

'drr @ m o t  oi periodic eavitatia at th. tw ir 
ia bath -8 I11 0-13 und IIT 044. l -ti= pjrsrurr -&U.tiaa 

o f  ~ ~ t r d . 8 8 U @ @ 8 p e r i d h ~ . t i f . t i a a 8 t t h . ~ k J r t ,  fh. 
~ c M - 0  ir incraamd. QI th. other h.16, i t  ru atam in -ti= 
p n p p ~ f a ~ a t i r r b u o d ' b j , ~ e p r l n ~ t o r l j r t r b i b r r o f ~ m  
m -Wiio.tio me- ?fu/m4* -, muti0 ir m fo 
~ ~ ~ r ~ r O f t h . b v d m U a  r ~ l t r ~ f $ n u t ~ ~ ~ o f  the 
~ ~ 1 ~ ~ , ~ t n o t t h o i . O i t h . p l l 9 1 .  



Ths effect of *ha orc1l;lrtory mctian prernrre upl i tude 
upon the rerponre fbc t lon  ~ c / v u - O  ?.I iadicata& i n  ?l@ro IT1 D-13. The mtura of 
the teat  appra tw i r  mch that the +plltude of the mctton prereuro o r c i ~ t i o n s  i n  
a p p i ~ r t e l y  pgmrt ioru l  t o  the driving frequency ad. -18 increase of the 
o s c i l l r t o ~  suction premrre amplitude with incre8ait4g fkequeucy w i l l  cuua  a corm* 
eplondillg increme of tbe file1 pap ampl"-flc~tionr ioctor (Pfd/Pfa&), u wu predisted 
in  Section XII,D,l,b, (2) . &we*, the reoultr gimn i n  F i w r  III. D-2.3 do not d i r w  
a corrergoadirrg. incmesa i n  the amplitude of tb ilurction Pc/3f84 rim incnwing 
f rqueky .  Rather, the vide-bmd data ladic8tar tht the amplitude of Pc/P?84 at a 
constant value of H8-0 either remain8 conatat  or docnuor vith incmrin# ?roqumcy. 
This a t  iadicater a n o n l i m  snh.rlor of tho oagino myrtrm donutrum of tho -01 

P P *  

Figure III D-1s amm -0 ~mct of tho wori(lud mi 
p u p  in  TBA SB 1235 on the Uplituda of the tmf@r f u c t ~ o n  Pc/P?m4. valmr of 
PC/PPS..O a t  the bwer frqumcior  of m e  --or opra%ian (8 t o  2.3 cpr) m - invalid amd ahou1.d be dirrogard.6 bcat80 of tho'lcrv r ~ - t o - w i r o  ratio of PC at 
t b s t  frequenciar. The ~~ &ta for tho doal@nod gllrrg, whrrn v r b  
t o  that for the pro&uction -tion pY.9, rbow a r m i f i m  rehat ion i n  tho 
amplitude of P C / P P I ~  a t  a co-t VUAO of m4 (- n g ~ ~ ~ r  III 0-u c~ab 
IIX D-15) 

m e  plot of the thruBt tarufer ~ i a a  
frequency lo  erentad i n  Figtare 111 bl6. A t  l a w  
m i c  d.t. &mt/pc) correrpOlldr t o  *he p a c t *  
of the nnaimX mbureab4  thnrrt t o  the wmlnal- pwmmro). lbmer, tba 
higher frqudncy data indicator tht tho &ynulc  -08 of -/PC .q b remuhat 
greater than thoee predicted for the aarrirvl U o .  In  w, tho rpinrd of th. 
data is more tbuz would be axpcrctod; =ljn58 of tho lklutraa data, the data dwn 
i n  Appndix ?, should ahow more coarirtaut ruoultr. 

2, Method o f  Aruiyrir urd l h m e i o ~  

Thio oaction prermtr tho ri.gliPIod .quatiema tbt drrcriba tho 
oscillatory rsoponar of the 'Mkg II -no aud mp8Uamt ayottim to an o r c i U =  
tory acceleration from the m a  Ionorator. ZM djrrrmda rq9.tioru 8ra r i .gl i f ld  i n  
that they are linsrvirod a d  conaidor only the -or m l l a u k  fiou m t b  of the 
engine. Included are mlrrile-to-ongino nrctiarP Ibr djararicr, prrgp -ar, urd 
dynamics of the gurp dimcharge W r  8nd the thrurt clnaber uu.blg. 



s w  dgauLc c b n a t . r i i f i o r  o f  the mction ~ n . 8  wore uvlgtd 
i n  ordsr t o  doterda, thr ngnit?ade o f  rucfion prer-e o r c i U . f s q  p r o m e  u p l i t u d e r  
a t  the vatlow truuduaer louatlotu. It nr mmama $hat tho o r c l l t f o r p  t y p  o f  
proplbnt ?lev in  the *e l  g u r ~  +&ion cnlrauit aur '3e trm%d u i n c ~ o r r i b k .  
Thio ururgt ior r  i r e  Jumtiflod hcaure  the -1 met ian  l i w  L m&ch rhorter thaa the 
acowt ic  wave hmgth o f  prrreure o r c i l t t % o m  in  flrr ~~~~ How*rr, 
the @?feet ef tho d i r t r l k r t o d  C ~ 8 r i b i U t ~  o f  tho f l u i d  La tho oxidiqar RIotion 
Urn cum& k nrlhctd, rinee i t 8  qmrtor-wvc~-h@th roromnt inqumey i r  in  the 
#100 irrqUm -. f'0-w b m  tVo  -88 1 d w  
w i t h  the fuel c i reu l t  rad Ewt 2 dealr dth the oxidiser c i rcu i t .  9he urrlJ@ir psvdictr 
the frequency rerpoare and orc8 lh to ry  Ojnrnrrr d i r t r i b t i o n  in  both nrct ion l iner .  

(1) m e 1  C i rcu i t  

Thm m i c  gror(rty o f  the m e 1  nrct ion l i n e  c i r c u i t  i r  g i m n  
in  F m r  .I11 D-17. Certain c r i t i c a l  pmreure truwducer locatioar 8ro derlgnated. 
Siace mmi+orc al& era i l la tnr# ~ t t a n  p m u r  meuwmoutr, it i r  oxtmwly 
I--t t o  IavwQ-tn thr aaWra of Blw insfmimwmm p e r m r e  d i r t r i k r t i a a  batueaa 
thir truuduaer tha uet ioa f-. A u8wmmd.m -tor i r  nroerury  t o  cusrr r t  
the oaoil;l.tory -ion pmmm mitua at -96 to tha uglitudm at t& ntct ion 
f k r y e  (-10 . 'Phr foUwtn@ UUOJalr aalalatea tha tbiarrtical value for thlr h e t o r  
(~ r -~ /p i r&  sad .Ira predietr the m e n a y  nrganro o f  the h r e l  mot ion  l ino. 

I 

Figure III O-17 rh4wr that thcgalae #emrator i r  8 coarturt 
dirplacment, rucipsocatiry piaton dwloe whiah producer ur orc i l l r f ozy  flov both up- 
stream urd downrtnrar o f  the m e 1  auction lLar torur. 9heniore, usi l lg the U w  o f  
contirruity, the orc i l la fszy flow rel.t$oaahip my k iauab. 

l b  mec 4 orcifl.tory r r a  flow in  orc i l lmtor  (- in. 1 

i = 0 rc iU r to ry  u. ?La, u w t r e u  ('J' -in. 

)L = orciU.tory f l u i d  w b c i t y  u p t n u  (La./mc) 

)2 - omelUtory  f l l d  veloci ty d o w t r u  (in./-) 

2 
15 = met ien p i m  ur (in.) 
I 



III, D, .".a a t6  . i L,jltr (aont .) 

Am - p l r t o n  urn (in?) 
e 

P = p~opUaz& u r  d w i k  (U uoP/d)  

~f the  downotrem -a ir u a u d  to ba r ~ h  p t e r  than tbe upatmu -*a, 
t h e  downatram o r o i l l a t o r y  flov w i l l  br nc#li(libla. 

The o r c i l k f o ~  ~~IAI IM ( a t  a diatlZLOe f frO. tbe ~ O f i o a  ?laage) 18 n l a t o d  
t o  the  f l u i d  m i e n  ma rrrpslerrad by Rrwtongr ' P h M  kw, 

r (r) - IU (t) 'j -PA,~L -fl j: (M 6) 

' P n) = ?+-PC& - f l y  
I 

(m 7) 

where 

t = h e l e t  o f  rktim 8- -IOU f a @  (in.) 

L = t o t a l  a m c t i t n  o f  e0lol.a o f  f l u i d  (b.) 

8 (t) = force at r tm t ioo f  (L)) 

Aaaumiug tbt Qhe d e ~ i t y  o f  tbr mlknt I# m, t& 0 8 o i l 2 l t ~  at 
any e ta t i on  above the  o r c i l b t o r  i r  r o r a  t e  bo 1 p o ~ b u a . l  t o  tbe dirt.aae ikor tBa 
ef fect ive tank bottar. T h i r  d i r t m c e  k der-d a6 b [(b = L - 4  ). 

P ( t ) ~ - ~ j ; h  COa 8) 

HOW, tha oubr t i f u t i on  o f  t he  ti.r d a r i r r t i r r  of -tiem 5 ilrfo Squatloor 8 yhldr 
A 

P ( U  - f PA 
r 

(a 91 



i r  o f  barltr (coat. ) 

whore p ( g) orci-tory prom a t  r t a t i o n  C (mi) 

h -. hoiqht o f  f lui 'd fror r t a t i o n  t o  .%hi; 'o f foc t i v r  
mom o f  tha ka~r (in. ) 

Rrwrl t iqg Equation 9 for r inuro ida l  f l o w :  

whmo I P (f) I - abroluto rrrplitud0 of 0 8 C i U t m  ' ~ 0 8 ~ 0  (pi) 

t .. - tbu (roc) 

w t i m  9 roaa l t r  i n  an inotaatamaur p o r r u r o  d i i t r i ~ i o n  which ~u a I~MU 
var ia t ion from srro a t  tho o f foc t  i v a  mb o f  tho c o U m  o f  f l u i d  to a t  tho 
top  o f  thr peirtr in  tho hul "tonu.? 8 i w r  tha ruct ioa linr i r  m w  fa i rud 
I n to  tha -1 tmk u rhowa i n  P w o  111 .D-17, tho umct  loagth o f  %ha oi 
f l u i d  (L) i r  not knom, but ir ummd t o  be groator t)ua 35 incham ra4 kwr than 
6 inohor. Tho oro i l l a to ry  ~ x o r a r r e  d i r t r i k r f i e n  ?or o i h c t i r r  lm&%ha of 35, 40, 
a . 4 5  tnchor, norml ia rd  t o  tho r t a t i o e f -  26 in., i r  rhowrz i n  ~ ! % w s  III D-U. 
Thr couwrr ion faator Pfm10/Pfr4?6 i r  liven as; 2.89 fop I( - 35 in., 2,22 fbr 
L - 40 in.; urd 1.90 for L = 45 in. 

mir a,action ( w i t h  i: - 26 in.) i r  p lo t tod in F i w o  III D-1P for thrm'himraa~ 
-0s 02 o f h t i r ,  c o U m  loqph, L - 35, 40, urd 45 in. BY a-pg the 
t r m r f o m t i o n  t o  Equation 9 ud rubrt i tuf ia l ;  r - jto , tha O X p O 0 8 i h  llar tM' aretion 
g r ~ r m r o  rarponro t o  'a aouaturt d i r p h a a n n t  excitatPon 18 obtaiuod. 



l r0a ibp I -26 i  10, wd 45 tn,, urd ir, plotted i n  
It .@a a at, ioo. an o r c i U t i a a  gooducod 
• i t 8  0 8 0 U h ~  ~ I P ~ ~ U Z @  W t u d 0  

~ 1 ~ 8 8 f b r r q w ; r r o f f b s ~ ~ c y l .  

It .rbauib ba r a 8 l $ ~ r b  tht t& 8bvo r o l r t i on rh i p  no&& 
tha ~ u r l b U l % y  of the fual. % h i m  umapt ioa  i r  val id  i f  tho "orpa giprw wmotie 
r o a m  m m s ~ r  o f  tha %a& Aim 18 mr& grrator th8a tha f r q w w i a r  o f  inferart. 
T& fu&mu$& w o w t i c  rrloPuvt froqumq o f  tha -1 matian l i a a  sy ba &louttad 
!'ram the nmaaa 

1 L - affoutivm d a l  o? tbw &pa 
I 

Bubrfituting h 0 ipr urd b - 44 lo., it ir tbt %be r-rtio 
f r e e u ~ ~ j l  i r  390 opr. -, th, unurgeloa that tbir minq ir moh lar~mr 
tbrr tha -may o f  iotmmt (5 - SK) om) ir owtalnlg rrPib. 

'PPII rgplroxir ta 'mxaf of  the oxidisor r w t i a n  l i aa  .ab 
.lpd tk bWBb%= o f  tho 6 U 8 f i 0 ~  p08- f m m  W O  lim i n  

k mid ear==, tb &oagtb of tho oxld2ur maim llru ir -tor tbur aar4ixth 
of .rr aoaio$La ~ V B ,  &ngth i n  tha #rJO irrqurnoy , ra ooruidoration mot k (lirra 
t o  tha w r O U & l % y  o f  the f luid. 'Ilrir r ~ r  ba f o r t b o u 8 ~ m l O I r  
by aolvin# #@ -4-i VWm O q U t i O U :  



d - pip dk.rfar  .(la.) 

t - pipa wall t h i a b o u  (u.) 
r - pip ~ u t i @ & , ( f i i )  

h r  8 flnt 8gpodrtim8 it 18 u#rd tht fhr 0 8 0 u -  flow t&OU@h ah. 
ir  n-kiblo -ad to tho aruillatory flow rrgrfrnu f z o ~  fhr ma u l m  tha hol. 
circuit .uwlyrir. koruro of tho hi(lh h p d u w o  a* the Ud tha low Qpodmoa 
at t4a hrol taak, tha auction h a  18 djarJolrllj veqr rkilm to an o m  glp vLth 

a. di8tflblltiQo (m m) fOZ fh. ' -Of- 
or- p i p ,  d t 8 d  to ~ 8 4 ,  18 rhov11 I. III D a . 7 -  ~ d @ ,  
called the ~ e r ~ m - m U t Q . o d 0 ,  .rg br -f.d hmmB@ tha pip -.ad 
the awurtic mrrr valocity ir# Equatioa 13. 

Tho frquoaq nrpoPlra cf tha luction Um fo a grJlr 
generator silanoidal aearknt ioa ,  urin@ thr 8- 8-ad 1 # 1  ahl, 
i r  plottad M Curva A in Piguro 111 D53. Ounm b Qa C a tha d fi@a mmlt 
from I, .ore Bophirticatod .nrlyrir uhtuh motnmtr far orei lktory flew tJrraPlh tho 
pup. The orcillmtmy flow ha8 tho om& of an( brrigipl to tha ma. Zha 
renrlt of Wpiag i r  t o  lower the rrronmt fPaqu~cy rrd ra&aco tha aplttudar.  
The reronmt iZ.rqumcy a8 &cod fram 14.7 up8 t o  13.P cpr far 8 pis of 1.0 
and t o  11.5 cpr f ~ r  B gain of 1.5. m a  pmp that i r  roforrd  t o  $8 tha 
~ h p e  of the d i 8 c b u g . - p m . ~ - v a r u s ~ u c t i m - p n r m  amm [a  (pa)/ 8 (Zbm)], u 
explained i n  Sectioa III,D,O,b. 

mi. dyamic ~ t i o n r  tm ham bmm wad to m i o t  
orcillrrtory perio-• of tho t u r b o ~ u g  are obf.brd ftwm the rrolrirvl or rtrridjr-atata 
~mluer in prup airc-• p n r r r o ,  in  ruotion m r m ,  rab i n  PUPP flow n t a .  
The fonu of the c er i r t ic  &r mo ahowa i n  -4 III D S ~  am pbfr of tho 
p u p  h..d r i r i  (mfpt vmrnu u c h  of tho throe iadopsrdeat p l q ~  r r r i rb l i r r  auction . 



- 
(I). LIZ O 4 4  rbaws thet, 

w-Yu*la &a@@ rbouf thr t q  mint "0" ur @$&red, tJw -0 
u ~ r  be tmted u k$ng llnmr in *  rr(lionof tha o p n t w  wl3lf, m, 
r b p r  of thr ahmetoriatic mamma .rc, ckrcrtbed u tho psrtl&l drrivatirrrr 



-ti- 2% ill tho fha l  ioPlr o f  ma 0 s o i l l B t o ~  rqwtion rrd indiorfu tbt the 
pm,p mplifiwion ir M m t  on.- e ro i lU lax7  o o f  nrOtt6n ~ u e m a ,  
p l up i l ow , r rd~ r rm ,  ~ t ~ m m & o r q p r u r t i t i o r ~ u a 8 . l u t k ~ O r  
mbtnctrd VactorkllJr* 

O l o i U t o s y  data fra thr ! F i a  I1 fw rbow 
tbt the fhcbmtion o f  tho glll(ps -3.W o m  i r  rwll in  tho ?OW - m y  

9 8 0  that tb tar8 iml- bprUa? 8- 4 k nqlautd. -0 thr rw f l rd  
expomaion f o r  tho uqplifimtion iratar . fat 

'Pbo of fac t  o f  aro%iarr grronrro on fhr gurqp tm ir 
rhoim i n  nrpn.' m ~425.  ma o m c t  o f  d .onu i r y  ma maitml mi- p.- 
o r  of i n c l ~ u i  tho o r c i 1 1 . m  ~ l s t i o a  ~ o n u o  w t u d o  (PI) ir to h e r e m a  thr 
@ w e n t  rlop "t 3 o f  tha m-rslirr ion-par- awn. IkonBquatioa 29, 
it- ir noera that an i oe rmro  in fhr ll caua a a t a r r o o m b g  bmrmno in 
tho p p  ~ s r p ~ i f i c a t i o n  i.ctor W/PI. 2-8 o f  PdjPI .rrrrur mactiaa 
prannrro rhould d i e  the uw cbr r rw to r i r t i c r  a8 I D-26, r inco a rrQIctim 
in o r  an incraaao in & both romalt in  a -tor rrJuo o f  a + 1, whieh rhrruld 
t n c ~ e  Wpm. 

Th. o rc i l l a t o r y  per-. o? the q i l l r - f o o d  qmtaa dnwa- 
nt- o f  the yy bo doncribad bg twq  oquatieru wbrich ~orrrrr thr dJPuLo 
characterintic8 o f  tha g w o p ~ l h n t  dincbrrgo &"IIDIa &ad thmot ma-. Wily 
r "luaprd" prrufer -1, which c l v n c t o r i r u  -8ibS.m flew, djRluio 
equation vhich gotnrnr tho frqwney rorgonro o f  the ~419 dime- my&- irt 



where rlod = wellla* o x i d i a u  d i m  l iw  f l a w  

h = o f  the o r c i ~ t o m  a m r  

Equation 24' i nd im ta r  t&t the tbnrrt p m u n  ir g o o p o r t i m  t o  the vector 
nu o f  th. w d i ~ ~  ud f i e 1  tbw rite. ~JCU~U) i f  th- ir aolJ ~ c i U t o r p  
f i e 1  flow (Ufd), #an th. o r c i l l a m  tbrurf oh.kr pauure (w) ir d i rec t l y  
pmgort ional  t o  t h i n  ?Law, From m i a n  a3, i e  $8 romn tbrt th8 oroi l la* flow 
in  th. f u e l  dirahr(r lime (m) i r  p r o m i a a r l  t o  t& o r o i l k -  pururr difference 
(Pfd-Pc) wrwr the w. 'Ihr tb r i f r o t  oi. i n c r r u i r y  the 
oqc i l la terg dir- wuun i 8  t o  ' inerame fb o r c i l h f o r g  flow 
(UM) the re tws  to o m  prirun w t ~ e  [PC). 
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%be objeot iw of ir  t o  prmrat w e . r i o n r ,  f o r  the 

r o o u t f o  ~ p ~ o p ~ ~ t i e m  of a bubble in 8 Uquid and to .how haw fh. 

r i a  lmy be 8ppli.d to the oue of waw 

tAm -ugh a rpixiwe of l iquid unifo dir tr ibutod gu bubble@. 

The uulyrir aaoountr fo r  tbe ef fea t  of the dur- or merg di-tion of 

the bubble8 u w e l l  u t;h& ompUuroe. Bbriouely, the inor#.@ of fh. 

di8Wbut.d aapaaiknoe due to the prerraae of bubbler dll lower the tioa 

velocity of acowtlo  ~ V C I  whi& W v e l  -ugh the l a i x t ~ e .  A m ~ o a d r r g  e f f m t  

of tho pulmting bubbles is to GIUN att  of the a ~ o u a t i o  wrrm due to 

bubble damping. !he bubble 

such b-reremuible bat or acrosa tho bubble -8. 'Phi6 tharaal 

~ P M  i a  te f r s q u a c i m  dnae  &here is l i t t le .norm 

diaeiprtion a t  vrry low &.qusncies when the pulemtioas a r e  imth.rreal and at 

very u g h  irequsncios whul the puisr t iom a r e  adJtabatis. 

B* ACOUSTIC ITP HIB B 

A t  f r~~uonc i e i s  well bdow the reeonmat frequency of the bubble@, the 

acoustic volosity of the mixture may be accrrrrtely predicted by the 

of i m t h e  bubble p-ileations. The eis was f i r s t  applied to tho cmo 

of air bubble6 in mtsr by Wood ia bibliography ontry C 3 9 .  Yoodls respmt i re  

expsessioaa for tho ty, bulk 8oduLu8, and a c o u t i c  velocity of the mixture 



where IF- % -  = 

Although these reaulb w- ob 

entry Call atates that they m e  Ilgv ii %hir .li~ ntio 

botween the two wa is -ti- thrt 

are oon&d.rd in t h i ~  report the flew Ww1M.r of b o a  

Th.refwe the 

the n o  mixture illu8~trat.d in 

for the gas oonoentrrtion i r s  traown. In U e  w e  of a nm-reaetiq grs in jwatd  

i n t o  a liquid w i t h  no emgorrtloa8 meh am ur &/water mlxhra, the &am 

~ 1 ~ .  n t i o  is writtmA 



= E. oonatuat for injaatuat 

Tb = bubble t ~ ~ t u p a  

5 bubble atatio proeura 

5 wdght d&ty of liquid 

h r  tho c a n  of a noa-reaotin( gu injaated i n t o  a liquid with a large 

psamnam, ampomtion of tha liquid will ooour w, thr!; tha volume of 

vill be larger than that predicted by aq (4). haly1mi6 of this 

w and Uorluad (bibliography -try CmlOl  201, hr &own 

that, i f  the e p ~ ~  bubble is totally eaturatad by tha vapor, tha remalting 

d n p o r  mlma ra t io  i e  

whea is the vapor precmure of the vapor. Although this is a good 

tian for tha isothermal injection of gaseous helium into  the Saturn 

propelhate, it does not hold when the initial @as temperature is substantially 

different than tha liquid teaperat-. For th ie  case, # may ba predicted by us@ 

of th c eource theory ae discused by Yang and Clark (bibliography 

c m t q  Dal.2). 

Zha isothernml acoustic velocity for an -/water mixture, as obtained 

by eq (3) is plotted i n  Figure 2. Note that the mintmum velocity of eound is 

ex* l o r  (55 f p d  and occurs at a volume rat io of X =: 0.5* Par 



gma oonumtratiom, the 

and the expre for the m u e t i u  n l o u i t ~ r  q be redwed 

k+=  f i e  heat r a t i o  for  gae 

U t g  r a t i o  for the 

Tbis expression is rrralogou to equation J1 in Appedix P, which &vets the 

low frequenuy aeowtie  ' n l o u i w  for  tbs grrreraliobd rb.orptire line. 

0. BuBBTa CAPcUlf'PANUE AND CONDDe'PANGs 

The aesmption that bubbles pulmte iw  l y i a v a l i d o n l y a t s s r o  

frequency s isce  the heat flow aaroaa the bubble wall is reversible only for 

a quad-static oompredon- on prooess. Therefore the a r u l y d s  of 

bubble dyaamics must auaount for  the th 1 damping induued by the polytropicr 

pulsation8 of the bubble. Additionel dampine i e  aau.6.d by auourrtiaal reradiation 

of sound en- fma the bubbles and r i m o w  &aslping at the boundary of the 

bubble. However, it will be &own tkat at fPoquenuie8 below the lhtndamenhl 

vibrational mode of the bubble, the thermal damphg is ddmat. 

Zha ob jeu t in  of the followhqg analysis is to dekndne  the aaouetiual 

c~pauitaaee aml u o r r d u a ~ e  re la t ive  to themally ooupl.8 owi l l r t iozrs  of a 

bubble, It is amatmod that any m w t h  of the bubble i s  d o w  m that the muall 

amplitude -tioms oeeur about an quilibrd.um bubble radius. Zhe bubble8 a r e  



Accordbq to b i b l i o p p h y  entry c.18, no]3-.ph.rical bubbler behave a8 m o a l  

bubblem of the w e  volume. 

In o d o r  to de-e the c a p r c i t a ~ c e  &nd thermal conductaaue of a 

bubble, a&dw th@ dAffor.ntir3 equation ~ v m i a g  the temperature a d  

tolume fluatuatione of the bubble ahown i n  Figure lb. 

I b v  S . P c r ; )  - i a(&) . - -, r 3 ~ .  r a t  p,c,u at 8 

P = r a d i a l  distance 

= t<a = instantaneous pressure at bubble eurface 
A 

f = T(qt) = instan+meoue temperature a t  radius 

'If ~(r,t) = instantaneolie volume change at radius 

It is &own i.1 bibliography entry C.6 tha t  for  sinusoidal pressure and 

temperature o s c ~ t i o n s  eq (7) reduces t o  

where 
4 ,  

3 )  = complex amplifzzde of T(.V;L) 

eb) = complex amplitdde of f (t) 

solution t o  eq (8 )  in t- OI the osci .uatory V O ~ U . ~  flow vt l (~ ) ,  and 

pressure P ~ ( o )  at the bubble  face is given in bibliography entry C.17 ae 



Vrb = ttanae of bubble a t  8urfaae 

Co = a d i a b a t i ~  bubble capaaitanaa 

= dimensionless bubble capacitance 

d = diplctnsionless bubble conductsurae 

me .not u p r e s e i o n ~  for the puu.t.rs 6 , c , and 6 are 

a 

It should be noted that the bubble capacitance and conductsurce are dependent 

k on frequency since @ is p r o p o r t i o d  to 03 . These parameters are plotted 

versus 6 i n  figure 3 for  air and helium. Investigation of the transcendental 

functions that define and d reveals that they a r e  ill behaved for  small 

arguments @. Therefore, ths  following approximations must by wed for  / l e s s  - 05 



For greater than .5 the exact exgeseaionrs given in eqrr (ll) and (U) may be 

used. However, i f  8impl.r e.pnmdon6 are deadred, C mad d may be .ppro-ted 

by the e x p r e d o : ~  

For a aMU. concentration ( *< ,05) of g a ~  bubbles ia a l iquid  the 

r a t i o  of the gas compressibility to  the l iquid  compressibility is 

Note that for  low frequencies or  small bubbles, the dimensionless capacitance 

is 6 = k so that the gas compressibility r a t i o  is indeed ieothermal as assumed 

in the previous section. Referring to Figure 3, i t  is seen that  the dimensionless 

conductance, which is a measure of thermal dissipation, -shes for  the isa- 

thermal case. Dissipation IS also d l  fo r  the adiabatic case which correagonds 

t o  large bubbles or  high frequencies. However, there is a transi t ion reeon ,  

corresponding to p l y t r o p i c  bubble pulsations, when the thermal dissipation 

is l B t & X h i ~ B d .  



O. B a m  
Th. Tourfew trursforara equation of motion of the bubble, aocounting for  

th t ion and v i s cou  -ping may be written 

whore oe of the bubble 

Lb = inertanoe due to virtual mass of l iquid 

= redstance due to  radiation 10- 

9, = redstam.  due to vilroow 10- 

Gb u conduetanoe due to thermal lo- 

Cb = ~1~.pauitanee of bubble 

Ueing the previously derived sxgreasiQns for  Q,, and Cb, the impedance expro& 

may be written 

NOW th.t E*>> c f r a  14pm 3, we ..J simplify and MI the axpemdonn 

for the acoustic parameters 



t froquan3y of tha bubble Aa o b b i n d  aq (21) ~ J T  dafa=hAq$ 

6) mah that tha bubble rrrofmoa ( dm zb) raniahmcrr 

Thlr i r  tha mbreathbg modeH froquoaoy of tha bubbla, whiloh .y be p d i a t d  mora 

accurately for very amrll bubblaa by accounting for e f f w t  of surface tandon on 

tha bubbla etiffnecrr. By including thir effaat, the m o t  urprardon for tha 

breathing mode frequency i a  given 3 . ~  bibliography entry C.6 re 

where tha adiabatic bra th ing  mod@ frequency and tha surface tension f ~ c t o r  are 

defined re 

f adiabatic brut- (2b) 
mode frequency 

A 2r 0 = \ - [ - ] = surface t-in Iacixn (25) 
Pb rb 

Uith theee definitione, the dimensionleee bubble impedance is 

where = .- dimoneionleee frequency 

5' = +w&(zR)= tom damp- factor 



The bubble damping factor mag be derived by ueo of the re&tanue .xpreseiem 

aeeompnnybg eq (a). !Che effeative oapacritanae may bo adjusted by the faator ? to 

account for surfaaa ten.d.0~~ 

where 

5 4. 6' t Sna + !Srr (28) 

1 2 6  
5* = Te* = thermal damping factor 

= r a i . t i n  damping factor a = a(+) 

Thue the damping faatore are all fbnatioprlly depeadent upon tha B X w d o n l . w  

ceadustance BZ~+'OF aapwitanae, which may be expressed i n  trulrpe of the d i m w e s s  



The oon8t.nt@ @, , be ed the th radiativ8, md oieoow 

. a m  p11'met.r~ m e  d ~ f i n e d  by the quati-  

By the use of the above conetante for  a given gae/liquid mixture, and the 

equrtiona for  the desired bubble osci l la t ion characterietics such as , Ke 
and #,, , the c bsh.8ior of a bubble mag be completely sp8cifi.d. For 

ple, a plot  of the adiabatic breathing mode frequency of helium bubble6 5 2  

the &turn propellant@ is &own in Figure 4. 

P. APPI3cATIOIQ OF TH6 

The application of the genordizsd absorptive transmission l i n e  to the 

ca60 of wave t i s n  through a hemogenous mixture of l iquid and gas bubblecr 

is y accomplished by use of the bubble oscil latory repreeentation derived 

in the preceding sections of t h i s  appendix. Consider eqs (16) and (24) from 

Appendix Dl which describe the charrctsriet ic  impedance and propagation function, 

respct ivolyr  



that in the ori y d a ,  the parmet..rm cdcm , 
slnd were i n d e p d r a t  of frequuray md thus input a b l e s r  In the 

t ion through r bubblr mixture, i t  haa shown that them 

where t(L,l , md b) a r e  defined b eqe (251, (291, and (30). respectively. 

!The isput variables required by theme equations r r e  now % , 6/Q* , @, , , 
ami %. ~h.u o-tanta .y be e v a ~ u a ~  b the graph pwntd in ~ a i  appendix. 

Both tho bubble adAabrtic breathlag mode Ih'oqueney rad ~lproitume ram are 

a t r o e  depad811t on w wqenus. The pMdiotion of the bra* fr.queaa~ 

fo r  W u n  bubbles irr IP;! o r  RP-1 .4r be roompU&ed by uua of nlprn 4. Tor 

I2 



gm ooncen t r a t i o~ ,  the -ahtic ollpaoiknao m#.o i. given by tho a x p  

whwo -# i r  obtained by u~ of .g (41, .q (5) or .p o x ~ o t  bubble m w t h  

th  o mume theory. Por tho o u e  of aogligllP10 propollaat 

mporimtion urd i m  8. injection, Go/\ may bo or 

which i m  a plot  of eq (40) combined with oq (4). 2he effoot of tho prepeXlant 

l i n e  structural e las t ic i ty  hae been included by uw of the followin# equation for  

tho effective liquid bulk modulumr 

B = bulk modulurr of l iquid and e l u t i c  l ine  

P doe E bulk modUlu8 of l iquid d y  

E = elas t io  modulus of wall materiel 

h = l i n e  w a l l  t h i c h e ~ m  

d = l i n e  diameter 

It i a  men from figure 5 that the effect  of reducing the dimen~ionlese w a l l  

Wcknesrs iis to lower the capacitance r a t i o  by means of increasing the effective 

l iquid c ~ p r e ~ A b i l i t y .  

effect of o x y p ~  vaporiaation on the capacitance r a t i o  for ieothennal 

injectia. of holiur in LO2 ii ahown in Figure 6. This plot of eqm (4), (51, and 

(40) i l l m t r a t o s  that the capacitance r a t i o  a t  low prosmure8 is coneiderably 



E. (aont.1 

iemm.d by the offmf of that Figure 6 

&\old bs usd for m avalurtim of imtb injwtloa in U2 wheream 

a 5 i~ ad-te fcr, RB-1. 

tho bubble h p -  tees bo o s t a t d  eqa ( 3 1 ,  

sindo tho Oh. t at tho fpwumd.(~i  s f  ieter.st. This 

a k r  is a funutfon of tha gas th d t y  uhi& is plotted in 

om 7 and 8 for helium and air. Fi 9,  -a 8 d  

eq (311, al lom tho dot 
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The t i ad  -dele developcsd for the frequency remponee sunalysia of 
the Baturn IB mi Baturn IC feed sgs are preeented ia this  rppeadix. Both 

mddl used i n  Pact I and the f inal  mdel used in Part I1 are 

, h e  pr del uas used far  the study of the response 

chasaokrietiua of the n feed sylstem, as well as  an initial evaluation 

of aandidate stabili5ing devices. !bb model i a  sketahed in figure 1, The 

f a  aTlal_vtioal model, ahown i n  Figure 2, weus developed to allow a more 
complete evaluaioa of the rariours feed system atabi l izdq deviaes. Both 

models wore uaed to represent four Saturn feed eyetan conliguratione; whioh 
were the SIturn IB outboard engine LO2 syrstm, the ktw. IB outboard eagine 

fuel eymtrm, the &turn IC outboard engine LO2 eyetom, and the &turn IC 

outboard e fuel. wetem. bcause of the very close aimilau-ity between 

the inboard engine feed system and the outboard engbe feed system, the results 

of these studies are  generally applicable to either ayeten. 

A digital oomputer program has been d e h e d  for each nodal to oompute 

the d o u s  transfor hurotions and impedances which dsmribe the responee of 
the feed sgatem a s  a function of frequency, Both pro u t i l i se  matrix 

methode to oougle the various elements, such as s tabi l ia ing deviaee, motion 
Ilnes, pump cavitation ampUance, pump resistance, disoharge Inpsdance, and 

thEUst ahaJnber ee, 9210 rseulte of the yeis may be preeented as 
Bode (frequency respond  glote of pertinent propulaian system tranefor hnet%one. 
In addition, the aonaplex coefficiente of eBe ~ s t c ~ a ~ c  natriass that de~ofibe 

enah fd bg~tem oleanent rimy be printed out. Once the frequency respome of thesut 
elements is detex~nh.d, i n  tcrmur of a Oearaateristio matrix, this matrix may be 

approadmated u a functioll of the hf lacian variable 8, by numerioal methode, 

Thue the walyt;ioerP wdlel.6 may be uaed to  inmatigate the dynamio characteristiae 

of the eatire pr~pulebaa eyeC,(~~ or any of its major aoaponente. 



1. 

ve use of the e 

.ptTiX th d m  matrix of the 

e n U e  propulsion egrsm oircuit shown in Piguse 11 

where Ad4 w [a$(ui] . to-d * asion m a t r i x  of 
the entire circuit  *Q = [Fp) 3;W) f= input .tat. vector 

* 8 ~ a ~  = [w) .%t4lt- output mtmte vector 

of the individuPl elmmta1 
/ 

where AkLW) m [+$dl= fo-d ~ s d o n m a t r i a c o f  
the kB element 

Fram the circuit  of Piglare 1, it is irmP tely meen that PI and 
i., are the oecillatory amplitudes of the preesure and mlume flow at the tank- 
A 

suotiarr l ine  intorfaue, reepeckively. Obviously, P8 i e  the ornillatory mpU- 

:ude of the motion promsure. However, it is not so obvioue that ig i e  the 

oscillatory fiow modulation due to the vertical oscillatory motion of the pump. 

haall that the foxward transmidon matrix of a 2-port network aaa 

be easily tramformed t o  an admittance or  impedance satrix by ucl. of Table 1 in 

Appendix B. Therefore, alternate expraaeione for the reapoxus of the entk.0 
circuit m y  be lai t ten in t ~ m  of i t e  .Mt tanoe  matrix ' y k ~  or bpdanoe 

matrix %+B 



B,1, Matrix Operations and Resultant Transfer lhmctions (uont.) 

where 

oi,tal- [*@ gh]f- Itexke-n aource now vector 

m e  matrix %$I and its inverse Zt(@) may be used . derive 

the detdred system banafar functions. Us ui& to derive transfer functions 

that rela te  the oeu?aatory suction pressure oacL l l l t i 01~  (Pa(&> ) to the m j o r  

nPogow oscillatory inputs, oscillatory pump motion and oeoillatory tank bottom 

preawrre. First, we consider the input lmpedanoe of the pump i n l e t  by designating 

el (UJ) as  the input and set t ing the tank pre6-e P (U ) to oeo8 
1 

Inspecting eq ( 5 )  it is seen that this defines the rsoiprooal of the input 

admittance at port 8 (the p u p  inle t ) r  

The iapedance Z+(@) may be wd to obtain the t r u e r  function H (a) rhloh 
P 

relc'csa the seci4ac,tory suction preamrre, P (u ) ,  t o  the longitudinal pump 8 
acceleratioli, ? ( ~ 4 ;  

P 

where kp a c r o m ~ ~ o t i o n r l  uea of pump in l e t  

This t rms fe r  function defines the sensit ivity of the feed eyetan 

t;o pump vibratory raotion with mro tank bottom osaillatory premsure. An 

additional feed eyetam transfer funotion m y  be dmrived t o  exprees the effeot 



of the feed ~ 6 -  in the oaae %.hat tudinal tacrk vibration aurses the 

w h e r e  $ and I& a m  o l u n t .  of the oe maw defiaed by BQ (4). 

2 , 
a. &rotion Une  P m e n t a ~  5, P2, and 5 

It i s  seln from Rtgue 1 that the erretioa W e  irr repr-ted 
as three dis t inct  uniform traxmnisaion l i n e  sl.1pm1;8. !Rib haa bmen done ta 

aacount for the variation of muoh parametera u the o r o ~ m o t i ~  w (Ah), 
aooustiu velocity (ao) , r t.noe r a t i o  (0 /0 . ) ,  remnrtor natural 

frequenoy ( (a) , and resonator dam- constant ( %& along the ude of the 
line. Theee variables may be oomputed for  u e h  of the three lengths of suation 

l ine,  
The three suotlon line el be deaur%bad by the 

tran6miasion matrix of the ~ m U s e d  abeorptive l i n e  ao derived i n  Appendix 0. 

Yhen steady state f low effeots m e  included, this matrix i e  given by i q  (39) of 

Appendix D. Of  aourse, the following matrix equation for  the motion l i n e  elanent 
applies t o  the "lossleeen w e  as w e l l .  ae the "losey" w e .  



B,Z,a, auction Line E l r a t s r  q, Z2, and 3 

where 

and 

$64 f = @ - -- = effective propagation function 
\-9, 1 

/ 1 
T r f ~ c r , )  = propagation function defined by eq (241, 

Appendix D 

2' = qtu) = characteristic impedance defined by eq (161, 
Appendix D 

k, = nominal flow velocity in l ine fi 

8, = length of l ine  #L 

The transmission matrices of elements Z2 and B may be obtained by replacing the 
3 

subscript nlB by R2m and "Jn, respectively. 

Element Z4 represents a second order resonator such a s  a surge 

cbamb.r, accumulator, or standpipe, and may be used to alter the feed system 

frequency resgomu. For the purpose of the pel- analysis, the effect of 

vshicle oscillatory motion upon the dpamic performance of th is  device has been 

ignored. Hence the transmission matrix for this device is -.ply a function of 

the input admittance Y42 

The inputadmittance of the aidebranch resonator is given by the expression 
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B818b, Sidebranch Paat: Z4 (oont.) 

% = branch device capzcitaurae 

5( g e n e r a ~ i a  damping factor of th. defice 

Wq = resonant frequency of the device 

o. Series Impedance sLaaent: 4 
Element represents the Bhort length of suction line between 85 

the conoeptual branch device and the pump inle t .  Since the length of this element 

is much shorter than a wavelength a t  the frequencies of intarout, a lumped para- 

m e w  representation may be used. Thus the tranemiseion nurtrix of this element 

is given by the equation 

4(4 - [ ' 
0 ""I \ 

The seriee impedanoe i e  simply 

where 5 = l i ne  inerbnce 

Pg I l i ne  redstaurae. 

d. Pump Cavitation Complianae Element8 z6 
Element z6 ~ C C O U ~ ~  for COEIplbnce of the ~ v i h t i o n  bubbles 

that exist at the pump inlet. The transpriasion matrix for  t h i s  a u n t  eleaent 

i e  similar t o  that of the eidebranch device. 
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B92,d, R u p  O l v i t a t i ~ q  C~@iii~ce Element f - . - ~ i  
. . -- __ - ... 

The complex admittance, Yq, of the cavitation bubble is generally composed of 

an imginary part caused by the compliance of the gas bubbles and a real part 

caused by the polytropic volume osci l la t ion  of the bubbles. 

where C6 = cavitation bubble capacitance 

G6 = cavitation bubble conductance. 

s. ikgine Impedance Element8 Z 7 
The impedance of the engine includes the pump, discharge 

l ine,  injector ,  and combustion process, and may be represented by t h i s  element. 

!this impedance representation of the engine, including the p u p ,  is possible 

only because the pump oscil latory pressure gain in d t y  for  nominal operating 

conditions of both the H-1 and F-l turbopumps. !Phis element accounts for  the 

load impedance oaused by the engine, but ignores the cross-coupling effeot  of 

the opposite propellant feed system. It is seen that  the opposite feed system 

c i r c u i t  is coupled through the common pressure i n  the thrus t  chamber. 

The tranruniseion matrix of the engine impedance element is 

expressed by the equation 

Tke input impedance of the 611-8 is given as 

where 3 r inertance of the d i d m r g e  l i n e s  

5 = reds tance  of the pump, diaoharge l ines,  and thrust  
chaplbmm 



1. ktrdx Operations and b u t a n t  Wmdor h c t i e ~  

2ha t r d s s i o n  matrix laodel i n R r t I ~ ~ t w e l l a u i t ~ t o  

the consideration of the oscillatory preesur?. resporw at more thn two node. 

in the feed eyetem network. Therefore, the mathemtiaal wdel for Rrt X I  

util isee a different technique, called &e nodal admittance matrix method, to 
predict the preesure responses a t  nnultfple 3ooatfons in the food ~8t.1ll. As 

in the m e  of the transmission matrix model, the rbpittanae matrix model u e ~  

the Itbuilding blockt1 approach where the matrix repreeenting the entire e m i t  

i e  constructed from the matrices of the individual circuit  e l ~ t 6 .  

The abi t tanee  matrix q() of the entire circuit  ahown in fQure 2 

is defined by the equation 

where 

v n [ I ] = * o m   soill la tow shunt now vector 

~ h .  9 x 9 matrix T((4 may be formed by use of the equatfon 

0 

where yt (w)  is a modified 9 x 9 a h i t t a m e  matrix formed fro. the 2 x 2 

admittan& matrix Yd4 which represente the 16 element. The following equations 

describe the formation of theee modified admittance matrime for each of the 

individual elmenter 



C,1, Matrix Operations and Resultant Transfar Functions (cont.) 



C,1, Matrix Operations and Resultant !Transfer $unctiom (mat.) 

The matrix &, denotes an nxm matrix comprised of all zerog. 

The 2 x 2 admittance matrix yle(w) w i l l  be defined for each uaiqw element in 

the next section. By use of these definitions and equations 20 thou@ 29, the 

admittance matrix may be computed for  each frequenoy. 

The following transfer functions a r e  defined in tenno of the f i r a t  
order coiactorac A;. (w) , and aecond-order cofac to rs  A$, *L c I ~ )  of the 

admittance matrix %,(a> . These relat ions may he derived by w e  of the 

concepts described i n  Appendix B. 

",*(w> - - A C 4  
= inputadmittance <29) 

4, a t  taak bottom 

= b(((t.4 pLb) = s inputadmittanoe (30) 
-4% qb) r 0 a t  pump M e t  

e n ~ r y ~  $0 

I A H,~R(w~ 
=, promure @a ~ l t h  (32) 

nowoe R$ pump 
.* ly qw+o 
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C,1, Matrix Operatione and Resultant Tranefer Functions (con5 .) 

Wrc@ s - = A ~ I , W ( ~  y+J) I wi+4 Tpj =o 
= pump to  discharge (9) 

pressure transfer 
oaly $Bt*+o jw9C *u0 -(.tion 

= All ,79(4 
= pump t o  chamber (35) 

jd $ A,{u) Pressure t r ande r  
function 

= A17 GC') = tank to suction 
O M I & ~ J ) C O  All (4 pressure transfer (36) 

function 

HI64 a - a 
4 (w) 

= tank to  discharge (37) 
A CW) pressure tranef e r  

I\ f'unc tion 

- - a,&> = tank to  chamber 
A,,'wJ pressure transfer 

(S) 

f u o t i o n  

A s  i n  Part I, A. refers  to  the cross sectional area of the pump in le t ,  Note 
P 

that  eqs ($1, (37) and (38) are special cases of eq (31). Eqs (31) and (32) 

allow the prediction of the distribution of oscillatory pressure response to  

a particular input. Equations (33) and (36) correspond to eqs (7) and (8) i n  

Part I, 



C, Analytical Model for Aart X I  (oent.) 

2. Admittsuroe Matrices f o r  Bach Circuit Elemerrt 

a. Suction Line P m e n t s r  !4,, througk j 
The purpoee of rapresenting the motion l i n a  by dx trmmmiealon 

Una elmants,  m shown ds  Figure 2, is to provide a batter  ap-tion of the 

uudal variation of the g a ~  injection paramotere, euch as gao oapaoibnos ra t io ,  

bubble resonant frequency and bubble damping parmeters. 

The admittance matrix of the kb motion l i n e  element 

(k = 1, 2, . . -5) is obtained by trmeforming eq (10) of this appendix by means 
of the equation glven in Table 2 of Appendix B, 

f 
whera the characterietic impedance (Zclr) and propagation fmct ion (SL) are  still 

defined by the expeetidons accompanying eq (10). I n  order to  repraaent tha oase 

of gas dsjection, the following exprasrsions for  the suction l i n e  distributed 
rlr p u u e t e r s  are  u ~ e d  i n  na lua t ing  Zc,* and Tk 

where ( =  adiabatic capacitance r a t i o  fo r  ldl Une 

hk = adiabatio breathing mode frequency for  ldl l i n e  

= distributed xL.~ou. dampAzq faotor for kth 1 b  



(&& = bubble thermal damp- factor 

(sd)k = bubble radiative damping faator 

Note that eqe (40), (41) and (42) correspond to eqs (371, (38) and (39) in 

Appendix E, reegectively. The various bubble dynamic variables, suoh 

(Ckj$* d ~ k  (ak @q,, i 4, may be evaluated from the resul ts  of 

Appendix E for  each sement of the auction m e .  

b. Combined Side Branch Devlce and Suction Line Element8 86 
The admittanoe matrix of this two port element can be easily 

obtained by modifying the admittance matrix for a single tranemieaion line 

element, aer given by eq (39) r 

where 

Note that eq (43) is ob*ed by simply adding the input admittance of the 

sidebranoh devlce to the Yu element of the a t t m c e  m a t r i x  of the suction 

U e .  



C,2, Ad~~Lttmoe Matrioee for  h h  Cirorrit $Lement (oont*) 

o. k b o p m p  with Cavitation Complimoer 5 
rPhe development of the turbopump dynamio equrtioacl to obtain 

the admfttanoe matrix of the pump is presented i n  Appendix A. The a d m i t h o e  

matrix is given a e r  

where 

Note tha t  the pump is non-reciprocal when the pump is non unity 

(YL2 = Ya). 

d. Combined Sidebranch Device, Discharge Line ur8 Oombuartioa 
Chamb-8 z8 

A e  shown in Figure 2, en t i r e  feed ayatrm downcrtreaa of the 

pump is represented by the element; z8. T ~ ~ E I  o i rcu i t  ooneistm of the aidebranch 

resonator a t  the pump outlet ,  the lumped p a m e t e r  dimoharge l ine ,  the injeotor, 

and the combuetion dynamics of the chamber. The a d m i t h o e  natcix of W6 

c i rcu i t  may bs written by inepeotionr 



C,Z,d, Oombined Sidebranch Device, Discharge b e  &  omb bust ion 'bh..lbur Z8 (cont .) 

Yr8 = input admittance of the eidebranch device 

d8 
= input admittanoe of the diecharge line/injector 

Yk8 = input admittance of the combuetion process 

Zhe admitfances Yd, Yd8$ and Yk8 are  defined by the following equations: 

The equation for the admittance of the combuetion prooesa has been adapted from 

eq (18) i n  Appendix A by uae of the aeeunption that there i e  no coupli* between 

the two propellant feed eyetems. 



Side Branch Devioe - 
Serier IffpsQnoo -- 



Distributed Parameter 
Suction b e  

Side Branch Device 
Near Pump Inlet 

Cavitation Compliance 

Non Reciprocal Sump 

f ,  

Side Branch Device 
at Pump Outlet 

Discharge Line -IT[ 
Combustion Adnittarnce --'m' 

P I G R E  2 PROPULSION SY8T%n MOD& USED IN PART P I  



APPENDIX G 

MEaSUREMWT OF AN ACOUSTICAL BDMITTANCE MATRIX 



A* IllTROMJCTIOIP 

This appendix pxmeee~it8 the  theore t ica l  bas is  f o r  a new method of empirically 

determining the dynamic cbaraotsr iet ica of a hydraulio element. This method allowe 

the mareeurement of t he  ~ c o u e t i c a l  admittance matrix whieh conple*ely ohsrractsrizee 

the  l inear  trsnemieeion of ovci l la t ions  through an a rb i t r a ry  element, a s  a function 

of frequency and opera51on condition. Ae explained i n  Appendix B, the admittance 

matrix i s  l i n e a r l y  r a i a t ed  ?.o other matzicee which deecribe the oscil1at01.y per- 

fozmanr;s of an individual ~ : r - , u i t  elemect, s u ~ h  a s  the ?ransmi~\sion nratrix. Since 

the matrices of' sa.c.h :irouit, eiemerit; m~rst bs c.ombir.ed t o  e r r ive  at, the frequency 

domain model of t he  overail  system response and s t a b i l i t y  charac ter i s t ics ,  the 

admittance matrices of ?.he c r i+ , ica l  elements must be measured t o  improve the  

accuracy of the system analysis.  The admit tar]& measurement method which i u  

described i n  t h i s  apper.dix allows the dy:iamic charah-: t e r i s t i c s  of these cr i t ics:  

elements t o  be exprrimen+,ally def i m d  by re la t ive ly  inexpensive p ~ l a e  tea? s, witah 

l i t t l e  o r  no ap r io r i  knowledge of the dyrlmic behavior of the teet. element o r  

f a c i l  i?y.  

B DIRECT ADMI!t"rANCE MEA- 

The d i rec t  admittance measuremen4; me!hod is eas i ly  foru:d by consideratior. 

of fhe  defining e q ~ a t i o n  f o r  the admit:ance matrix of ar, n-port network. 

where ( = . = rdmittaneematrix. . !. 
1 

The n-port network described by t h i s  equatior, is ahown an f i g u e  1. 



rFet (Reeietanoe) 

Connector (~nertaor) 

a) Helmlnnltz Resonator b) 1/4 Wavelath Resomtor 
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I INTRODUCTION 

The purpose of t h i s  appendix is to  i n t r o d ~ c e  the reader t o  the use of 

matrix methods iri the  arlalysie of the frequency response charac ter i s t ics  of 

the  complex f l u i d  feed syst.en8 commo.nly found i n  rocuet propulsion systems. 

This frequency domain ana lys is  u t i l i z e s  t h e  linearized equati.ons of motion f o r  

each element i n  the system, which describe its response t o  small perturbations 

about a given cjperating poixt. Uhen these l i nea r  simultaneous d i f f e ren t i a l  

equations are Fourier transformed, the resultir.g equations, with frequency as 

the indeperrdent variable,  caa be used t o  determirle the steady s t a t e  freq~tency 

response of the  coupled system. 

The ase  of matrices permits one t o  express the l a rge  s e t s  of frequenoy 

respor.se equations i n  symbolic form, wkrch f a c i 1 i t a t . e ~  :he algebraic manipulation 

necessary t o  o b k h  the  desL-ed systeat t ransfer  f 1mct2.ons. Thus the r ~ ~ m e r i c a l  

calculat ions may be delayed u n t i l  the complett mathematical model is formulated, 

a t  which time the  matrix representation may be e f f i c i en t ly  programmed f o r  a 

d i g i t a l  computes. 

B. ACOUSTICAL IMPEDANCE AND ADMI!PTANCE 

1. Impedar~cs a d  Amt ta r , ae  Concepts 

The pressme a d  weight f l o v  fluct.irations a t  n sCI~it5.c~ o r  "port" 

within a f l u i d  feed system a r e  r e l a t e d  by the f r e q ~ e n c y  response charac ter i s t ics  

of t h a t  system. I f  these fluctzlations a r e  asswned t o  be sinusoidal, then the 

variables  may be wri t ten in tms of the i r  complex amplitkdes. Thus, the 

pressure g ( t )  as a function of time may be wri t ten 

Page 1 



B 9 1 8  ttance Concept8 (cont.) 

W = circular frequency 

t t i m e  

The omil la t ion mpUtude P ( a )  is a complex valued function of frequenuy and 

may be written 

where 62lW = real part of P(U ) 

hCPb)] = nary part of ~ ( c * r  ) 

\Pbu)l = absolute tude of P(w ) 

LPb) = phase angle of P(w 

In  the same faBhion. a &.nueoidal volume flow fluctuation may be written as8 

Using the complex variable notatim, the concept of acoustical 

impedance mag be introduced. Impedance is defined as the r a t i o  of oscillatory 

pressure to an oscillatory volume flow. Zhu, in the simple c i rcui t  shown in 



B,1, Impedance and Admit tmce  Co~lcepts (cont ,) 

figure 1, pressure and f1o.w are  related by the impeda~se Z(w). 

I Zi'w) 1 - a5solute amplitude of Z; tu) 

L Z i b >  =: p.hase angle of Z;b) 

For the c-irc.1-t of figure 1 %he resiprccal of inpedance is the hydraulic 

admittance8 

where I Y ; c ~ )  1 = a b s c l ~ t a  amplitu 5e of Y; (u) 

LXkd -.: phase angle of Y;lw) 

The foUowicg b s c ~ . s s i o n  w i l l ,  delix~eate the use of these 

*immittmce" ( h p e h c e  or admittance) cor:ep%s and matrix me4hods t3 

characterize the frequerizy r e spo~se  of the system, If the system is lirrear, 

then the res t r i c t i an  09 these methods to  the Ezeq~ze~cy doman is not a serious 

llarikatior &ce the inverse Fourier transform may be taken to obtah a e  

reeponse to an arbitrary transient. 

2, rPhaImpedanceMatrix 

For the linear 2-port network shown ir, Figure 2, ths o s ~ i l l a t o r y  

pressure respoue  ar, any port may be fomd by the prinr.:lpal of superpositicz.. 



B,2, The Impedance Matrix (cont.) 

The t o t a l  pressure respozlse a t  the 5.W port is thus equal to the summation of 

the individual responoes a t  that  port due to each of the oscillatory flow 

sources a t  the n porter 

where 2;. (w) = tranef e r  impedance 
J 

E(w) = oscillatory pressure a t  i W  port 

*!&) = osc i l a to ry  flow 'from source the jkb port J 

Rewriting eq (7) i n  matrix form, the defining equation for  the impedance matrix 

of an n port network is obtained 

where Z W = [ z ~ ( u ) ]  = impedance m a t r i x  
t Pm = [7(4 * * a a  ?,(*J1 = o s c i ~ . ~ ~ t o r y  p r e s n w  vector 

vector 

It is seen that the impedance matrix expresses the pressures as explici t  

functions of the flow into  the network from the sources. This equation 

yields the definition of the impedance matrix element; 

Page 4 
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B,2, The Impedance Matrix (cont,) 

The elements of the impedance matrix a re  generally complex valued func t i .~ns  

of frequency. The diagonal elements of the matrix ( Zg(w) ) a re  usually 

ca l led  driving poins impedances whereas the of f-diagonal elements ( Z -.(u), if j 
4J 

w e  ca l led  t ransfer  i m p e h ~ c e s ,  I f  the impedance matrix is symmetric, so tha t  

i t  equals its- own transpose, then the network is  sa id  to  be reciprocal.  

2;. b 3  o Z e j  &> < reciprocal  network 
J J * 

3. Admittance Matrix 

The admit,taace matrix i~ used r.0 r e l a t e  the osc i l la tory  flew 

responses t o  the applied osc i l l a to ry  pressures. Again employing the super- 

posi t ion principal ,  the osc i l l a to ry  "shunt" flow directed i n t o  the i W  por t  

equals the sum of the  flow responses due t o  each of the applied pressures: 

which may be expressed ix matrix form as 

where 

I* Pita) = [?&I *a#ywl  = osc i l la tory  d u n t  flow vector 
S 



B,f, Admittance Matrix (cont .) 

The definition of the admittance matrix element resu l t s  from eq (11) with 

only one preersure eource considered: 

Ccmparison of eqs (8) and (12) reveals that  the impedance matrix 

is  equal to the inverse of the admittance matrix 

The elements of the impedance matrix can thus be detellriined from the firet 

order cofactors and determinant of the admittance matrix 

where A(w) = det v ( w )  = determinant of matrix v(@) 

= determinant; of matrix %(J> 
with is column and 
ja row removed 

It is aeen from eq (15) that, i f  the impedance matrix is nymmetric, then the 

admittance matrix w i l l  also be symmetric. Thus the requirements for  reciprocity 

of a network may be stated i n  terms of ei ther its impedance matrix or admittance 

matrix. 



B, Acousticai hpedance & Admittance (cont.) 

4, Reduction of an Impedance o r  Admittance Matrix 

The order of an impedance o r  admittance matrix may be reduced by 

simply eliminating the  rows and coPumns which correspond t o  prerssures o r  flow8 

t h a t  a r e  iden t i ca l ly  equal t o  zero in the network. For exmiple, if the o m i l -  
I 

l a t o r y  flow at the ia port  is zero, then a new impedance msatrix, ZlrJ') , may 

be constructed by removing the ia  row and the  iQ column from the o r ig ina l  

matrix. 

If the only son-zero flows occur a t  the kP and the  l o  ports  then all other row6 

and columns of the  impedance matrix can be eliminnted, resu l t ing  in an impedance 

matrix of order 2, 



The admitt&tnce matrix of wrr n-port network may be reduced by 

eliminating the rows and columns which correspond to a post with mro pressure. 

Therefore, i f  the iu pressure is zero, the following modtfied admittance 

aquation can be written. 

Coneider the definition of the bpsdance matrix element for this modified 

circuit : 

/ 
This impedance oan be obtained from ths reduced admittance matrix VC~') 
by inversion or irorP the original admittance matrix YiW) by use of the 

sxpredm 9 
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B,4, Reduction of an Impedance or Adnittance Matrix (cont.) 

where A = first order cofactor of yb> formed by 
eliminating the i Q  row and i Q  column 

AG Kbl = second order cof actor of -8~) formed by 
J 3 eliminating the itb and W rows, and the 

i t b  and jtb columns. 

1. General 

The use of a transmission matrix to describe the frequency responae 
is 

characteristics of a hydraulic network pa r t i cu l a~ ly  useful when the network is 
A 

composed of one or  more tandem arrays of n-port sub networks, Referring to 

Figure 3, the typical n-port network may be represented by a transmission matrix 

which re la tes  the oscil latory pressures and flows a t  the "output" ports i n  terms 

of the pressures and flows at  the l'input" ports, The des ipa t ion  of each port 

a s  either "input" or "outputN is quite arbitrary but normally follows the 

convention shown in Figure 3, which applies to  a system with an even number 

of ports. The assumption of an even number of ports is not overly res t r ic t ive  

since an add3 tional "dummy'' port or  node can usually be added to a network with 

an odd number of ports. Therefore, this report w i l l  not deal with transmission 

systems where the number of inputs and outputs are not equal, Such systems, 

which are  discuesed i n  Bibliography H.17, lead to  rectangular transmission 

2. Forward p l a n d s s i o n  Matrix 

For the n-port network shown i n  Figure 3 ,  the oscillatory pressures 

and flow8 at the input port s e t  are related t o  the presswes and flows at the 



C,2, Forward Transmiseion Matrix (cont.) 

output post se t  by the following system of equatiomr 

where P ~ W )  = osculatory pressure a t  the w input port 

?PI = oeoiuatory pressure a t  m e  jtb output port 

q~r*)) = osciilatory flow a t  the w input port 

) = oscillatory flow a t  the j t b  output port 
J 

Writing these equations in matrix form yields the expression, 

uher e 
t 

IP (0) a [fb) # *  p:(w ] = input preBsure vector 
1 

a r t 1P1(4 = [?(a) # *  Qul] = output proemre vector 

t 
Di;*r) = [f 'Id 4 4 .  i ~ ~ w l ]  = input now vector 

t 

I [ w ]  = output now vector 
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C,2, Forward Trarlemission Matrix (cant .) 

When wr i t tm  i n  more compact form, eq (23) defines the farvnrd transmission 

matrix: 

where 

t 
= [ I  t L ]  = input s t a t e  vector 

qb) = [ P ~ I  2 ; 6':w>]t I = output .tat. .scto. 

is called the forward transmission matrix becauee of the manner i n  

which the matrix of each successive element in a tandem chain is a - m u l t i p l i e d  

onto the matrix of the preceding element. 

3. Rearward Transmission Elatrix 

The rearward transmission matrix i s  defined by the matrix expression, 
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C, 3,. Rearward T r a n d s s i o n  k t r i x  (cont . ) 
which can be written as  

where = rearward transmission matrix. 

Comparison of eq (24) with eq (27) revgale tha t  the rearnard tranemieeion matrix 

i a  the  inverse of the forward t r a n d s e i o n  matrix. 

Considering a tandem connection of elements, it is seen that  the 

rearward t ranmiss ion matrix of each element is =-multiplied onto the matrix 

of the preceding element. 

D. RELATIONSHIPS B THE UTRICsS 

It has been shown that  the l inear  frequency respones of an 11-port ne tw~rk 

where n is an even integer may be described by e i ther  of the nxn matrice$, b), 

hc(w), ( w )  , and IB (a). Since each of these, l~a t r i cea  represent a a d l f f  ersnt 

algebraic description of the same physical syetem9 it is obvious that  they are  

l inearly related. The objective of this section is t o  present these rslat ion- 

ships so that  the analyst can alwaye obtain the most convenient matrix when 

given the system nynamic equation8 i n  an arbi t rary  form. 

Page 12 
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D, Relationships Between the Matrices (cont. ) 

The algebraic relationships which permit tyanaformations of the character- 

i s t i c  matrices are  easi ly derived i f  the defining eq (81, (12), (24), and (27) a re  

first partitioned such tha t  the nxn matrices a re  divided in to  four n/2 x n/2 

submatrices a 

As before, the subscript "1" denotes input ports and the subscript "2" denotes 

output ports. The l inea r  relationships between the various submatrices, which 

are eas i ly  obtained by sui table manipulation of theae equations, m e  preeented 

i n  Tabla I of t h i s  appendix. 
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Oscillatory Load 
Source Impedance 



"InputIt Port Set 

f o r  Firs t  Network 

First  n-Port 

Output Port Set 

for  First  Network 

Second n-Port 

I I I I I I 
I I I I I I 

FIGURE 3. TANDB ARRAY OF N-PORT NETWORKS 
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cation to tho So (m) law fnquoaoy aahurtion 

r tab i l l ty  prohlea. In thir p rab l r ,  th. i n m t  

C t o  1000 cpr i r  nqt\icd for  .tho ddirsr and fuol fcrd -Y an To& 8taad t-3 

whore ochumtia 18 &awn in rig 1. A p r i n t a t  at 1 o p  Sntemsh ohall inahdo 

the Urn lomi kPp.duwor, tho InJoetor C O U ~  vtrlx olmmtm,  tho aabilud 

ford 8yat.1~ iiqadurco, .nd tho ua -  mat- dotormlmlt. In addition, it i r  

necrrrrry t o  e 

(OLTP) for  %he GOA on Tort Stand E-3 w o r  e 100 to ap, i ' r q u q  map for 

svery 1 cpr tJhm 

appendix, am appllod t o  tho CW problem I n  tha f o l h & r y  w. 

recalving end h p d m e e ,  Subroutine PUtlC. 

b. C o y u t .  amdin# nd iq.d.aw for 01- @, ,lim 

iniisrik n c o i l r l q  .nd c, b, (lu-%ti;. EIIIIE. 

w d o l )  :to *old tho ~OITIE~ a d  iqmhum for olowat @. 





a e for  a @ br ~kkmtirw 

n e a i v i q  and 

thwo Ut two m@&n& W -rr, rhiah a n  in 

utd our k u tha h a 1  f a d  um a, qq,. 

2. 

and i.pd.ao@ of el-t @ i a  obtained by the 

ncairkrg .ab lmpoduma, a d  blr. tha* r a w  d ~ @ .  in  pualla1,  tha 

uoupling (2 x 2) rt& for the meetor mt ba OBtWwd. ,ma r t r i c a r  

for %g3, Zt2, ZtlJ and Q an obtalmd by ruitabla ura of Subrautiru ALVAL. 

be TA. rhitknor rtri8.r (2 r 2) of and an obtainad 





by uaha(l h W t L n r  UVAL t o  @@ti rirmin om@h# rrdrlooa uab ammr%iry 

m h  t o  $to nro.otirr matrix by 8 ~ b m t i x n  A L ~ .  

d carpUnl matrix of S ud $0 o b k i n d  by 

paultlm coupUIy kt& onto that of Wrau#i me of Subroutin 

mom,. 
d. This oclPbind om- utrlr 10 oonrrrtod t o  .n adnitknca 

mtrLL by Subrautlnm ALTOlt uab then addad t o  tha .ddtf .noa ufrix of by 

0 Q,l i r  narw t r u t o d  80 -8 Qn (LO ni bn and t9ra nrv 

tomblned caupMnl mtrix rr war 2683 t o  field the aodinrd am- bmtrirr of a11 

there a 1  I. 
f. The inJeetor mtrlx ir Mind w p e r r l t i p m n g  

the c o u ~  mtrb  of by thrt otkw a l m m h .  

g. mmuiual 

w h m  tha u tom. yu tho a1IIIRto ad tho ari?4- inJeotor o a j w l #  mtrix. ti 
4. 

8. ma M LS.*toF fcrllp. h.1 .lm @# a the cmpllal  

(6 x 6) mtrirr  for  fhe ~ e a f o r .  (atbrr thur inkt e l a ~ n t  3) m o t  flnf k obtafnod. 

The m t r i c m  (2 x 2) f* Z t l n  at28 %)D wn @ 2 n  Zk3r a U'O 0bt.i- 

by ruitabf. uw of s u b z J o u ~  A L V L  

b. The rbit-• u t r i a o o  (2 t 2) of Z,ln 2 5 ,  2.3, 2&, w, 
Zga2, ud 2084 bp m b t b  UTCllt* 





hadmaul path) te grbarrtiru 

0. - qj, pud bq the Z&, 

zai& ooupl ia l  bq mbr#rtin, m6UL to  tha 0-b- ooupllnl mtrix. 

** -%3 , a m  mt- i r  o ~ t o d  ar ia ( 8 . )  ud 

pmtrrltiplimd &o the ooll~nrld o m  mtrix i r ~ r  (e.). 

I h a  h, 45 maupling mtrix i m  0-tad u b (d.) .ad 

poatmltiplied aRto the oab&nod aftrpUal mtrLr r d t h (  fmn (f. ). 

. I w w n t m  to obtain i t m  o 

i m p o d m m ~ t s l L r i m t b a o  b, (ULm (rdth I(I - 1). 
2 ~ 2 0 ~ ~ ~ q t r L r o f t h e ~ L . g a d n . t ~  

l a  bawobt&w4bpth. ob th. 253, 2%. 53, IIPU. - Of 
impabaue to %to a m l o &  O- mW$ tho -ti-: 



A r e  Uet: (A, B, C j  N) - A, b, ud C a- r s h  r MU- 

matrix army o f  - a l r a r t  r, ma& mtrLr b o a  o f  a* H(2 4 I 66). 
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3. 

Watt (I, At). - ~ r d l 1 ~ 1 a n $ x 2 = t r l e . r  

with camplrx el-nts. 

Rulpore: . % convork 8 4 x 2 o e mtrLt info a 

2 x 2 c m p l u  coupliry ut* bq the I 

"(ll - ~ d ~ a 1  

4. 

Urtr iAL,3t) = both At u3d I[ m 2 x 2 rtrieecl 

w i t h  complex e l ~ R f 8 .  

rsr To eonmrt a 2 x 2 o aeupUn( lutrLn into a 

2 r 2 complex r mtrix by tho 



oi the @ 

i *.a& to: i0m of the 

0 



XM = 1 z i .= ~wrlprfhrbt~ e i  Z 

PI1 = L z(O) - -0 &I d 

7. 

a ; x 2 matrix array of coplut e lwnte,  mi A $8 U, N x I wtrLc atray of acmplex 

elements. 

from its  component two-prt nutria08 (rdrelttmc~e or e o u p w )  for either the inter- 

actins or non-interacting co&igur4tionn air inbiortd bolarr; 

b. Four-Port Non-Internotine Wetwork r 1R - 1 



which a n  the mputivo coupling artriaem of the two mwiaknret in& two-port 

which uu tho m8pwtSvo &9ittUtC6 a t d e e r  of tho inkrrPsfw elnmttr, 



which are the respctiw caapling r u t r i ~ o r  o f  th. t)lm man-inearacting two-pert 

8. Name: GALTOY 

Arynunt List: (A, B, M, El?) - A i o  r 21 x 3# coupling mtrix 

atr follonc: 
9 

9~ ' b" 
- 1  Y A - ------  I.., i Ai] 



Alro, i t  a n  .k ohown tht 



Tho camputationl requonca in thin oan i r  typifiad bp 



F , the innrme e l  

when * 

with the o tioml rrplu811ce bing typiflw by 

* 9 * a e 9 ,  SI ,~ 9 SM,~,J&~ 6#4-fi,(3+t)9***9 'b~48)  g* * &d:l,d 

 he detecmbrrult of the matrix 18 amluted by 

A n t  List: (A, R, C, N, W) - A, 9, a d  C a n  MC)! a 

ntr, each matrix b . 1 ~  of order N(26 N t 6). 

Both matrix ratiitlon and subtsuctfen a n  provided hereby. Thur, when NF = +1, 

we add B o AD ud when NF = -1, we subtract B fran A. 

U. 

Ar-nfi Idst: (2, AL) - 2 is a canpkw iaqwdanaa, and AL is 

a 2 x 2 cmpluc. aaupling matrix. 

Purpore: To fora the cauplim art* when m l y  tho reciprocal 

of the caaplsx admittmar i s  available ar inprt. Th~r, 



ABSORgTIVE LINE A N a W C A L  MOD= 



A. STATE F W  

atBu ilm P&W MI. iaa, b r  been dovolopd for thr  

l o r ~ y  line t r ~ . & w u a a ,  The arioarl MI. prcp.ptioll In.  

Qat wleh ~ U t r i b u t s d  rborptim n 

8ppli.r t o  a m  olrrriccd lorrjr uhiuh utUsmr dlrtributod Kel.holts 

nronrtoer, but r l ro  8ppU.r to  the krbbla fl b, Mob utili-  dlrtrikrtd 

p e  bubbler. The .equivalency of the l o r q  b ud the hubble f i l l ad  line &ad th r i r  

o d d e l  a m  ahom in FQwa 1. It i e  ram that, tr bath aarer, the 

a h m a  l tern (h) i r  or& by tho i#rtmoe and mri-• of the liquid In 

the uin patha, and the @hunt 8QBitt.bbe -(I,) i o  cumod @ the ceibirrtian 

of the liquid mp~oi tame  .ad the rsromtm tame, In the loamy lim, thm rocond 

0rd.r naonrtor is chr. t o  the rlug of l iquid n r a a t i n g  an the orvity camphhmj 

m e  i n  the bubble fluad k, the nro.tm i r  o r u k d  b the "thing mdmu 

(lateat ?r.qumay made of vibration) of the bubble, T h m  rpplluation of tha nmaltr 

of thm uulyai r  of the g ~ s s l i r e d  rbrerptiva t r r i m  b to tta problem of 

prdActiRg tim rave ign c ~ t ~ r t i o r  for  the lormy b and th@ harbblr, 

f i l l ad  auction Um i r  tmkd i n  tb, sat two eeotiosrr, Thm ramlador of thim 

rmotian prorantr t h m  prolimbwy rmrUtr of tho am4olm of tb. w m d  abwrptirr 

t 

The renrltr  of the f n q u a e y  mapmmm . ~ . m i e  of thg abmorptiva ~~c 

tF4M&@&OIh b p m 8 o k d  

The offeot of f roqum upon the tulioua wan pmpa#atian 7 - n  mwh u the ' 

ah.nrckriotia anem, propi&ioa functiaa, 8ttamation funotim, p&w fbmtlon, 

ud m a r t i e  velocity i e  rhom usp l i c i t4  b f r v q ~ a a y  (W) d 

Tbe fol- d l r ~ i o n  mamariser the moult0 of the mmpmm malydr. 



- 
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A, M e 1  Without St  U t e  Flow Effeetr (cant,) 

The iu equation that govern r t  s t a t e  rinusoidal prearurr ud 

flow orc i lh t ione  in  a long transmiorion Une 1s the Fourier tranrfo 

tion, Th i s  equation lrry be written for  either prerrure or flow 

. r 

where ? d c ( ~ ) =  complex ampUtude of v ( ~ t )  
+*)= coaplex amplitude of 3(x,t) 

4 t5t)=4 oocillatoxy component of v o l w  flow a t  dirtanee x 
0 

't(4 = complex propagation ~ o m t a n t  par unit length. 

I n  general, t h e  propagation function (per uni t  length) of a t r r m d r r i o n  l ine  i r  a 

The real. part of lQ (3) i e  called t h e  attenuation iunation and the imm prt i r  

called the phare function. The rational behind t h i r  nomnclrture i r  appmnt when 

o m  coneiderr the solution of Eq (1) for  rlnolrolchl prerrure waver p r o p q p t i ~  in an 

inf ini te ly  long l ine  or  a l i ne  terminated in i t8  c h a ~ c t e r i r t i c  impdmce. Then 

3 = 61- and P0(u) i o  the complex up l l t ude  a t  the Uoluoe ( a t  m); If 

/PO(&)\ and o a n  the abrolute ampfitude and ph.r W e ,  m r m t i n l j  of POW, 

~q (4) may be rewritten 



t& bttmuflml urd 

of the tm-iry waw, o it wy fraa tha maurcm. 

lina by the  following ion: 

For the c i rcui t  of Figure 1, tho mmriea bpwhnam and ohant rdritturcm of o m  mhgm 

or  inc t of thm tnnarpirrion i r  qinn am: 

z = < f u ) ~  j w k +  r, ( 9 )  

Thua t h m  pro ion f h c t i o n  of oar* t 

caplbinrtion of (A), ( 9  j, and (10): 

I,, - h r t . n c m  of luin p t h  

4 = i n a r b m a  of a u n t  p t h  r.roruto? 

Ii,, - nrirtmem of u i n  p t h  

B. - nrirtanem of shunt p t h  neoarrtor - aapaaihnem ckf u l n  p d h  

C8 - couplln( capaaituram r i n  path ud rhPnt p t h  

C, = aapacibwm of r b t  path noamtor  



I f  the co capacitance (C,) and tho 

the aspmrrion fo r  the propagation dunctiaar uy k 

where A -  % - dimbnrionlesr frequency 

w = frequency 

y - n a o k n t  fmqwmy of .  ahunt p.th m o m t o r  

k - cap.citance rat io  h 

Therefore Eq (12). cambined w i t h  Eq (3) ,  m y  be umd t o  predict the attenuation 

function r<(w), the phase function p (a), ud the propagation i\urction r(w) a r  a 
C& 

function of th dimenrionlesr p r a m t e n  Am &, & , &rid F . 
The characteristic impedance i r  a c o m p l u  function which m h t e r  the pmrmre 

surd f l a w  o s c i l l a t i o ~  a t  q r  etation along the inf ini te  t r m d m r i o n  Uns: 

A 8  i n  the a r e  of the proprg.tion c o ~ k n t ,  the chwacterirrtic impdance may be 

expressed i n  t e r m  of the reries bpdance~ and shunt admittance for  one t r u a d r r i o n  

l ine stage: 

Combining Eq (9)r (10). and (U), the u p l l c i t  ucprerdo~l for Zc(u) lcry k found: 



I 

t r t o  F l w  Et?.otr (cant, ) 

A s  W o n ,  t h i s  urpnrr idn k r C8 and b, In t o m  of 

tho ed 

whom ZCO i r  tho a h . m c t ~ r i a t i c  co of a l o m b r r  

(& - Cp* - Cs = a), 88 defined by the atprorrionr 

1 acouatic volocity of tho fluid i n  tho main prth 

A, - cross-sectional a r m  of mrin path 

fi - ncminal maa dondty of f luid  i n  tho mL,n p t h .  

1 t~caustic velocity i n  the main prth i ~ a  g o v o d  by tho uin impdame 

mnd capci tmco,  Again neglectinb( C8 and hD tho equation ?or t)u rraairul acoustic 

v ~ l o c i t y  is vr i t ten 

Thir volocity is not s r o c o s ~ i P y  tho volouitf of r i n  8p iniinita f lufd mdiu, 

Tho 1 8 c m s t i c  velocity m y  be cansiderably roducod by tho s tmetural  aarpliurao 

of the  pipo walls. The e q u t i o m  f o r  b' ud C,,' rm given bow 

S - [+# - acouotic ve1ocitf in an inf ini te  m d  mcllum 

fb - adiabatic bulk modulur of tha n u i d  I n  tho m t h  



A, b d ~ l  Withmt St t a t e  F lm Effectr (cont.) 

E = elastic modulur of the pip l u t e r i d  

= msan diameter of the pip. 

h = thickness of the pipe w a l l .  

It i r  seen from Eq (18) t h d r t  the n o d m l  acourtic velocity i r  indepenlent of 

frequency; hQVlwr, the actual acouetic velocity wlthin the abrorptive l ine is not. 

The effective acoustic velocity for ainusoidal waver propag.ting i n  a o n e ~ n s i o n a l  

t r a d e r i o n  l ine is  ramtimer called the phrre velocity or propagation velocity, and 

i e  generally a function of frequency. The acoustic velocity is  defined by the 

The mve propagation par.metere, which have bean defined for  the *re of the 

infinitely long transmiesion line, m y  be usad t o  define the frrquency rer$:lnw 

characteristic& of a l ine of f in i t e  length. The dynrmic rerponae of a trulumierion 

line may be deecribd by two eharacteristic equations, exprenning the input oecil- 

latory prensure (Pl) and the flow n) i n  tsrmrr of the autput orcilktor)r pre8mare 

(P2) and flow (62). 

where Lt ' is the ' to ta l  length of the transmierion lins. It should br noted that the 

parenthe8es containing the term I1w a f t e r  each function (which iprpllee depudence 

on frequency) have h e n  d t t d  for brevity. Writing Eq (22) i n  nutrix form, the 

following expression is obtainad: 

where the i ~ tN  1.4.1 is  called the trantnnbmion m t N  or tranrfer m t r k  of a 



AD W e 1  Withcut S t  State Flov Eifactr (emt. ) 

Thir rt* .at@ 

tho inpat md aartput vlrriabler. It i r  reen tht the el 

plu functians of fr.quenc~, a r  d e f i n d  (for the 88- of C, 0 )  bg a c*tim 

of ~q (a (a and (l?), However, r rron eomonisnt u p ~ o r s i o a  l o r  the p t ion 

function' par unit lon@h (4) i r  obtairua by ua. of @ (9), ( l l ) ,  cnd (b). 

E q  (16) and (24) a m  the f3mdamsnt.l equatiom which are  wed with .Eq (23) t o  dercrib. 

the  frequenc~ n rpome  c k n c t e r i r t i c a  of an absorptive t?&nd8dotl lin when tha 

coupliqg crprciturce CB and m i n  prth rsri8turce rrr m@i@ble. 

The t r r i sn  matrix d e b i d  by (23) may ba -cod t o  erfrblirh an 

algebnric equation which up re r r e r  the input b p d m e e  of the  t n n a d r r i a n  lin In 

trllmr of the output irpprdancr. Thir equation i r  

where za * = l a d  va CO r 

If the t r u r d r r i o n  l ine  is te tad .n open end, the lord i.lprdurce that 

muxlrher and the ~ ~ 8 i o n  fo r  the  i q m t  e Wmr 

q - h ~ u h ~ &  (26) 

t a r  pro&m~ b88 k.n mitt- t o  

c l the wave propretion and fmquuwy nrpmme prrurrsterc of a ~ m l i u d  

abrorptiva trcmmlarion Ilnr. The pnlhhwy n d t r  of thlr r e  ur p n H d u d  sn 

Figurer 2 through 7. Tha frequency rerposuo plot8 .heu th. of u a h  

pucunuter upon the Zrequenay, eaprcit.nce ra t io  (cr/&), .nd 

comtant ( Jt, ) . 
Th. froquamy raopome of the ch.recterirtic i.pburoe of .n r in 

I 



A, M a 1  Without St State Flow Effacts (cont.) 

t rurmlrr ion ;line i r  ohom i n  Pigun 2. There cu rno  wro obtained fran Eq (16). It 

i o  rean that, for  muh value of t h e  capacitance ra t io  the amplitude of the 

chmrcterirt ic ca dil~p2Qyr a or notch a t  the n o i d e r r  reronrtor 

frequency (A = 1). Tha or p a  occurs a t  a dimnrionless frequency defined 

by the equation: 

It w i l l  l a t e r  be rbown that  the frequency band batmen A = 1 .nd 'A -4 i a  c a l l d  

the "stop bandtt of t h e  absorptive trammisrion lina. Within thi8 frequency hnd the 

mrpitude of Zc(w) increases a t  a p p d t e l y  6 db/octave ud tha p b r e  an& of %(a) 

approaaher 90°. Both of these o b a e ~ t i o n a  irdicate th8t  the inertance (mar  

charac te r l~ t ic r )  of the shunt path is  governing the nrpon8e a t  these froquenciar. 

Both the low and high frequency aarrgmptoter of the characteristic impdmca 8A-O 

independent of frequency. The low frequency arsymptote of &(u) i a  given by the 

equation: 

Figure 2 i l lus t ra tes  t b ~ t  tha high froquemy arsymptote of Z ~ ( U )  is rlmpu ZcO. 

The propagation function, attenuation function, and fuactianr are p l e t t d  

i n  Figurer 3, 4, and 5, respectively. These cumor mra 0btrin.d fran Zq (24) urin# 

the fillowing definitions for  the &ttc.mf tion function and ph8re f'unction: 

It fa interesting t o  note that  the propamtion function, amplitude dirpLyr  a 1-1 

a ~ u d ~ w a  a t  the resonator frequency ( A = 1 )  ud a ainiur at the f r o q u m  a-4. 

Comparison of Fig (4) and (5) reveals that  the attenuation function i r  prodombmt a t  

frequencies wlthin the atop bud ( S ), whorear the phue function i r  



A, WW.1 Withaut St State Flow H f w t r  (oanf.) 

P a t  fnquancies wibhin tho I1parr buld! (th- frsquencies outrrlde tha r t o p m ;  

The attamation fiwtion. for  a d m n  truaa3rr ion l ino ir  obfrrinrd from 

Pi- 4 by miltip- the. onilnata by ,e(s)' .Ild the ab.i.o & *. Tho 
unit.. of &) .n n o p n  p r  d t  1a&h wttich y ba conmrtwi t o  dooibolr (db) 

p r  unit 1- t utip- by a factor of 20 1~ a. ~ r i w  t h e  ur a t i p ~ m -  

t i an  faotorr8 tha piure function of a &van l ine  i r  obtained from F i y n  5. The tnnitr 

of ~'(u) ur ndi.lu p r  unit lan#th. 

The dapndanca of tho actmatic volecity on fratmamy it rhuwn i n  F i ~ a  6, 

which i r  obtainad 2- Eq (21). It i r  earn t h a t  the low firaurncy araymptota i r  

a p p r a c b m t e ~  invorrraly proportional t o  tha caprcitmea ratio, ar da f ind  by tha 

The higr frequency ar8pptote  i r  tha mninul  wourtic valocity i n  the nmin path 

F i n U y ,  the fnquancy nrponra of the bput bnpdama of an a r b i t r u 7  

hydraulic truramirrion Una i 6  rhown i n  Plgura 7, A 8  illuotr8t.d I n  tha mkatch, the 

1l# ooruirtr of an opn-sndrd loaoy ~IMI with p%lcul.r d u a r  of the p s n u t a n  

e/h8 J ~ / & ,  , and <. Nok a t ,  for  tha pwpoe  of i l l u r t n t i m ,  m l ~  tha akolu ta  

uapUtuda of tho jmpdanca i r  rhown. The p)wra ugh i r  not oham. lh hi& upU- 

tud. peak8 wNch -cur at  froquanciar l a m  than tha ohunt nromtor inqumuy a n  

aurcrd th0 1 ~ 4  a c ~ ~ l t l ~  lMd08 of th@ 1% i 0  0- tht th- b 

raroamaarr are dUppld 88 tha f nquancy approacham the "atop Th. lwert 

froquamy l ine nrcmnca I8 tha qryrter mvr l a w  inqu- d m n  by tha foll#in# 

diunrionlars  equation: 



A. ~ ~ b . 1  Without steady-state F ~ O W  Effect8 (cent. ) 

wham 4 - t o t a l  .length of the trurdmmion line. 

The approxiamtion i s  only valid a t  low frequanciem ( I L a  1 )  when tha accurtic 

velocity is 'nearly equal t o  the assymptotic value given by Eq (31). 

0. MODEL WITH STEADY-STATE FUX EF*?ECTS 

It was shown i n  Figure 6 of the preceding rection that  the aceustic velocity 

a t  low frequencies may be greatly reduced by the increase of the r e ~ o m t o r  capaci- 

tance 6. In  certain cares the acoustic velocity my indeed approach the noarinrl 

flow velocity, so tha t  the acoustic mvau travel  famtar dounmtluua than they travel  

upmtrwn, A s  a consequence, the absorptive t~.nmdmrion l ine  bhvam i n  a non- 

reciprocal manner, A discussion of this phenomenon is  pramantad i n  Bibliopraphy 

entr ies  B .a ,B.2b,B.21 ,B. 23, II.24. Ex.per33nt.l data premented i n  en tm 3.23 

indicates that the effect  of flow through an absorptive U e  with di8tribut.d 1arl.y 

damped resonators my  be t o  cause an aplplification of a downrtream traveling mm! 

Hence, it is important t o  understand the effect  of flaw upon wrm propaption mo 

tha t  the desired attenuation ch rac t e r i r t i c s  of the abuorptive tnnmmlmrion l i ne  m y  

be obtained. 

The mthumtical  model of the generalisad absorptive tmnmmlrrion Um, am 

presented i n  the foregoing discu8rion, i s  s%lid only when the m a ~  f l a r  valoaity (b) 

i r  much l e r s  than the acourtic velocity 4 ( ~ ) .  The oparating conditionm of mmt 

propellant feed system are  wch that  the cri terion ha r td  i u  wurrw ntirflod. 

Hawever, i n  the case of an absorptive l i ne  with a vary large distributed oamplhnca 

(C,), t h i s  condition rimy be violated rince the acoustic velocity a t  law fmquaneiar 

( Au: 1 )  is g m t l y  reduced and m y  inda.d approach the mnbal flaw vmloaity. 

Considering the relatively low flow velocity in the Saturn propollant h a ,  the 
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B, libdel With S t  U t e  Flow 'Effect8 (oont. ) 

criterion ;hat w4tlu) may b v i o k t d  In the So tuo carer: (1) th. l o r q  

ruction l ine w i t h  wrqr large reronrtor c o p l i ~ a c e ,  ud (2) the p r  bubble fillrA Un 

with a wrqr large volurar ra.Mo of (r.8 t o  liquid. 

The influence of flow on wivr t ion rrmy be attributed t o  t h m  fudamakl  

effectr:  (1.) c-e i n  the effective acourtic velocity (and hence u w l e w h ) ,  

(2) chmg. In the t ~ n r w r r e  acaurtic pmrrrure distribution acrorr the duct, ud 

(3) chnge of the admittance ch8mcterirtiar of the 8hunt pth remomtor. It i r  f e l t  

that the firrt effect, that of the ch.nge In the acaurtic u p ~ l a @ h ,  l a  the mrt 

important effect  In thegcare of a hydr8uUc t ruurdr r ion  l ine  with dlrtr ikrted 

carpli.nt reromtorr. The recond effect  i r  due t o  the p ~ l o c i t y  grrrdiant aauring a 

dirtort ion of the nplhrre planew (or point8 of equal amplitude and p b r e )  of a tmvel- 

ing uw. It i r  rhawn i n  BibllogmpfV rrntr) B.25 that the o rc i lk to r )  prerrrure 

.mPplitude a t  the duct w a l l  may b 4 affected, even for  law rpod flaw 

( h/q, a at ) , when the acaoratic h (r) apprachw the t r u u w r r e  diPunrion 

(d) of the duct. Hmmr, for  the f rqwne iea  and MIOM of thir Inveatlgation, 

the cor;dition that &A- 1 wlll .I- prevail. P I n ~ l . 4 ,  the third effect i r  

b p r h n t  only i n  the care of the wclarricalw lwri~l Um uhen  a ~ r i e r  of HeMoltr  

nronatora i r  uniformly d i c t r i bu td  In much a that u c h  n r o n t o r  i n l e t  i r  

perpsndicuhr to the flaw vector x. Thin rhu r in& action of thia fler, a c t i w  on 

the part of alug of liquid which orcillatea i n  the nack of the maorutor, wi l l  r e d t  

i n  a ch.n&e of the ruc turce  a r  we11 aa t h e  reriatance of t h e  n r o n t o r  irp.d.nce. 

Hwetnr, the reronator admittance a t  fiequanciea w e l l  b l o w  i t 8  reaanurt frequency l a  

probably not affected w flow alnce it l a  controllad w the cari ty collpll.ace a t  

theam fmquenciea. Thua, it is omon froan the abom diamarion t h ~ t  the change In 

the effective acaorrtic velocity i r  the pripur) aonridemtion I n  the prd ic t lon  of 



B, W e 1  With steady-86ga Flow Effects (cont.) 

tha f low affect8 upon mvo propagation i n  an abrorptivo trrrnrmirrfon lh. Therefore, 

tho following m d y d r  accountr for  only thir affect of flow. 

Tho Fourier t ranrfomd.  equtiona that govern r imroidr l  pmrruro and flw 

fluctuations i n  a moving medium are given a s  

where y is the nominal flow velocity and the remaining noaasnelature i r  the om@ rr 

tha t  of Eq (7) and (8). Note the similarity of there dlfforentir l  .qrutiom t o  the 

Umitr (as Ax.+ 0 )  of Eq (7) and (8). Combining Eq (34) and (35) yioldr tho Fouriir 

trursfomcd one-dimensional mve equations: 

whoro 
t ~ ' c w ,  - [&I.C;Y] - n-1 p r ~ p e t i o n  iunction p r  unit 1-h 

~(4) = - complu mch i.pb.r. 
J"J 

It is  soen that  Eq (36) and (37) reduce t o  Eq (1) nad (2) i f  tho m & w l  flw velocity 

h, 8ppr08cb&c a.m. Note that the complex Mach m m r  apprcwcher tho nr;L Mch 

number i f  the transmission l ine  is lossless sinco a s  the attenuation ftmetion 

appmacher cero, the propagption function becomas purely imglnuy: 

A dircurrion of tho derivation and application of Eq (36) a d  (37) to tho lwrlwr 



uion  rtrix for tb. tm 

the di ifannti . l  rqurtionr given in Eq (36) and (37). Tha f o r r r d  

t ruuJra ion lutrix i a  daflwd by the f o l l o w 4  -tion nl.tiq tha uprtrua 

mriabla~ ( rubrcript 1) .  t o  tha dowmtnur .*ulfebl.s ( rubraript 2) : 

when l@ -.A= r -cY a f h c t i n  prop~@ion -tion per writ l a m  

4 = [z~/Y~P = chanctariatic impedimca of tha 1~*. 

This mntrix Pldy ba compared to tha fonnrd tnnamlrsion rtrh for a line wlthaut 

flow, a8 @van In  Eq (23). Ae kfora,  tho pmntharar contalnhg tha t a n  nd h ~ v a  

b a n  oaittod for bradty. The naiprscity of the cirauit luprmsmt.6 Eq (39) my 

b datamlnad by ning the data of tb m t r h  . -port network 

theom statma that &a&[%] - 1 for a noipmm?- a i u i t  illd &i[qj + 1 for a n o h  

nciprociL circuit (Bibliography antri.8 H.4, H. 5, H. 14). Coaraquontly, it i r  ram 

that the abrorptAn una  with f l a w  i r  n o n - 1 9 C i ~  sinoo 

Tim inprt i.p.durca a t  tha u p r t n u  rtatioa w k found f r m  mip.'latd.on of 

Eq (39). Th. tollawing q y ~ t i a n  nuultr d o h  sy k aapuvd ta (26): 

Tha p n r w n  gCin (tha cmplox l r t i o  of damrtnur pmaurr t o  uprtmm pr#arn)of 

tb lim with f law affoutr '18 also obtdmd frm 4 (39)s 



0, W e 1  W i t h  S t  t a t e  Flow Ef'foctr (cont, ) 

If tho domotroam lmpdance, 2,, oqualr tho chumctorlrtic lqmdume, Zo, then thorn 

will be no reflection a t  Port'2 and the prernrro gain wi l l  be: 

Thir oxproraion is equivalent t o  Eq (4) which wrr a w n  for the l ina  ulth n a w b l o  

rtoady-rate flaw. muation (43) is seen t o  be the rrolution for  a domatroam 

t rawl ing  wave. In a similar fashion, the solution for  a u p r t r m  t rawl ing  wave i n  

a l i ne  wlth no reflection is: 

Equtionr (43) and (44) m y  be urod t o  define the upatream urd dounrtrum propamtion 

f unatiom : 
#' do- - - u p r t r w ~  propagation function 

I - Y  (45) 

tf' 
d+ - - a d o w k w  prop.gtion function I+* (46) 

A s  i n  the care of negligible flow wlocity,  the attenuation function Md phare 

function are, respectively, the real and w r y  partr  of tho cauplox proprjption 

function. Hence 

H' = &[I+] = downstream attenuation ftmction (47) 

#' ( t L ~ 4  upstream attenuation f'unction (18) 

d* = & [v] - effective a t t uau t ion  -tion (49) 

$ - dh Ll01 - dounetrom phase function (so) 
c - k [fl - u p t r u  w e  ~ r m t i o n  (51) 

(g* - ~ I M  [~q - eilmctive phamo runction (52)  



Tbo 8oaur ,Lo veloaitg (phm mlooity) f o r  u c h  o t ion of mm propptim i r  

.cia 0 fmm tho phrro . fha t ioa  f o r  tho prt1oul.r o 

o%,= G . ~ . / ~ b ) t , -  . . (53) 

a'&) = a /p&).= ( 54) 

a'@.) - /@%I - O f f O C t i ~  ph.80 VdOCity (55) 

It i r  oarily rhown tha t  fo r  fraquoncior wlthin tho "pr r  landn of tho abrorptivo 

~ln.. I. l . . d i u m i d ~ ~ r  ir.pu-i.8 d ~ i i r r d  bl tho .xpnrr ion [A< I ,(I+ -it , 
tho dowart- pimro volocity is  r w  4+*&& + ~o y ~ 1 0  tho upat- w o e  

volocity i s  C " = ~ I r r , l - C l o  . ~t ahauld k noted that  A@) i r  tho W r o  

volocity in tho abronco of flow. 

Tho aquation8 prorented in tho fongoing dlrcwrion of tho offoct of flow upon 

wave propgation har boon pro& f o r  d i g l k l  colaprtor rolutllon. The fnouoncy 

rorponaw of the variaur pa term hve boon oolaprted ud a n  proranted i n  Figurer 8 

through 11. Thoro dhanrionlorr frequency nrponro plotr  rhaw tho offoct of flow for  

a particular mluo of the caprcitanco ra t io  ( c I / h )  and damp&qj n t i o  (c). The 

offoct of ch.n@in# tho80 variablor ha8 not ken otudird. 

In th.80 rtudior tho flaw volocity (&) ha8 bom nofvl isod t o  tho acourtic 

v ~ i o c i t y  (4 ) through the puin path, a r  dofiaod by ~q (16). Tho. paruetor  Q./c, 
called tho dbanrionlorr flow velocity. ~ m r  d o d  thraugh tho intorolrl 

[ o 6 4% 6 .coo]. m e  u p p r  l i m i t  war rolactod t o  IMWO tkt tk flaw mloci ty  

approachor tho pimro vdoc i ty  (nofiocting flaw) a t  low fnquoneior (.#A* 1 ), UIO 

of F,q (31) a l l om the ca l cu l~ t ion  of tho dimendonloru a c c u t i c  volooity a t  law . . 
fnpu.nhie. f o r  . s.p.citure ra t io  of 10: 

-~ i ( lun B i ~ \u tn t . r  tho variation of tho c-u  oh m r  w ~ t h  inquomy 



E D  nodel With Steady-State Flow Eff ec t r  (cont . ) 
f o r  an bb~orpt ive  l i n e  with %/& = 10 and 5,- 0.1. Theme requltm, obtained from 

the  definition of %) (see 4 (36) rPld (37% r u b r t u r t h t e  Eq (33). It i r  r e m  thst 

the  low and high frequency asgmptotem am giwn by the  rxprerrionr 

r i m  Lim 'Yb) = q 
u * o  

(57) 

A comparison of the frequency ramponre of the  vrriour propagrtion functions 

fo r  the absorptive l i n e  with C J C ,  - 10, 5 - 0.1 and L/a. - 0.1 L s h m  i n  

F i m r e  9. The propagation functions T: $, 8: and so, a s  d e f M  by. Eq (24), (39), 

(45), and (46) respectively, ore plotted versup frequency. The e f fec t  of flow is 

reen t o  reduce the  frequency of the peak i n  the upstrum propagation function %-and 
* 

the  effective propagation function 3 . Note t h a t  the curlma tend t o  camr.rge a t  
I 

frequencies above the stopband (LD3.33). The law fi.n?juency assymptoter of these 

1 curver mry be uwd t o  compute the phase velocity fo r  each case. Using Eq (21), (53), 

(N), and (SS) ,  the  following values of phase velocity a r e  ~btained:  

phase velocity without flow = Lim I ( w )  = .301 (t a* 

downstrum phw velocity = k &MI = .401 4. 
W +O 

upstrum -re velocity = Cim 6bl = ,201 
W*O 

Theoe o b s e m t i o n s  r u p p r t  the st&tsmenta m.de previauely concerning uprtr#m .nd 

downrtrem p k a e  velocitiee. Note that the elfect ive phare velocity a t  lar frwuen- 

c i e r  is decreased by the ef fac t  of flaw. A s  a reault ,  the  frwuencier of the 

acoustic f1or&an-pipen1 modes which exist at low f rquenc ie r  w i l l  be reduced by 

approximately ll% for  t h i s  flow condition ( t&= .10 & ) . 
Figure 10 i l l u s t r a t e s  the  effect  of flow upon the  effect ive p r o ~ a t i o n i u n c t l o n  



Tbr r w u l t o  rhaw tbt the l av  f r  ( a 4 l )  part of tho cnul. l o  gmat3~ offacted 

u the f lav  vrloaity appr04dl.r the acouotic v.loclty. Wet. that tih. ph.00 mgl. of 

1'1o nagatin a t  low ir.quonciaa t o r  h e  lwmr flew vmlecitcitlo. ~ h o u  mgativa 

p h r a  -08 accur whanavar t h e  abroluto tuda of th. complat WIch ~ k r  axcede 

Pnquoncioo a t  which tha Mach nunbar unplltuda is grurtor thah one c m t e  a 

nrtophndn of tha abrorptiva Une with flau. Upatroam wan propgation i r  prohibited 

a t  thaoo frequoncior. It 18 aeon tht the pharo angla of the  uprtlwn! proprg.tion 

function, rhown in Figura ll, becoma negativa a t  thara frequenciar. Hanco the stop- 

band of tho abrorp;iva l i m  with r tudy-r ta ta  flow affocto 10 ddinod t o  k the range 

of' f'roquoncioo ouch tht the following condition l a  oaticf1.d: 

pi&) - . L$L)l L 0 

A t  f'ruqu.ncior that aatiaf'y t h i r  criterion, tho input hpdmc. of tho absarptiw 

lim, looking uprtrarm, e q u l r  tho c h m c t a r i o t i c  a. Thonforo, acoustic 

modor that  would n o m d l y  occur a t  fr.quancior witPlin thir rang@ in  tho care of 

ru&Lgibla r tordy-rkto flow offoctr wil l  bo nrppmord. 

C. RESOWEE AND ANTIRESONANCE IN A m U U C  T i M S K s S I O N  LINE 

In  tho praoodi!a& two roctiolu of t h i r  app.ndix, t h o ~ o q u t i o ~  that dorcribo 

the  gemml  wrvo propqption p.mmaterr, a8 iunctionr of ?raga-, worn prormtod. 

G r a p h i a  renrl to hrvo h e n  prorontwl that indicate t h . n  uu c a r t a h  conditionm 

which mary caura lwg. attonuations of' a rinuroid.1 acaurtic wave tmwPin(l through 

tho abrorptiw tmnomirrion l i m .  Har.wr, tho application of thorn nnrltr t o  tho 

practicsll. problar of plud4cting tho frequoncisr and o f f a c t i n  duqdnl of tho 

acauotic modor in  a h@mdlc lins h a  not ar yat boon dircurrd.  Tha uoo of tho 

i c a l  rorul t r  t o  a c h i m  thlr goal l a  di rcwHd in thir rootion. 
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C, Reronmce and Antiroronance i n  a Hydraulic Trrnsmirrion Line (cont.) 

The fci lowiqj  diecuerion m y  be dmpl i f ied  i f  we canrider the me% riorple 

baund .~  conditions of the  hydraulic line. Obviourlp, these .nd c o n d i t i m ~  m a t  be 

u t i r f i e d  by the  vibrating f l u i d  a t  the reronmt frequency. For the  p l r p r e a  of 

our preliminary investigation, a ' l i ne  with one end opsn and t he  opposite end clored 

m y  be considered because of i ts close r imi lar i ty  t o  the  %turn suction l ine.  A 8  

ahawn i n  Figure 12, the l i n e  resembles a closed-open end organ p i p .  

Theore t i caw,  the cloeed-open end l i n e  has an i n f i n i t e  number of acourtic 

r e e o m c e s .  The oeci l latory prerevre and flow dietr ibution (mode ehape) f o r  the  f i r s t  

three  I1org.n-pipev modee i e  eketched i n  Figure 12. Theee mode ehaper a m  shown f o r  

the l i n e  with small attenuation. It is eeen t h a t  theee etanding waver identify the 

f i r r t  three  acouetic mode8 a8 the  quarter-wavelength, the three-quarter-velength, 

and five-quarter-wavelength modee, respectively. Note tha t  the  osc i l la tory  preaeure 

he always dietr ibuted i n  euch a wry t h a t  a preeeure I1nodet1 (M) i e  obtained a t  the 

open end; whereae the flow i r  euch tha t  a flaw I1nodet1 (id) is obtainad at the  closed 

end. The resonant frequenciee a t  which these boundary condition8 are m t i s f i o d  a n  

given by the expreeeion: 

where vl = poeitive integer 

Q = acouetic (phase) veloci ty i n  the  l i n e  

4 - effect ive length of the  line. 
# 

The condition fo r  reeonance m y  be expreesed i n  t e r n  of (a , the  p h u e  function per 

unit of length of the Une. .Subetituting Eq (21) i n  Eq (49), it is found t h a t  f o r  

resonance t o  occur, the  phaee function must equal the product of an odd integer and 

w/2: 



of  c l u a d  (and l d d n g  t tha 0- rad), ir uqr~r88.d b t.lrr of .  hyper- 

bolic iuactioa of a 8-a v w h b l a  .a givm in 4 (26) 

*m I&) 
2hir kprd.nca i r  plat tui  Sn F i y n  l3 a8 a fuaatioa of the att.nurtiaa turretion 

(4) urd phu function (P'Q of tho Um. b t a  that the UdlP ap l l tude  of tho 

dimomiderr bpdanco  Z/Zc i r  obkinrd whan tho lib. i r  a t  n romma,  mu that tho 

ph.u funation $&ntiaf lor  E q  (59). Tho affect of iaomrlry tho at tomati= 

fuactlon d& 18 t o  docruso tho d u a  of kpoduwo a t  reroll.noe. Kort tardbmkr 

en trammirrion llno thoory (roo ~ i b l i o g r a h  o n t q  H.19) lirt tho folloubg o q u t i m  

for  tho db.mionlorr Smp.dbnco a t  the rosonurt froquoncyt 

whom an - q ~ ~ t r  factor of tho nlh a m  

flrbstituting Eq (60) i n  Eq (61) wo obtain t h e  followla# r x p ~ r r i o n a  

Tho urpnrniom @van In  Eq (61) urd (62) a n  mlid o w  for  nltirrlf, a * . h a  

of 4&, .ucb th.t 4'4<. 5. l o r  l up r  .tt.n".tionn# tho .ohu of I & J Z ~ ~  4 b' 

0b-d f r m  Figun 13. 

Tho a n t i n m n m t  fmquonclor for  tho clwui-opm and lino a n  thorn fruquon- 

cia8 when tho input i.plclurco a t  tho e lwu i  .nd 18 ablma. Thc n l w  of tho 

p h r o  function for thir condition 18 a w n  a8 

(.$UWm8w0 =&kw nv n-v,a- (63) 

The a n t i ~ s o n a n t  d u e  of impdame i r  u n l y  tho rm8ipw.l of tho nronrnt 
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a) Standpipe Accumulator 
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A, 

The problem of e l  k i n g  eystm coupled ins tab i l i t i es  involving the 

propctllant feed s y a t a ,  cmbmtion procees, and otructural dynamics of a rocket 

vehicle hasl motivated Aerojet-Gmerd d c i s t e  t o  develop generalized methods 

of solution of mch wobl-. During the devaogaaent of the T i t a n  II/Q 

hunch Y U c l e ,  conddaprble effor t  ma devoted to  the developurt of analytical 

en- techniques for  the solution of the Titan 11 "POGOw longitudinal 

i n s t a b u i t y  ~ o b l g ~ i -  n e  s e  of this appeadix is t o  present a description of 

the methodology r e w t i n g  fm~u ef for t  and related programs. 

80 

oycld a t  Aero jat-Oeneral rely 

hmvily on the concepte d e v e l o H  for lin- control rsyetgap a tabi l i ty  

(Ref 71, TBe p c e d u e ~  m e  valid for  mplitude s inue~ ida l  osc i l l a t i~n ts  

of relat ively low frerpuenciee, Thus, the p r o c e d u e ~  discused herein apply to  

syrtem ins tab i l i t i es  in the initial sages of develo~smt.  

Beoauee Aero jet-General i r a  pr ncsmned with the rocket pro- 

puleion system rather the vehicle, the pr aphaaie has been placed on 

the combustion and feed ~ y ~ t g i n  cs. The rsmlt h e  been the d e v e l o ~ e n t  of 

techniques for  detailed y&a of the propellant feed w a t a .  



a. !be nWCfOn System 

Figure 1 i l l u s t r a t e s  schematically the type of system considered 

in the nFOWm longitudinal oscil lat ion problem. The schematic diagram i l lus t ra tes  

the physical relationship between the missile structure and propulsion systea 

composed of the tank, propellant suction l ines,  furbopumps, discharge Unes, and 

t b r u ~ t  chambel-s. 2he complex interaction of these elements i 5 represented by the 

block diagram shown in F'igure 2. Note tha t  tho main nloopa which affects  the l iquid 

system POW mode of oscil lat ion is shown in heavy print whereas the subsidiary loops 

a r e  shown in l igh t  print. Since the structural  response to the thrust  oscil lat ion 

input resu l t s  in an oscillatory motion input to the tapk bottoms and pump inle ts ,  

it is seen that the vehicle structure provides the feedback loop for  the system. 

The following discussion will present the equations which des:ribe the frequency 

response charaoter5stics of the main system elements. A brief desoription of the 

method of performiag the closed-loop s tab i l i ty  sis of the aystea is aleo 

presented. 

b, Feed System Dynamics 

(1) General Methods 

!be propulsion sgstm is treated as a linearized hy&aulio/ 

acoustical network which is analogous to  an electr ical  network. 'Phe impedance 

analog, which is uti l ized here, is applicable to systems with r%latively 

amplitudes of oscillation. This andogg, discussed in Ref  82 is based on the 

similarity between the equations of motion which deacribe pressure and flow r a t e  

ossil lat ions and those which describe voltage and currant oscillatione. Par the 
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purpose of a linearized frequency response analysis of a hydraulic c i rcui t ,  each 

c i rcui t  element may be represented by a combination of acoustical inductors, 

resistances, wrd capacitances. I f  the characteristic length of the feed l i ne  

elements is short re la t ive  to an acoustic wavelength ( less  than 1/8 wavelength), 

the ut i l izat ion of a lumped parameter representation is permissible. For the 

purpose of a lumped parameter analysis the dynamic characteristics of each hydraulic 

element are defined i n  terms of the following parameters: 

1' = P* = acoustical inertance A . . 
(1) 

2w f? = = linearized acoustical (2) 
flow resistance 

I d C = a[= + =] = acoustical capaci tame (3) 

A method successfully employed a t  Aerojet-General for 

frequency response analyrsis of feed system circui ts  cornposed of many interconnected 

hydraulic elements ie to consider each dynamic element a s  a two-port (four terminal) 

network and use m a t r i x  methob to account for their  dynamic intsraction. A s  discussed 

in Appendlx B, the frequency response of the two-port network may be described in 

matrix form as 

["I = [",," """'I [ ""] 
y y  , %l(w) V,(w) 

(4) 

The 2 x 2 matrix k399 w i l l  be referred to a s  a transmission matrix. For a given 

load impdance a t  port n2nj the input impedance a t  port nl" may be expressed a s  



qc4 . . 
Z,(w)= - - - p PZW , where q(w) - - 

) 4u) z z w  + %&u)) ti&) ( 5 )  

A similar expression may be written for the input impedance a t  port "2." For 

other transformations of the characteristic matrices that  describe n-port hydraulic 

networks, Appendix B should be consulted. The digital program wEch performs these 

matrix mmipulations to  compute the frequency response of the complete engine-feed 

system is contained in Appendix C. 

(2) System Components 

A s  indicated in the previous sections, a thorough feed system 

dynamic analysis required that  the feed system be divided into  its different dynamic 

components. The analysis techniques a re  the same for  both the fuel  and the oddizer  
- - 

qstems. The different component par ts  of the feed system are described below. 

(a) Propellant Tank 

The dynamic modeling of the r luid  in the tank depends 

upon whether the tank ullage pressure is affected by the structural. oscil lat ions 

and whether the tank bottom pressure is affected by tne response of the feed lines. 

It has been experimentally noted that for the l iquid system IIPOOOn problem the tank 

ullage tank pressure oscil lat ions are  negligible. Furthermore, because of the 

large impedance discontinuity a t  the tank b o t t d f e e d  l i ne  interface, the tank 

f luid  motion is not affected by oscil lat ions present in other parts of the feed 

system. Therefore, the tank bottom pressure may be determined from the modal 

analysis of the vehicle structure which includes the mass of the f luid  2n the taale , 

and the volume compliance of the tank structure, but igno.res the feed system respops B 
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(b) Hydraulic 'Prananission Line 

For the case of a hydraulic transmission with constant 

f lu id  inertance, capacitance and resistance uniformly distr ibuted along its length, 

the transmission matrix may be written 

where 

A 

*)k [ j m ~ ( j d +  R)] ' , propagation angle 

ZC64 = , characteris t ic  impedance 

It is ahown in Appendix D t ha t  this expression does not hold f o r  the case of an 

acoust ical  lossy l i n e  or  gas injection. However, it is a good appro~imation f o r  

the case of turbulent flow through a l iquid  f i l l e d  propellant l ine ,  For a trans- 

mission l i n e  with a length l e s s  than 1/8 of the smallest acoustic wave length, a 

lumped parameter representation may be employed t o  represent the l i n e  as follows: 

where 

z C ~ I  = j o L +  R , s e r i e s  impedance 

T =' HZ [ j ~ c l  , shunt admittance 



(c) Closed Propellant Valves 

of the transmission l i ne s  branching from the main 

line ape terminated with closed propellant valves. It is gazlerallg assumed that 

the s t ructura l  czompliance of the valve is negligible and the acoustic impedance 

at the valve is in fin it el^ large. 

(dl Turbopump 

The lirrearized di f ferent ia l  ecpations of motion ' 

of the turbopump, as i l lus t ra ted  in Figure 3, may be represented by the following 

equations8 

where /U$ = pump forward pressure gain 

F$ = pump resistance 

Lf = pump inertance 

Kp = pump speed constant 

% = pump i n l e t  capaci tan~e 

A s  a f i r s t  approximation, the constants /CI R and K may be estimated from the 
f ' P  P 

steady s t a t e  pump performance data. Consider the pa r t i a l  derivative expressions 



where the bars indicate the steady s t a t e  component of the pump variables. ?he 

pump gain and resistance a r e  shown a s  the slopes of the 5 vs P curve and 
s 

T 

VIS % curve in f igure 3b, respectively. Although the predicted values 
d 

, R and K obtained by this method a re  not accurate, they should O f A  p p 

quali tat ively agree with the actual values. Dynamic pulse t e s t s  of the turbopump 

are  required to  obtain the precise values of these constants a s  well a s  to  

evaluate the parameters C and L . 
P P 

Relative to sinusoidal pressure and flow oscillations, 

equations (8) and (9) may be written 

where 

i+(d = jwLp t Rp = pump ser ies  impedance 

Y,,(L~) =julCp = admittancedue t o i n l e t  
capacitance 

The uee of these equations requires the assumption that the pump speed fluctuations 

a re  negligible. I n  the case of the Titan system, this assumption was justified for  
I 

d l  amplitude oscil lat ions at  the frequencies of in teres t  (5 to 20 cps) . 



Comb- eqs (13) and (14) yields the rgarwaxd transmission matrix for the pump, 

including the effect of in le t  compliance 

h e  forward transmissian matrix of the pump may be obtained from the inverse 

of eq (15) 

where ' = reverse pressure gain 
r r -  q 

(e) In  jector/Coolhg Tubes 

For low frequencies, the discharge line, cooling tubes 

and thrust chamber injector may be lumped and represented a s  a single hydraulio 

resistance and inertance. For higher frequencies, the d is t~ ibuted  fluid capacitance 

of the discharge lines and cooling tubes must be accou~lted for. Indeed, the cooling 

tube capacitance may become quite large i f  appreciable nucleate boiling of the 

propellant occurs in the nozzle throat sectiofi of tubes. 

In the case of the Titan feed system, i t  was found that 

the discharge system capacitance was negligible. Uith this aempt ion  the trans- 

mission matrix for the lumped discharge l ine and injector may be written 

= u L  t I? + Re = total discharge impedance GCU' J a d J 

Ld = discharge l ine inextance 

% = discharge l ine  resistance . - 

R j  = injector resistance 



B.l (coat.) 

c. Combustion Oynamice 

A simplified model of the combustion charnber c s  has been 

found to be valid for the low frequencies of in teres t  in the "POCK)" model. The 

model includes the effects  of the injection transport time delay and the time 

delay due to the residence time of the hot combustion gases in the combustion 

chamber. In  addition, the effects of mixture r a t i o  fluctuations a re  considered. 

The equation for  the combustion chamber dynamic response is a s   follow^: 

where 

At = nozale throat area 

= characteristic exhaust velocity 

8 = gravitsrtiond. acceleration 

- T 
r = wofif ,  steady s ta te  mixture ra t io  

acy 
a T  - alojpecbf 3c*s virk6s I; curve 

PC = chamber pressure 

't, = injection - combustion time lag  

= residence time of gases i n  combustion chamber 

The factor&Kf and KO are called the-mixture ra t io  combustion conbtants. These 

constants are obtained from the par t ia l  derivatives of the combustion surface 

i l lus t ra ted  i n  f igure 4. 



The eanbust%on time delay, .q , may be estimated by the equation 

where Ij = distance from the injector face to the 
combustion zone 

IPhe residence time delay, r, , may be approximated by the following equation 

where k = specific heat m t i o  

l? = (chamber volume)/(area of nozzle. throat) 

= characteristic l q t h  of combustion chamber, . . 

Relative t o  sinusoidaJ Faoaure mti fLw fluctuatAons, eq (18) may be rewritten 

h 
in tms of the equivalent hydraulic impedance Zk of the combustion process8 

where 

It should be noted that this  omb bust ion dynamics equation neglects such acoustical 

effects as wave propagation i n  the thrust chasber and the variable impedance of 

the nozzle throat. !Thermodynamic effects, such as entropy vairiations throughout 

the dumber, a re  also neglected, However, in the range of frequenoies of interest, 

the aforementioned effeots a re  negligible. 



dm The Nozzle 

A t  low frequencies, the ac t ion  of the nozzle in converting the 

products of combustion i n t o  th rus t  is represented by the eteady s t a t e  t h r u s t  

equation 

where At = a rea  of the nozzle t h roa t  

CF = t h rus t  coef f ic ien t  

n = number of rocket t h rus t  chambers 

= t h rus t  

It is assumed t h a t  the  e f f e c t  of pressure f luc tua t ions  on the value of the 

th rus t  coef f ic ien t ,  CF, is negligible.  

o. St ruc tu ra l  Dynamics 

The f r e e  vibrat ion modes and frequencies of the combined vehicle 

s t ruc tu re  and propel lant  tank system must be determined f o r  inclusion i n  tiae 

ana ly t i ca l  model. This combined f lu id-s t ruc tura l  system i o  analyzed by breaking 

i t  i n t o  d i sc re t e  elements and describing the  compliance and i n e r t i a l  propert ies  

of each element. A technique commonly employed fo r  the vibrat ion ana lys is  of 

su th  systems is the  IIoltzer-Myklestad method. This method has been programmed 

f o r  the d i g i t a l  computer and may be employed fo r  handling 100 d i f fe ren t  elements, 

each having s i x  degrees of freedom. 

An example of the Ti tan s t ruc tu ra l  dynamic model is shown i n  

Figure 5. Each element of the system, including the propel lants  i n  the tanks, 

is represented by a mass-spring system and the e n t i r e  network is coupled as shown. 



Using the generaliaed coordinate approach, the following response 

equation may be written for each mode of vibration 

where t h  = modal displacement at the k s  atation i n  the i- aode 

t h  :&= acceleration at the dk station i n  the i- node 

t h  
5; = damping ra t io  of i- made 

tk  
Oi = frequency of i- mode 

t h 
qi = generalized force acting on the i- mode 

The modal displacement, A&, is defined as 

where 
n t 

= g ,W!& t h  
Mi  = generalized mass in the i- mode (25) 

th Mk= mass a t  statLon 

th = normalized modal displacement a t  b station 

The geueralized force in the ia mode. caused by the application 

of thrust f, at the engine station "en ant\ the suction pressure reaction at the 

pump station "plN is given by the expressLon 

where Fe = thrust of n thrust chambers 

q !  = normalized modal displacement of engine station 

% = normalized modal displacement of pump s b t i o n  

*II = to ta l  fuel  pump suction area 

= total oxidizer pump suction area 
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f. Stab i l i ty  Analysis 

The combined thrust  chamber-feed l ine-structural  system may be 

expressed as a closed loop system by the signal flow graph illustrated i n  Figure 6 

where the t r a n d t t a n c e e  are determined from the interact ing dynamic equations 

formed by combining the previous analog network relation6hips (Ref 1) .  In  such 

a form, the following system open loop s t a b i l i t y  equation can be developed f o r  

the system opened at the point representing system thrizst. 

Standard techniques fo r  s t a b i l i t y  analysis  may then be employed fo r  determining 

the s t a b i l i t y  charac ter is t ics  of the system. The Nyquist c r i te r ion  may con- 

veniently be u t i l i zed  fo r  examining the open loop response of lumped a s  well a s  

distr ibuted p a m e t e r  systems. I n  lumped parameter systems, the root locus 

technique is especially useful. Specific examples of the application of the 

Nyquist c r i t e r i a  w i l l  be discussed in subsequent sections. 



g, Compensating Devices 

With the a id  of a s tab i l i ty  analysis, i t  is usually possible to 

synthesize compensating devices to  make the system more stable. Aerojet 

dgnamicists have experience i n  the design of passive compensation devices which 

modify the dynamic response of the propellant feed system. Such devices are 

designed to  detune a system by providing attenuation at a given frequency or  

by phase shi f t ing the resonant f r  squencies of osci l la t ion in to  a more stable 

operating regime, Figure 7 i l l u s t r a t e s  schematically the following devices8 

(a) a Helmholtz resonator, and (b) a quarter-wavelength resonator. The figure 

presents both a schematic and an e lec t r i ca l  d o g  of the acoustic c i r cu i t  

for  each device, *om the l a t t e r  diagran, the acoustic impedance of each device 

can be determined. For example, the Helmholtz resonator impedance is  expressed 

by 

and the quarter-wavelength re5,onator impedance is expressed by 

2. Titan II 'tPOOOn Experience 

a. Flight Data Analysis 

During the developmental f l i gh t  test ing of the Titan I1 missile, 

i t  was discovered that the vehicle experienced a severe longitudinal oscil lat ion 

during first-stage operation. ura oscil lat ion amplitude occurred at  11 cps, 

although the frequency of ins tab i l i ty  tended to  s h i f t  during the f l i gh t  &om 10 



epa at  the start t o  13 cps at the end of the in s t ab i l i t y .  Although the  amplitude 

of the  osc i l l a t ion  did not  cause s t ruc tu ra l  barnage t o  the vehicle, i t  was found 

that the vLhration would ser iously impair the effect iveness of the astronauts  

during the  boost period of the G e m h i  launch vehicle. Therefore, Aerojet-General 

and the other  Titan I1 contractors  began a concentrates e f f o r t  to  suppress o r  

eliminate the  undesirable longitudinal  vibrat ion cha rac te r i s t i c s  of the propulsion- 

vehicle  system. 

!&e Aerojet-General ana lys is  of the f l i g h t  vibrat ion and p- A essure 

osc i l l a t ion  data w a s  accomplished by use of spec t r a l  ana lys is  and narrow-band 

f i l t e r i n g  equipment. This ana lys is  of the osc i l la tory  pressure data was useful 

in defining the  acoust ic  mode resonant frequencies of the propellant suction 

l i n e s  as well as the apparent "gain" o r  pressure amplificatior, of the propellant 

pumps. The r e s u l t s  of t he  ana lys is  of the data from the f i r s t  few f l i g h t s  revealed 

t h a t  the fue l  pump displayed a very high gain. It w a s  found that the magnitude of 

the  pump gain was inversely proportional t o  NPSH (net  pos i t ive  suction head), so 

t h a t  the gain coqdd be decreased by an increase in suction pressure. Although the 

spec t ra l  ana lys is  of propel lant  suction pressures did not completely define the 

suct ion l i n e  resonant frequencies, there  was some indicat ion t h a t  the fue l  and 

oxidizer frequencies were 10 and 18 cps, respectively. The oxidizer suction l i n e  

resonant frequency was par t icu lar ly  hard t o  define by means of power spec t ra l  

density p lo t  because of the  r e l a t ive ly  IrLgh damping of this acoustic mode. 

As a r e s u l t  of analyzing da ta  resu l t ing  from the f i r s t  Titan I1 

f l i g h t ,  the following objectives were establ ished f o r  subsequent f l i g h t  testing: 

(1) Improve the f l i g h t  instrumentation-telmetry system fo r  

the purpose of the acquisi t ion of va l id  dynamic amplitude and phase data. 



(2) M u a t e  the effeot of adding surge chambars and/or 

accumulatorfi to the oxidizer and fuel  suction l i ne s  near the p u p  inlet. 

3 Evaluate the effect  of wrapping the ofidizer suation 

l i n e  and turbopump with thermal insulation. 

(4) W u a t e  the effect  of increasing the propellant tank 

pressures and decreasing the propellant temperature* 

h regard ix the first objective, i t  was necessary to (1) add 

more low frequency accelerometers to define the fehicle mode shape, and (2) close 

couple the existing pressure transducers tc obtain adequata pressure amplitude and 

phase data. Accelerometers were added to  the pump frame, engine frame, and missile 

struckure longeron. These additional vibration measurements revealed that each 

s ta t ion was vibrating in phase, although each accelerometer tracre d i ~ p b y e d  a 

dis t inct  second harmonic component a t  twice the frequency of -the primary cromponent;. 

The pump acceleration data indicated that the turbopumps diklaged a rocking mode 

a t  appro&nately 20 Cpsa A t  the frequency of instabil i ty,  the longitudinal 

acceleration of both the fuel  and oxidizer suction f3-anges were approxhately 

equal. 

Increased tank pressures were first evaluated on Missile N-4, 

The resu l t s  of this t e s t  were very encouraging in that  chamber presrmre oscilla: 

tions a t  the time of maximu missile oscil lat ion were reduced from 100 ps i  ( p p )  

to 40 ps i  ( p p ) ,  The next missile f l igh t  with increased tank pressures was N-13, 

followed by N-l5. The resu l t s  of these t e s t s  were more successful with the maxiaum 

PC oscillations reduced to 25 psig, peak-to-peak. The ra t io  of fuel  discharge 

pressure to fuel  suction pressure were noted to be lower on these f l ights  than 

any @or flights. The use of colder propellants as another method of increasing 
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head Finessure due t o  the mall.er vapor pressure and greater dencity w a s  

considered. 

During the early Titan 11 t e s t  f l ights ,  temperatures in the area 

of the f irst-stage engine compartment were noted t o  be i n  excess of 1000eF. It 

was thought by some tha t  the intense heat might cause locrl ieed heating of the 

propellants at the pump, specif ical ly the oxidizer, and thus causing the pump to  

see the ef fec ts  of an oxidizer localized boiling condition brought on by the high 

er-e compartment temperatures. The oxidizer l i n e s  and the upper portion of the 

pump were wrapped on two m i s s i l t b s  with a thermal shielding type of material. This 

thermal insulat ion appeared t o  have no ef fec t  toward reducing any of the previously 

experienced osci l lat ions,  

On Missile N-12, surge chambers were added to  the oxidizer suction 

l i n e s  9-1/2 in. above the pump suction flange. The surge chambers were nothing 

more than a standpipe 4 in. in diameter and 26 in. in length, The surge chamber 

a c t s  as an energy absorber on frequencies near its tuned range, That is, i t  w i l l  

suppress osc i l la t ions  in the 9 t o  13 cps range i f  adjusted properly. The height 

of the l iquid  column is a function of the nominal suction pressure and original  

volume of entrapped gas. 

The f l i g h t  data from Missile N - U  revealed that  the insert ion of 

oxidizer devices caused the suppression of oxidizer pressure oscillations. 

However, since the fue l  a c t i o n  pressure was low on t h i s  f l ight ,  thus result ing 

i n  a high fue l  pump gain, a re la t ive ly  large amplitude ins tab i l i ty  occurred at 

a f l i g h t  time which w a s  later than previous f l ights .  It was apparent from these 

resu l t s  tha t  accumulator devices must be usled on the fuel  suction l i n e  as well as 



on the oxidizer suction l ine.  Tharefore, Hartin Co, personnel designed a fuel  

accumulator which u t i l i zed  a piston supported by a c o i l  5pring to achieve a 

dyaamic vibration absorber ef fec t  at 11 cps. The caubincd 18POQ0 con- 

s i s t i n g  of both the  oxidizer standpipe and the fue l  accumulator f i r s t  tes ted  

successfully on Missile N-25, which di-layed a longitudinal auueleration 

amplitude of ,125g at the payload station. 

b. Titan XI Fuel Pump Redesign 

Early in the =tan XI/Genrrtni 'gRX3018 investigatLon, i t  was dis- 

covered that the fue l  pump tended to display a large  18gainw or  amplification of 

suction pressure osc i l la t ions  throughout the operational range of NPSH, 2M.s high 

g a b ,  whj.ch c o n t r i b ~ t e d  to the destabil izat ion of the 18POCK)" loop, w a s  at.tributed 

to the re la t ive ly  poor cavitat ion performance of the %el pump d u d q  operason 

at nominal operating conditior~s- !l!hmefore, a progren: was i n i t i a t e d  at Aerojet- 

General f o r  the p w p s e  of modfying the  pump t o  improve the cavitation performance. 

It was decided tbat tbs  objective could best be achieved by modifying the p a r t i a l  

vane and i n l e t  -Jane conf igcat ion and i2.measkqg the impeller solidity. The 
'I' 

sol id i ty  (B ) is defhed  by the equation 

7 blade chord - Y7C 
6 = blade spacing - mp 

n = number of inducek blades 

C = blade chord 

r = inducer t i p  radius 



The effect  of the pump modification is shown in Figure 8, which 

is a plot  of the stead.y-state pump discharge pressure versus the steady-state 

suction pressure for  a nominal fuel  flow ra te ,  It is seen from this steady-state 

performance curve that  the ef fect  of modifying the pump is to s h i f t  the knee of 

the curve to a lower suction pressure so that  the slope of the curve, and thus 

the pump gaas, is decreased for  a part icular  steady-state suction pressure. 

Dynamic tas t ing of the redesigned pump, both at  Aerojet-General 

a d  liartin Co., indicated that the aodifications were indeed successful in 
* 

recucing the pump gain, Although the gain depended on the value of nominal 

suction pressure (NPSH) and the suction pressure amplitude, the reduction in gain 

w a s  approximately 25 t o  50%. The fuel  suction l i n e  resonant frequency w a s  

increased by the insert ion of the redesigned pump, This increase in frequency was 

caused by the smaller cavitation compliance ( for  a given value of suction pressure) 

of the redesigned pump as compared t o  the production pump. In conclusion, the 

various investigators agreed that  the redesigned fuel  pump displayed desirable 

dynamic characterist ics,  but that  its use in the manned Gemini vehicles w a s  

prohibited by the lengthy qualif icat ion t e s t  program, 

C, TBETING 

1. Preliminary Titan I1 "POCICItt Testing 

&rly in the Titan I1 POGO investigation, Aerojet-General in i t i a ted  

a ground t e s t  program t o  determine the contribution of the propulsion system, 

including propellant feed l i n e s  and turbopumps, to  the first-stage missile 

o s c U a t i o n  problem, A subsidiary objective of this preliminary t e s t  program w a s  

t o  achieve limited dynamic tes t ing of the second-stage engine system since flight 



data had revealed that the vehicle experienned low-level longitudinal Instabili ty 

during second-stage burning. S h e  the POa;O oscillations w s r s  nore severe during 

first-atage fl ightl  more emphasis was plaaed on dynamic testing of the first-stage 

(-747-5) engine* 

The objeutives of the prelimiaarg first-stage engine test program werer 

1)  determine the fundamental resonant frequency of the ofidiear suotlon line! 

2) investigate m e  oscillations at both nominal and low pump suction pressures 

(NPSQ ; 3) d e t d e  the oscillation transfer characteristics of the propulsion 

system; 4) determine the structural resonant frequency of the turbopunrp assembly; 

51 determine the effect of adding stiffeners between the pump frame and engine 

frame, a;ld 6) investigate the flow conditions at the pump inlet. 

The fundainental aeoust.ic mode of the ofidizer suetion line w a s  i n i t i a l ly  

excited by means of sudden closure of a cut-off wive which was installed a t  the 

pump inlet10catAon~ The resulting waterhemmer oscillations indicated that the 

quarter-wavelength frequency ranged from 17.6 to 18.6 cps, depending on the 

temperature of the o d d i u r  ( ~ ~ 0 ~ ) .  Comparison of this data and f l ight  pressure 

spectral density data indicated that the dynamic coupling of the suction l ine  and 

turbopump during engine operation tended to reduce this natural frequency k, t':e 

8-12 cps range, 

Dynamic instrumentation was added to the engine to measure low 

amplitude pressure oscillations throughout the system. Special low amplitude 

delta pressure transducers were used, with one side plumbed to a steady-state 

reference preswrre so that only the dynamic oscillatory preswrre amplitude was 

reaorded. W i t h  this special instrumentation, engine f i r ing tes t s  were mde under 

nominal operating conditions. All pressure parametars displayed low frequen'ay 



oscillatory components; however, the observed frequencies were random within the 

frequency band of from 9-16 cps, when the engine was operated a t  a very low fuel  

suction pressure (13.5 psia), i t  was noted that the engine system experienced a 

very definite se l f  excited oscil lat ion in the 10-12 cps frequency range. It was 

observed that, when the fuel  suction pressure was decreased still further (12 psia), 

the frequency of the fuel  discharge pressure suddenly doubled. The result of this 

second harmonic in the fuel  c i rcui t  was to decrease the amplitude of the chamber 

pressure oscillation. Although the self-induced oscil lat ions of the engine system 

were noted on other low fuel  suction pressure tes ts ,  the exact mecha~ism of the 

ins tabi l i ty  w a s  never determined. It was l a t e r  theorized that this phenomenon 

was caused by a "POGO1' ins tabi l i ty  of the engine t e s t  stand combination d a c e  

the frequency of the fundamental vibration mode of the t e s t  stand structure was 

observed to range from 8 to 13 cps, depending on the mass of propellant in the 

tanks. Since the structural  damping of the structure is probably much p e a t e r  

than that  of the %tan 11 vehicle, the fuel pump gain must be very large to cause 

such an instabil i ty.  

The transmission of oscil lat ions through the first-stage engine system 

w a s  studied by exciting. the system w i t h  a nearly sinusoidal pressure oscillation 

in the oxidizer suction line. The pressure oscil lat ion was induced by use of a 

rotating ba l l  valve (tweeker valve) which connected a d l  bleed-off l i ne  t o  

the oxidizer auction line, The valve was driven by a varidrive motor, the frequency 

of which could be varied from 5 to  15 cps. !l?he resulting oscillatory flow through 

&his valve resulted i n  induced suction l i ne  pressure oscil lat ions of 40 to 50 ps i  

(peak-to-peak). Although this system was adequate to  excite system resomaces in 

the 8 to 11 cpe frequency range, i t  was found that the fuel  system responded to 

the oxidizer excitation with very small oscillatory pressure amplitudes. The 



oscil lat ion kransfer characterist ics of the fuel  pump could be mea6ured only at 

a frequency of approximately 10 cps when relat ively large amplitude fuel  pressure 

oscil lat ions were experienced, The pressure amplification across the flael pump 

appears to range from 3 to 10, depending on the fuel suction pressure. The 

oxidizer pump amplification r a t i o  was found to vary from 1 to  2 -or the normal 

range of pump operation. 

The structurel  resonant frequencies of the turbopump assembly (TPA) 

were experhentally determined by means of a "twangn t e s t  of the =A, when 

ins ta l led in the -74-5 engine, For the pur~oses  of t h i s  t e s t  the engine 

was mounted in the engine t e s t  stand and a longitudinal load was applied to the 

turbopump, 'Phe sudden release of this load resulted in transient vibration 

response of the WA which w a s  measured by use of di f ferent ia l  displaaement 

%ransducers on the suction l i n e  bellows and low frequency accelerometers on the 

turbupump housing, 'Phe results indicated that  the first and second longitudinal 

vibration modes of the structure had frequencies of approximately I5 and 27 cps, 

resp,=+;tively, Pie 15 cps mode w a s  associated with the t e s t  stand mass-spring 

resonance, whereas the 27 cps mode appears b be the "rocking moden of the 

turbopup, w i t h  the pump housing pivoting about the offset  mountbg points,. 

The resu l t s  of the Aerojet-General " t w a n g "  t e s t  were latar ~ e r i f  led 

by vibration t e s t s  of the Missile N-3 conducted at Nartin Go,, Denver, A t e a t  

f ixture was insta l led which w a s  capable of transmitting a longitudinal ornil latory 

foree from a shaker to  the turbopump outboard brackets, !!!he result ing fiequonag 

response data indicated that the pump rocking mode frequency, with the mation U e s  

filled with propellaut, is 18 cl;sc It was found that  this resonant frequenay could 

be inoreased to 22 cps by additional s u p p r t  oP pump frame, me effect  of imr 

22 
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the pump mode frequency by stiffening the pump frame upon engine oscil lat ion 

characteristics was evaluated by a ser ies  of seven engine t e s t s  at Aerojet-General. 

The conclusion of these t e s t s  was that  the increase in the pump rocking mode 

frequency was not effective in reducing the amplitude of pressure osqillations. 

For the purposes of a qualitative study of the flow conditions at the 

pump in le t ,  a transparent luc i te  suction spool was -tailed on the oxidizer pump 

which allowed visual inspection of the pump in l e t  flow patterns. &&-speed 

movies were made of the flow patterns during pump operation at  both high and low 

suction pressures and flow rates. The resu l t s  show that, although very few bubbles 

exis t  in the inducer section with high suction pressures and flows, the volume of 

bubbles on the backside of the inducer is increased by decreasing suction pressure. 

A s  the pump suction pressure approached the minimum NPSH condition, a definite 

shedding of vortices and bubble streamers was visible. No obvious 10 to 12 cps 

frequency was present. 

2,  Titan I1 &@ne Transfer h c t i o n  Tests 

As the Titan I1 P O 0  investigation proceeded, it became obvious that  a 

t e s t  program w a s  necessary to experimentally define the dynamic characteristics 

of the first-stage Titan I1 engine eystem. Aero jet-Qeneral was assigned responsi- 

b i l i t y  fo r  the dynamic test ing of a complete PLR87-AJ-5 engine. The main objective 

of t h i s  f e s t  program was to provide experimental frequency response data with which 

to verify or  modify the various analytical models of the propuleion system transfer 

f unc tiom3. 

The Titan II b g i n e  Z'ranefer Function Test Program consisted of eight 

engine teete  oonducted during the period of 24 August to 13 November 1963. During 



each tes t ,  fuel  and/or oxidizer suction pressure oscil lat ions were induced by 

operation of sinusoidal pulse generators at a frequency of from 5.6 to 19 cps. 

The frequency of excitation was incrementally changed durjmg each t e s t  while 

the nominal fuel  and oxidizer suction pressure was held aonstant. The effect  

of the nominal pump suction pressure (or NPSII) upon the frequency response 

characterist ics of the engine system was t?l.~s determined. 

A detailed description of the Titan II El3T including engine hardware, 

t e s t  equipment, instrumentation, data reduction, t e s t  conditions, and significant 

resu l t s  is presented in Ref 10, T h i s  report  is presented in Appendix H. 



Missile 
Frame 

Thrust 
Chamber 

APPENDIX A 

2nd Stage 

Suction 
Lines 

Thrust 
Chamber 

FIGURE 1 W4- SCHSUTIC OF lPHE TITAN I1 FIRST-STAGE 
QVGINSVHLTCLE COMBINATION 



Figure 2 DEFATIED BfllCK DIAGRAM OF TrPAN II FfRST-SAGE ENC;mVMICfE 
COElBINATION 



L ,,,,on ,,tame s b m  as 
a Single Vapor Bubble 

a) Sketch of Pump Qnamic Parameters 

PIORRE 3 PUMP DYNAMIC CWBM3-!CZC& 



FIGURE 4 CWBUSTION CHAMBER STATIC m R H A N C E  SURFACE 
a .  . 



Purl 

Doin., 4 brrrrl 
Tail Skirt 

r.r.n@no 

Porwud Skist 
Dome, 4 b r r r l  

Furl Corn, 
4 brrrrl 

Tail Skirt 



V , C A  i c  Tests (cont.) 

represented as  a spring-dashpot device, may be determined by p lo t s  of the damping 

force versus velocity. I f  a sinusoida signal is applied to  the system, then 

the maximum displacement is re la ted  to  the maximu velocity by the simple r e l a t ion  

Thus the hysteresis  p lo t  fo r  the cycl ic  (isinuaoidal) exci tat ion may be plotted. 

Hysteresis plotgi a re  ahown i n  Figure 9, fo r  viscous damping, coulorb (with 

s t i c t ion )  damping and a rb i t r a ry  damping. 

A ' -~a+,eresifl  t e s t  may be performed on the candidate accumulators 

by means of the apparatus i l l u s t r a t e d  i n  Figure 51. The osc i l la tory  source 

could be e i the r  a 1 electrodynamic shaker w i t h  piston drive o r  a a i d r i v e  

baf t and piston. The oec i l l a  tory piston displaceme~lt and pressure 

must be accurately meamad during eezh tes t .  The instantaneous values of 

these parameters a r e  used as inputs  t o  an X-Y p lo t t e r  to  obtain the hysteresis  

plots.  During tne development of the G e m i n i  f ue l  accumulator, Martin Company 

personnel (Ref 4) d e s i p e d  and used such an apparatus with good resul t s .  The 

s t a t i c  and dynamic coulomb damping constants were d i r ec t ly  measured and mini- 

mized by the redesign of the piston O-ring seal.  

The hysteresis  t e s t  apparatus may a lso  be used to  measure the  

resonant frequency of the accmulator.  The procedure i s  simply to  increase the 

frequency of exci tat ion a t  constant velocity u n t i l  the monitored pressure ampli- 

tude is maximum. I f  the phase angle between the pressure and piston velocity 

is zero, then this frequency defines the accumulator resonance. During this 

tes t ,  ex t ra  care should be given to  the complete removal of gas from the system. 

D o  ASSISTANCE I N  THE: ANALYSIS OF DYNAMIC TZST DATA 

The objective of this task is to  provide assis tance t o  MSFC personnel 

(R-P&VLPTF) in the i r  experimer-tal determination of the F-1 and H-1 pump dynamic 

charac ter i s t ics  from the dynamic pulse t e s t  data. The method chosen by IWG 

personnel for  t h i s  determination was t o  f i r s t  obtain experimental pump frequency 
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response functions fo r  the pump/flow f a c i l i t y  by means of cross-spectral 

analysis  of the osc i l la tory  pressure data and then vary the unknown p u p  

dynamic coeff icients  in the analy t ica l  model u n t i l  the pr-~!icted response 

functions matched the measured response functions. The diadvantage of this 

method is t h a t  i t  requires  tha t  the analyst  have a precise analy t ica l  description 

of the flow f a c i l i t y  frequency response charac ter i s t ics  and tha t  he hlows the 

general topological t tstructurett  of the turbopump. Thus the theoret ical  equations 

describing the dynamic performance of the pump, such a s  eqs 8 and 9 in Appendix A, 

mast be assumed t o  be val id f o r  all t e s t  conditions and frequencies. I n  order t o  

check t h i s  assumption, i t  was decided tha t  Aerojet should develop a new method 

f o r  determining the pump dynamic charac ter i s t ics  which did not require pr ior  

knowledge of the f a c i l i t y  dynamics and/or the pump dynamics. 

The Aerojet method of pulse t e s t  data analysis,  cal led the constrained 

impedance matrix method, allows the admittance matrix of the pump o r  any n-port 

hydraulic network to  be determined from the measured pulse t e s t  data. T h i s  

method, which is described i n  Appendix G, has the advantage tha t  the "dynamic 

loadingft e f f ec t  of the f l u i d  flow f a c i l i t y  may be analy t ica l ly  removed from the 

data with no pr ior  determination of i ts  dynamic character is t ics .  However, the 

method does require tha t  measurements be made f o r  the system with flow pulsers 

operated a t  each of the n ports  of the general network. Therefore the pump 

must be consecutively pulsed a t  both the upstream and downstream ports. 

During the MSFC turbopump pulse t e s t  program, only the H-1 pump 

was f i t t e d  with pulsers  a t  both the pump i n l e t  and outlet .  A sketch of the 

H-1 turbopump pulse t e s t  f a c i l i t y  and pressure measurement locat ions a r e  shown 

i n  Figures 52 and 53, respectively. The pressure measurements correspond t o  

those shown i n  Figure 3 of Appendix G and may be used d i r ec t ly  t o  obtain the 

pump admittance. T h i s  may be done by using eqs 9 through 14  of the Appendix, 

i f  the digi t ized data is numerically Fourier transformed t o  obtain the various 

pressure spectra Pk(&). If  the data is reduced by a cross-spectral density 

program, then eqs 13 and 14 should be replaced by the following expressions8 
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V,D, Assistance in the Analysis of Dynamic Test Data (cant,) 

where s j k ( ~  ) = cross power spectral  density between P ( t )  and pk( t )  
3 

s;~(o ) = cross power spectral  density between P ( t )  and <( t )  3 
S,(W ) = power spectral density of pk(t) 

1 S,(a) = power spectral  density of <( t )  

Unfortunately, the H-1 turbopump pulse t e s t  data for  the dowmtream 

pulsing condition was not reduced by MSFC personnel by e i ther  the Fourier analysis 

or  cross-spectral density methods during the coume of t h i ~  contract. Therefore 

the constrained admittance matrix method could not be applied t o  the determination 

of the pump dynamic characteristics. 
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LIST OF SYMBOLS 

acoust ic  veloci ty ,  

cross-sectional a r ea  of hydraulic element, 

nozzle t h roa t  area,  

st-zuctural modal displacement, 

a cous t i ca l  susceptance ( e h  Z 1, 

e f f e c t i v e  bulk modulus of l i qu id ,  

bulk modulus of l i qu id ,  

acous t ica l  capasi+tance, 

t h r u s t  coe f f i c i en t  

c h a r a c t e r i s t i c  exhaust veloci ty ,  

mean diameter of propel lant  l i n e ,  

thermal d i f  f  u s i v i  ty ,  

e l a s t i c  modulus of l i n e  w a l l  mater ia l ,  

k i n e t i c  energy of vibrat ion,  

frequency, 

force,  

engine t h ru s t ,  

v ib ra tory  acce le ra t ion ,  

g r av i t a t i ona l  constant,  

acous t ica l  conductance (&.( ) , 
w a l l  t h i c h e s s  of propel lant  l i n e ,  

spec i f i c  hea t  r a t i o  

cav i t a t i on  index 

f u e l  mixture r a t i o  combustion constant  (eq A.12) 

U n i t s  - 
in / sec  

i n  2 

in 
2 

in, 

in/sec 

i n  

2 i n  /sec 

in- lb  

CPS 

l b  

l b  

g t  s 

in/sec 2 

5 i n  / l b  s ec  

i n ,  
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L i s t  of Symbo1.s (cont.) 

U n i t s  - 

NPSH 

ox uLxtm-e r a t i o  combustion constant (eq A.12) 

length of f l u i d  transmission l i n e o  

distance from in jec to r  t o  combustion zone, 

acoust ical  i ne r  tance, 

charac ter i s t ic  chamber length, 

generalized mass of the ig st ruc tu ra l  mode, 

t h  lumped s t ruc tu ra l  mass at-+ s ta t ion ,  

f luia mass, 

steady-state mass flow 

d o p e  of pump 3 vs curve 

number of rocket engines 

pump n e t  posi t ive suction head, 

t h  generaiized force i n  i- s t ruc tu ra l  mode, 

osc i l la tory  pressure, 

steady-state pressure, 

osc i l la tory  chamber pressure, 

osc i l la tory  pump discharge pressure, 

osc i l la tory  pump suction pressure, 

vibratory power, 

steady-state pressure drop, 

steady-&ate mixture r a t i o  

bubble radius, 

l inearized acoustical resis tance ( Qk 1, 

hyd,,aulic resistance, 

in. 

in. 

2 5 So sec  /in 

in, 
2 

l b  sec  /in. 

2 
l b  sec /in. 

2 
l b  sec  /in. 

psia  

l b  

p s i  

ps ia  

p s i  

p s i  

in-lb/sec 

p s i  

in. 
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L i s t  of Symbols (cont.) 

gas constant, 

Laplace operator, 

entropy, 

time, 

temperature, 

steady-state f l u i d  velocity,  

o s d l l a t o r y  f l u i d  velocity,  

o sc i l l a to ry  volume flow, 

stea&y-state volume flow, 

weight density, 

o sc i l l a to ry  weight flow, 

steady-state weight flow, 

axial distance, 

acous t ica l  reactance ( &z), 

vibrat ional  s t ruc  t u r d  velocity,  

t h  vibrat ional  accelerat ion of the j-- s t ruc tu ra l  mode, 

a c o u s t i c d  admittance (complex ra t io , f j /P  1, 

hydraulic admittance (complex ratio,$/p 1, 

acoust ical  impedance (complex r a t i o ,  PI* 1, 

hydraulic impedance (complex r a t i o ,  p*), 

charac ter i s t ic  impedance of a transmission l ine ,  

combue t ion  process hydrailllc impedance, 

U n i t s  - 
W * R  

(eec)-l 

in-1 b/*R 

sec  

OR 

in. 

5 l b  sec/in 

in/sec 

in/sec 2 

5 i n  / lb  sec  

2 i n  /sec 

~ . b  sec/in' 

sec/in2 
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Bold Face Let ters  

A forward transmission matrix, 

@ rearward transmission matrix, 

pressure column matrix, 

pk pressure vector a t  por t  s e t  "kt', 

pressure gain matrix 

v volume flow column matrix, 

$ volume flow vector a t  port  s e t  '@kI1, 

w weight flow column matrix, 

weight flow vector at port  s e t  Ilk", 

acoust ical  admittance matrix, 

acoust ical  impedance matrix, 

pk s t a t e  vector at  s e t  of po r t s  l'k't, 

Greek Let ters  

d' attenuation function (eq D.29), 

' phase function (eq D.%), 

' propagation function (eq D.24), 

5 dimensionless thermal bubble conductance (eq E.29) 

Q dimensionless bubbie capacitance (eq E.3) 

3 acoustical damping fac tor  

7 absolute viscosity, 

gas volume t o  l iqu id  volume r a t i o  

b pump speed fluctuation, 

@, thermal bubble damping parameter (eq E.31) 

a2 radiat ive bubble damping parameter (eq E.2) 

U n i t s  - 
mixed 

mixed 

P& 

p s i  

3 i n  /sec 

3 i n  /sec 

lb/sec 

lb/sec 

in5/lb sec  

5 l b  sec/in 

mixed 
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Greek Let ters  (cont.) 

U n i t s  - 
viscous bubble damping parameter (eq E.33) 

r a t i o  of gas compressibility to  l iqu id  compressibility 
(eq 6.13) 

adiabat ic  gas compressibility r a t i o  (eq ~ . 1 8 )  

acoustic wave length (a/f),  

forward pump pressure gain 

rearward pump pressure gain 

kinematic viscosity, 

s t ruc tu ra l  damping r a t i o  f o r  i* mode 

mass density , 
surface tension 

surface tension fac tor  (eq E.25) 

combustion time delay, 

in jec t ion  time lag,  

s t ruc tu ra l  mode shape f o r  i* mode 

bubble parameter, @,nk 
volume perturbation, 

gas volume t o  mixture volume r a t i o  

complex mach number (eq ~ . 3 7 )  

radian frequency, 

resonant frequency of lossy l i n e  shunt elenent, 

adiabatic breathing mode frequency f o r  bubble, 

- 44 resonant frequency fo r  A - s t ruc tu ra l  mode, 

dimensionless frequency , OJ /aa 
dimensionless frequency , 
dimensionless frequency , o /a, 

in. 

2 4 l b  sec / in 

l b  

sec 

sec 
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Submri~ts 

a refers to acoustical parameters 

b refers to gas bubble 

d refers to pump discharge 

e refers to engine 

refers to fuel parameters 

refers to gas or gas/vapor mixture 

refers to injector 

refers to combustion 

refers to liquid 

refers to mixture 

refers to oxidizer parameters 

refers to pump parameters 

refers to pump suction 

refers to tank 
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TABU 2 
Fr.qutncirr of tha 

~angitudiml Vibrrtion nodrr of the Saturn Vohicler 

SATURN I8 VEHICIE 1 (201 contiguntion 

Fa11 Frequrhcr 
c U7 roc 

(ern) 



- 

TABLE 3 
TIBUUTION OF L, C, R FOR B-1 FUEL SUCTION LINE TO PULSER 

TABLE 4 

TBBULATION OF L,  C ,  R, FOR H-1 FU% SUCTION LINE mROW PULSER TO PUMP 

Acoustic Velocity, a,= 4000 f t / s ec  O T = 7T°C, P = 14.7 ps i  

Ilensity, 
2 4 2 4 f = 1.55 l b  sec / f t  = .75 x lom4 l b  sec /in. 

Note: The above tables  a re  incomplete because some of the bobtail 
f a c i l i t y  feed system data was not available. 



T A U  5 

Tabuhtion of I,, C, il for H-1 f u e l  Dirch;rr~e IAm 

lcmstis Vt:loci r:, i4. = 4 W  ft/aec Q ? 7 ° ~ ,  I' ' U.7 p a l  ., 
Dens i~y ,  S = 

1 . 55 lb sec2/ftb = . 7  j x ~ G - L  l b  secg/in. 

 rote: 1k:c ailcve tab le  is incan~pltte because r o ~ o  of Lrw 'naht .a i l  
f.aciiit;r f ecd sgst.cfl data was not. available*. 



TABU 6 

tion of I,, C, R for lC1 flOX .%tt%m Un 

i~coustic Velocity, - 3QW ft/rec @ 1 6 ; ~ ~ ~ ~  P = 690 wir  
Llensity , 9 - 1.065 x 10-4 lb-nec2/in.4 

Note: The above table i r  lncoanplste baarrure @or, of the b o b w l  
f a c i l i t y  feed syatern data woe not available. 



Not.: The abova table i a  hamplat. kcaura s- of tha bobt.il 
faci l i ty  foul amr data ru nt m i t b l r .  



Tabulation of L9 B, C f o r  F-1 Are1 Suction Line 
(see Note  elo ow) 

Note: Sections 1 through 15 represent one of two suction lines. To find .the 
effective R, L, and C of each section f o r  both suction l ines  taken together 
halve the  inertances and resistances, and double the capacitances. 

Acoustic Vel osity,  = 4000 ft/soc B 7t0F9 P = 14.7 ps i  
BeA?sity, = 1.55 l b  sec2/ft = .75 x lo4 l b  s e ~ ~ / i n . ~  

Note: The above table is incomplete because some of the bobtail f a c i l i t y  feed 
system data was not mi . 'ahlc .  



Acoustic Velocity, b 4 W  f t / m c  1 7 OF, P ' 11.7 
Denrity , p = 1.5, l b  m$/ftZ = .75 x I@+ it. sec2/inbL 

hote: ':'l~e :rbove tab le  is incc;dplete because 3o::e of the !)ol)tail 
fircility feea sybterir data was not availatlc. 



TABLE 10 

TABULATION OF L, C, R FOR F-1 LOX SUCTIOI LIHES 

I 
Noter The abox-e table is incomplete because some of the bobtail facility 

. feed system data wae not available. 



TABLE I1 

TABXA'I'ICN OF Lt Ct R FOB F-1 LGX DISCHBRGE LINES 



Table 11 (oont.) Tabulation of L, 0, R for F-1 LOX Discharge Lines 

pump dischargs 

Note: The gbove table i s  incomplete beoause aome of the bobtail faci l i ty  
feed sgstem data was not available. 



I n d u  Syabo1 Parameter Description 
i fro, 

Porf-1 
Ppf -a 
Ppf-b .. 
"t.pf 

Pr fue l  suction Une #1 
Pr fuel  punp i n l e t  #l 
Pr fuel  pump i n l e t  r12 
Pr fuel  pump a t l e t  f t l  
Pr fuel  outEdt #2 
P r  nuin he1 valve i n l e t  91 
Pr U. 3. fue l  discharge $1 or i f i ce  
Pr f i e 1  pulaer l ine,  upstream 
Pr f u e l  pulrer l ine ,  d m t r u a m  
Vibration fue l  pump i n l e t  
Position fuel  pulaer 

Pr LOX suction l i n e  t rans i t ion  
Pr U X  pump i n l e t  '90'' point 
P r  I19X pump i n l e t  
Pr LOX pump i n l e t ,  dia/opp 
Pr LOX pump out le t  l u l  
Pr LOX a r t l e t  k2 
Pr main UD. valve i n l e t  fl1 
Pr LO)( pr lser  l ine,  upstream 
P r  LM p l l r e r  l i n e  dounatream 
Vibration LIIX puap i n l e t  
Position I D X  pr l rer  

Pr fuel  suction l i n e  cf 
Pr fuel  pump i n l e t  k l ,  bia/opp 
Pr fue l  pump i n l e t  a2, Ma/opp 
Pr fuel  pump out le t  #l, Ma/opp 
Pr fuel  p u ~ p  out le t  rr2, l)ia/opp 
Pr WX pump out le t  61, Dia/opp 
Pr UB p u p  out le t  pk, ~ i a / o p p  

a The above table i n  incomplete becurse sane of the bobtsf 1 
f a c i l i t y  feed system d r t , ~  : r ~ ! !  not amilshlc .  



TABU 13. NECESSbRY SPECTRd FOH THE F-1 T U P B Q m  TEST U T A  REDUCTION 

*' Spectra f o r  
Fuel Pulse Teat S2,2 '4.4 s S 

8.8 9.9 '11, 11 

B * ~ r o a a  Speotra f o r  S 
1.4 

S 
fie1 Puiae Teat 2.4 '314 s?94 '6.4 S7,4 ' 8 , ~  '9.4 50.4 511.4 

'*speotra f o r  s 
Oxidizer Pulse Teat s14,i4 16.16 '20.20 %2,22 

'*~ro.a Speotra f o r  
Oxidizer Pulse Teat '12.16 '13,16 '14,16 '15.16 '17.16 '18.16 s1y,16 '20.16 '21.16 '22.16 

**optional Spectra 
and Cross Spectra '2?,26 '24.26 '25.26 '26.26 '27.26 s28,28 '29920 



FIGURE 1. SKETCH OF THE PROPELLANT FEED SYSTEM MODEL FOR PART I 
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The problem of longitudinal  (Pogo) i n s t a b i l i t i e s  due t o  the coupling 

of the l i q u i d  propellant rocket propulsion system with the l o n g i t u ~  vibrat ion 

mode of the rocket vehicle s t ruc ture  has caused considerable concern in the  

development of manned space vehicles. This repor t  dacumente the results of 

s tudiea involvingr review of Aerojet Ti tan "PogoM experience; review of the 

8at1z-n propellant feed systems; def in i t ion ,  evaluation m d  preliminary design 

of passive feed system "Pogo'"ix devicee, and aeaietance in analysis, and 

ut i l izmtion of pump pulse t e s t  dynamic data. I n  support of these a c t i v i t i e s ,  

an extensive frequency domain ana ly t ica l  model of the Saturn propuleion sy6tem 

has been developed. This model allows the evaluation sf the e f f ec t  of the 

pressure osc i l l a t ion  suppression devices; such as accumulators, resonators, 

"lossyn l i n e s  and gas inject ion.  
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P A G E  



I. IMTRODUCTIOll 

The longitudinal i n s t a b i l i t y  of liquld-propellant rocket engine/;rehicle 

systems, commoaly ca l led  nPogott i n s t a b i l i t y ,  is an important problem i n  the 

development of l a rge  rocket launch vehicles. @'FG~O'~ i n s t a b i l i t y  is caused by 

an unstable coupling of the longitudinal  vibrat ion modes of the vehicle with 

the propulsion system. A s  a r e s u l t ,  the vehicle payload w i l l  experience 

vibratory osc i l l a t ions  tha t  may bui ld up t o  r e l a t ive ly  l a rge  limit cycle 

amplitudes during booster engine operation. Because of the ser ious impli- 

cat ions of this problem, the various contractors  involved in developing l i q i i d  

rocket propelled launch vehicles  have devoted considerable e f f o r t  t o  ana ly t ica l  

and experimental "Pogo" h v e s t i g a  tions. 

The object  of t h i s  f i n a l  repor t  is to document the e f f o r t  expended by 

Aerojet-General personnel in ass i s t ing  Marshall Space Fl ight  Center personnel 

in t h e i r  s tudies  of the  "Pogo" problem associated with the Saturn IB and V 

vehicles. The Saturn nPogotl invest igat ion at  MSFC is primarily composed of 

two main tasksr 

(1) Perform pulse t e s t s  of the Saturn H-1 and F-1 e n m e  turbopumps; 

(2) Perform a s t a b i l i t y  analy6i.s of the Saturn "Pogo" loop. 

Aero jet-General has been granted two contracts,  NAS 8-20068 and 8-20401, 

fo r  the purpose of a s s i s t i n g  in the  MSFC Saturn Pogo study. The object ives 

of the initial contract  were (1) provide a review of Aerojet Titan nPogot' 

experience, (2) review the Saturn propellant feed system, (3) define feed 

system tlPogon f i x  devices, (4) review t e s t  procedures and f a c i l i t i e s  fo r  the 

engine-feed system pulse tes t ing ,  and (5) assist i n  u t i l i z i n g  dynamic pump 

t e s t  data. The object ives of the second contract were (1) evaluate nPogo" 

f i x  devices, (2) preliminary design of fix devices, (3) determine f i x  device 

t e s t  procedures, (4) assist in the ana lys is  of pump dynamic data and (5) assist 

in u t i l i z a t i o n  of information from the  Aerojet analysis. 
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II. S Y 

A. PART I 

The r e s u l t s  of the initial contract (NAS 8 - ~ 0 6 8 ) ,  or ig ina l ly  docu- 

mented in Reference 1, w i l l  be referred t o  as Par t  I i n  this report. !he r eeu l t e  

of the follow-on contract  (NAS 8-20401) will be refer red  t o  as Par t  X I .  

'Phe ana ly t i ca l  and experimental techniques u e d  by Aerojet-General 

personnel t o  study the Ciemhi/Titan 11 llPogoll problem a r e  summarized in 

Appendix A. The mathematical model of the combustion and feed syetem dynamic 

responsz charac ter i s t ics  makes use of acouet ical  impedance repreeentatione 

and matrix methods which a r e  convenient f o r  appl icat ion t o  a system dynamic 

analys is  u t i l i z i n g  c l a s s i ca l  control system theory. 

The review of the  Saturn propellant feed systems has resul ted  in 

the ana lys is  of both the Saturn vehicle feed systems and the turbopump t e s t  

f a c i l i t y  feed systems. The r e s u l t s  of the frequency response analysis  of the 

,vehicle feed system a r e  presented i n  Figures 1 through 7. The analys is  of 

the impedance charac ter i s t ics  of the turbopump t e s t  f a c i l i t y  feed 

s y s t e ~ s  involved the determination of the impedance cha rac te r i s t i c s  of the 

individual feed system elements. 

The i n i t i a l  invest igat ion of "Pogo" f ixes  f o r  the Sat-an systems 

concentrated on the nodification of the dynamic charac ter i s t ics  of the  Saturn 

SIB and SIC feed systems by means of increasing the e f fec t ive  pump i n l e t  capaci- 

tance (compliance), During t h i s  initial analys is  other f i x  concepts were b r i e f l y  

considered, such as side-branch resonators,  lossy l ines ,  and gas bubble injection. 

A review of the t e s t  procedures and f a c i l i t i e s  associated with the 

MSFC H-1 and F-1 turbopump pulse t e s t  program w a s  conducted. Specif ic  changes 

were suggested with regard to  the improvement of the osc i l la tory  pressure and 

flow instrumentation, These recommendations as well as a brief  description of 

the usage of cross and input power spec t ra l  dens i t ies  t o  determine t ransfer  

functions from t e s t  data is contained in t h i s  report. Table 12  contains the 

dynamic parameters associated with the I?-1 turbopump pulse t e s t  and Table 13 

contains a l i s t i n g  of the necessary spectra  f o r  determining t ransfer  functions 

from the dynamic t e s t  data. 
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11, Summary (conk. 

B. PART I1 

The ana ly t i ca l  model of the Saturn SIB and I C  propulsion system 

frequency response developed i n  Par t  I was modified fo r  the purpose of the 

evaluation of llPogoll f i x  devices in Par t  11. This evaluation is based on the 

e f f e c t  of the various f i x  devices upon the frequency response cha rac t s r i s t i c s  

of the system. All feed system osc i l l a t ion  suppression concepts a r e  passive 

devices inserted in the feed system, such as the 1 )  suction l i n e  accumulator, 

2) suction l i n e  resonator, 3) discharge l i n e  accumulator, 4) lossy l i n e  and 

5 )  gas inject ion.  

The design of two candidate f i x  devices, the sandwich accumulator 

and the trombone accumulator, is discussed and compared t o  gas in jec t ion  with 

respect  t o  the sa t i s f ac t ion  of the design c r i t e r i a .  The use of the sandwich 

acclrmulntor concept i n  the design of a lossy l i n e  f o r  the LO2 system is a l so  

discussed. The t e s t  methods tha t  apply t o  the  development of these accumulators 

a r e  presented. 

The matrix methods which may be used t o  obtain the admittance 

matrix o r  t ransfer  functions of the turbopump from pulse t e s t  data a r e  

presented. It is shown t h a t  t h i s  admittance matrix may be used to  completely 

character ize l i n e a r  o s c i l l a t i o n  transmissioli through the  pump. 

111. CONCLUSIONS AND 

A. CONCLUSIONS 

Par t  1: 1. - 
The review of the  Saturn IB and ZC propellant feed systems 

has resu l ted  in a frequency response ana lys is  of the nominal feed system con- 

figurations. By comparing the  frequencies of the feed system modes t o  those 

of the s t ruc tu ra l  longitudinal  vibrat ion modes, cer ta in  conclusions may be 

made concerning the des tabi l iz ing  e f f ec t  of t!le feed system dynamics on the 

overa l l  "Pogo" loop. The r e s u l t s  of this comparison indica te  tha t  coincidence 

of these resonances is possible f o r  at l e a s t  one frequency i n  both the Saturn I B  



and Saturn IC configurations. Therefore, i t  is desirable to  e i the r  s h i f t  

the feed system resonant frequencies t o  prevent t h i s  coincidence or  to  lower 

the gain of the feed system t ransfer  function. 

The s t ab i l i za t ion  devices o r  f i x e s  t h a t  have been considered 

appear t o  be e f fec t ive  f o r  s h i f t i n g  the frequency of the feed system acoustic 

mode and/or lowering the feed system gain a t  resonance. The basic  ana ly t ica l  

model which was developed for  absorptive l i n e s  appl ies  t o  both the bubble 

f i l l e d  l i n e ,  which u t i l i z e s  d is t r ibuted  gas bubbles, and the lossy l i ne ,  which 

u t i l i z e s  d is t r ibuted  s ide  branch resonators. The e f f e c t  of the mean flow 

veloci ty upon the absorptive transmission l i n e  dynamics is s igni f icant  when 

the acoust ic  velocity is grea t ly  reduced due to  (1) very large-lossy l i n e  

resonator compliance, o r  (2) a very l a rge  volume r a t i o  of gas t o  l i qu id  i n  a 

bubble f i l l e d  l i ne .  

A s  a r e s u l t  of the review of the H-1 and F-1 turbopump t e s t  

f a c i l i t i e s ,  i t  w a s  concluded tha t  the apparatus and instrumentation for  the 

measurement of the pump dynamic response charae ter i s t ics  required modification. 

In  par t icu lar ,  i t  was deemed necessary t o  flush-mount o r  a t  l e a s t  close-couple 

the pressure transducers t o  the measurement location. This was necessary t o  

prevent e i the r  the compliance of the trapped gas o r  the s t ruc tu ra l  mounting 

bracket from causing a low-frequency transducer resonance which would inval ida te  

the dynamic data. It was a l so  concluded tha t  addi t ional  pressure measurements 

plus d i r ec t  osc i l la tory  flow measurements would be desirable. 

2. Par t  I1 

The evaluation of "Pogo" f i x  devices, using the Saturn S-IB 

and SV propulsion system frequency response model, has revealed tha t  a feed 

system dynamic accumulator is most e f fec t ive  when used as a pure compliance 

instead of a tuned resonator. The effect iveness a l so  depends on the magnitude 

of the capacitance of the accumulator and its inser t ion  pint. Analytically, 

the discharge l i n e  accumulator has been shown to  be much more ef fec t ive  than 

the suction l i n e  accumulator i n  the at tenuat ion of pressure osc i l l a t ions  

transmitted through the feed system t o  the combustion chamber. However, the 
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III,A,2, Par t  X I  (cont.) 

problems in designing a compliant device t o  withstand the extremely high 

operating pressures outweigh this theore t ica l  advantage. 

The suction l i n e  accumulator and gas in jec t ion  appear t o  

be equally e f f ec t ive  in the reduction of the frequency of the fundamental 

feed system mode t o  achieve separation from the vehicle s t ruc tu ra l  modes. 

However, the  accumulator does not reduce the frequencies of all higher 

feed system modes as does the gas in jec t ion  concept. The in j ec t ion  of gas 

causes a uniform increase in the d is t r ibuted  suction l i n e  capacitance so t h a t  

a l l  feed l i n e  acoust ic  modes a r e  lowered. A secondary e f f ec t  of gas in jec t ion  - 
is the increased damping of the feed system mode6 caused by the  energy dis- 

s ipa t ion  in the bubbles. Therefore, even i f  the frequencies of the higher 

acoustic modes of the  feed system a r e  reduced so  that they a r e  within the 

range of t he  vehicle s t ruc tu ra l  modes, these modes tend t o  t~ l e s s  des tabi l iz ing  

because of t h e i r  increased damping. 

Of the two Aerojet conceptual f i x  device designs, the sandwich 

accumulator displays more a t t r a c t i v e  features.  It s a t i s f i e s  all design cr i -  

t e r i a  and is superior t o  all other  lumped compliant devices considered. When 

compare6 t o  the gaE in jec t ion  concept proposed by MUC, the sandwich accumulator 

appears t o  have the same a t t r a c t i v e  fea tures  of minimum in s t a l l a t ion  time and 

negl igible  performance loes. However, the necessary hardware development 

program would take longer fo r  the sandwich accumulator, thus causing more 

schedule impact. 

It I s  recommended that addit ional  work be performed t o  

e v d u a t e  the various feed system f i x e s  in conjunction with the overal l  longs- 

tudinal (pogo) s t a b i l i t y  model. This is necessary t o  evaluate the e f f ec t  of 

s h i f t s  in feed system resonant frequencies and the  gain reduction of the feed 

sys  tem t ransfer  functions. 



IH,B,l,  Part  I (cont.) 

It i s  recommended that  MSFC personnel, with the a i d  of 

AGC personnel, perform a pump trans:'er function determination program. 

T h i s  program would be based on the cross and input power spect ra l  density 

analysis  of the tape recorded frequency response data r e su l t ing  from the 

H-1 and F-1 turbopump pulsing tes ts .  

2. Par t  I1 

It is recommended tha t  MSFC personnel complete the evalu- 

a t ion  of "Pogo" f i x  devices by use of the analy t ica l  descriptions provided 

i n  t h i s  report.  The MSFC s t a b i l i t y  model should be used to  determine the 

ef fec t  of the f ixes  on the open loop gain of the  conplete vehicle/propulsion 

system. 

It is suggested tha t  the e f fec t  of bubble damping in the uee 

of gas in jec t ion  be further  evaluated. The r e s u l t s  presented in this repor t  

imply tha t  the gas temperature and inject ion scheme may be empirically opti- 

mized to  yield maximum energy dissipation. 

Finally, thc use of the sandwich accumulator is recommended 

a s  a "backup" f i x  device. I f  t h i s  approach is considered, then a prototype 

should be b u i l t  and tes ted  immediately. 

I V .  DISCUSSION, PART I 

A. REVIEY OF AEROJZC TITAN MPZXTENCE 

A report  which describes the analysis,  test ing,  and s t a b i l i z h g  

compensation experience re la ted  to the "Pogou problem w a s  completed and 

forwarded t o  MSFC during the course of the irLtial contract as Aerojet Report 

PTDR 9647-031, "Aero jet-General 'Pogo' Experience .I1 This report,  which 

const i tutes  Appendix A, presents a detai led discussion of the analy t ica l  and 

experimental techniques tha t  were applied t o  the Titan II/Gemini "Pogot' 

investigation a t  Aero jet.  
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I V ,  Discussion, Pa r t  I, (cont.) 

B. REVIEW OF SATGRN P2OPELLANT FEED SYSTEM 

The primary objective of the review of the Saturn propellant feed 

system was t o  define the  dynamic resporise charac ter i s t ics  of the Saturn I B  

and Saturn I C  vehicle feed systems and ident i fy  the c r i t i c a l  components t h a t  

may have a des tabi l iz ing  inflcience on the overa l l  "Pogo" loop. I n  addition 

t o  the ana lys is  of the  vehicle feed system, a dynamic analysis  of the H-1 

and F-1 "Bobtailn turbopump t e s t  f a c i l i t i e s  w a s  i n i t i a t ed .  The purpose of 

this ~econdary invest igat ion was t o  define the iinpedance charac ter i s t ics  of 

the propellant feed systems on the Bobtail f a c i - i t i e s  by means of a d is t r ibuted  

parameter frequency response analysis.  The r e s u l t s  of t h i s  ana lys is  were then 

t o  be compared t o  the  r e s u l t s  of the lumped parameter analysis  performed by 

MSFC ( R-P&V%PTF) per *me1 . 
\ 
\ 

1. Fl ight   isle Peed System 

The frequency response charac ter i s t ics  of the  nominal Saturn I B  

and Saturn I C  propellant feed systems have been analy t ica l ly  determined by use of 

the  ana ly t ica l  model described i n  Appendix F. The r e s u l t s  of t h i ~  study a r e  

presented jn the form of frequency response p lo ts ,  of cer ta in  propulsion system 

t ransfer  functions, which have been selected because of t h e i r  importance in the 

overa l l  "Pogon loop. Comparison of the  propellant feed system resonant fre- 

quencies, as obtained from these p lo ts ,  with the overa l l  vehicle longitudinal 

s t ruc tu ra l  resonant frequencies provides a bas is  f o r  qual i ta t ive  evaluation of 

the des tabi l iz ing  e f f e c t  of the feed system dynamics. This evaluation is based 

on the  observation that longitudinal  i n s t a b i l i t y  is generally possible only 

when there is a coincidence of the resonant frequencies of a t  l e a s t  one of the 

propell;=t feed systems and the vehicle structure. 

Figure 1 presents the schematic and corresponding analog 

c i r c u i t  of the propellant feed system. The same analog c i r c u i t  appl ies  to  all 

configurations of the Saturn I B  and Saturn I C  propellant feed systems. This 

basic c i r c u i t  was used t o  derive the basic equations tha t  govern the frequency 

response of the system, as presented i r -  Appendix F. The numerical values of 

the variotls dynamic parameters t o  be used with these equations a r e  presented 



I V , B , l ,  Fl ight  Vehicle Feed System (cont .) 

i n  Table I. Table I1 lists the frequencies of the longitudinal modes of 

vibration of the Sa twn  I B  and Saturn V vehicles. These resonant frequencies 

were obtained from MSx s t ruc  t u r a l  dynamics (R-P&V&-SLR) personnel. 

The r e s u l t s  of the frequency response of the nomir.al propellant 

feed systems a r e  presented in Figures 2 through 7. It should be noted t h a t  the 

nominal feed system is the basic feed system configuration with no f i x  devices 

inserted. Furthermore, the values of the pump cavi tat ion compliance used in 

t h i s  a2alysis  occur l a t e  i n  the f i r s t - s tage  engine operating period. These 

compliance vplues were selected because the r e s u l t s  of a preliminary s t a b i l i t y  

a3alysis performed by MSFC (R-P&VE-sLR) personnel indicated tha t  both the 

Saturn I B  and the Saturn V a r e  potent ia l ly  unstable near the end of the f i r s t -  

s tage burn period. 

m e  frequency response charac ter i s t ics  of the  nominal 

Saturn IC LOX feed system a r e  shown ir, Figures 2, 3 and 4. Figure 2 i l l u s t r a t e s  

the variat ion of the pump input  impedance z (13) with respect  t o  frequency. 
i p  

This curve w a s  computed by means of Eq (3) i n  Appendix F, using the  numerical 

values of the feed system parameters given i n  Table 1. It is  seen t h a t  the  

amplitude of the impedance is maximum at  the frequencies of the feed system 

acoustic modes. The resonant yralues of the  impedance, 1 'ip 1 r e s 9  a-e governed 

by the res i s tance  of the feed system. I n  the case of the nominal Saturn I C  

configuration, the suction lj-ne was assumed t o  be lo s s l e s s ,  so tha t  B 1 i p I  r e s  
1s determined by the res i s tance  of the s e r i e s  combination of the pump, discharge 

l i n e  and th rus t  chamber. !The resonant frequencies corresponding t o  the f i r s t  

three acoust ic  modes are  6.2 cps, 18.9 cps and 35.4 cps, respectively. The 

f i r s t  two antiresonant frequencies are 16.2 cps a i ~ d  34.2 cps. A s  explained 

i n  Section C of Appendix D, these antiresonances generally occur a t  integer  

multiples of the half wavelength frequency, r e l a t i v e  t o  the suction l i n e  length. 

I n  Figure 3 is shown the frequency response of the t ransfer  

function H (w). A s  defined by Eq (7) of Appendix F, t h i s  t ransfer  function ?= 
indicates  the r e l a t ive  sens i t i v i ty  of the osc i l la tory  suction pressure (P ) so 
to the longitudinal vibratory acceleration of the oxidizer pump ( 2 . Note 

PO 
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IV,B, l ,  Fl ight  Vehicle Feed System (cont.) 

that the  peaks i n  the amplitude of HRIW occur a t  the same frequencies a s  the 

peaks of 2 .  (a), but a r e  not constant i n  amplitude. Since these resonant 
I P  

var. es, H ps(w)( res, a re  inversely proportional t o  frequency, i t  i s  seen tha t  

the low frequency acouscic modes a r e  the most sens i t ive  to  osc i l la tory  pump 

acceleration. Also shown in Figure 3 a r e  the 1ongitr;dinal mode frequencies 

of the Saturn V (501 configuration) a t  1% seconds a f t e r  l i f t - o f f ,  as obtained 

from Table 11. It is seen tha t  the f i r s t  and s i x t h  s t ruc tu ra l  modes a r e  

p rac t i ca l ly  coincident with the f i r s t  and second acoustic modes. Because of 

the r e l a t ive ly  s m a l l  separation between the feed system a c o ~ s t i c  modes and 

the two s t ruc tu ra l  modes, the S-V Pogo loop is potent ia l ly  unstable a t  the 

frequencies of the f i r s t  and s i x t h  s t ruc tu ra l  wodes. 

The t ransfer  function HGbJ) is plo t ted  a s  a function of 

frequency i n  Figure 4. This t ransfer  function, defined by Eq (8) i n  Appendix F, 

describes the transmistion of pressure osc i l l a t ions  from the ta?k t o  the pump 

i n l e t .  It is seen from Figure 4 tha t  the frequencies a t  which the amplitude of 

Ut((uJ> is maximum a r e  the came resonant frequencies a t  which Hpr<a> was 

m a x i m i  zed. 

The frequency response of the t ransfer  function HplM is 

plo t ted  in Figure 5 f o r  the Saturn I C  f u e l  feed systea. Comparison of Figures 3 

and 5 revea ls  tha t ,  because of the shorter  suct ion l i n e s  imd higher acoustic 

velocity,  f u e l  feed system displays fewer acoust ic  modes than the oxidizer feed 

system within the frequency range of i n t e re s t .  Only the f i r s t  acoustic mode, 

with a frequency of 15.5 cps, is within the range of s t ruc tu ra l  frequencies. It 

is noted tha t  the frequency of t h i s  mode is adequately seperated from all struc- 

t u r a l  modes a t  1% seconds a f t e r  l i f t - o f f .  However, inspection o i  Table I1 shows 

that the s ix th  s t ruc tu ra l  mode w i l l  be coincident with the fue l  system acoustic 

mct3.e a t  some time l a t e  in the S-IC stage operation. 

Figures 5 and 6 present the  r e s u l t s  of the frequency response 

analysis  of the nominal Saturn I B  oxidizer and file1 feed systems., A s  in  the 

case of the ana lys is  of the nominal Saturn I C  configuration, these p lo t s  i l l u s -  

t r a t e  the frequencies of the acoustic modes tha t  may couple unstably with the 



XV,B,l, Flight Vehicle Feed System (cont.) 

longitudinal modes of the Saturn I B  structure. The structural  mode frequencies, 

which a re  superimposed on these frequency response'plots, have been computed fo r  

the S-IB (201 configuration) for  the f i igh t  times give3 in Table 11. 

!he resul ts  presented in Figure 5 indicate that the oxidizer 

acoustic mode frequency is not coincident with any structural  mode frequen~y. 

However, the resul ts  plotzed in Figure 6 show a possible coincidence of the 

fuel  acoustic mode and the second structural  mode a t  a time just before outboard 

engine cu t-o f f . 
2. Pump Test Facil i ty Feed System 

An analytical investigation of the dynamic characteristics of 

the H-1 and F-1 "Bobtail" pump t e s t  f a c i l i t i e s  was performed for  the purpose of 

defining the hydraulic impedance characteristics of each pump circuit.  The 

impedance function of the overall c i rcui t  were to be computed by use of a dis- 

tributed parameter frequency response analysis, using the methods outlined in 

Appendix A. Schematics of the various pump t e s t  feed systems are shown i n  

Figures 8 through 11. The values of the dynamic parameters which describe the 

individual cotnponents a re  presented i n  Taoles 3 through 11. 

It was the original intent  of Aerojet-General personnel that 

the dynamic data presented i n  Tables 3 through 11 be uti l ized to  compute the 

frequency response of the impedance, bcth upstream and downstream of the turbo- 

pump. Unfortunateiy, complete feed system iaformation was not available during 

the course of the i n i t i a l  contract, thus resulting i n  an incomplete iaapeclace 

representation. 

C. DEFINE SATURN "MK:-Os' FIXES 

1. General Discussion 

The goal of these studies has been to  define the s e t  of 

compensation devices which w i l l  most efficiently attenuate energy propagation 

i n  the system a t  Saturu nPogo" frequencies. During the course of the contract, 

~ e r o j e t  personnel agreed to provide MSFC structures (R-P&VSSLR) personnel with 
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IVsCsl, General Mscusdon  (cont .) 

analy t ica l  descript ions of specif ic  s t ab i l i z ing  devices for  the H-1 and F-1 

propulsion systems, A t  present, these candidate devices a r e  a l l  passive elementa 

which modify the dynamic response of the suction lines.  Therefore, s ince  the 

discharge s ide  of the feed l h e s  is not affected, the following engine t ransfer  

functions (which a r e  presently provided by Rocke tdj-e) remain unchanged: 

I n  order to  e s t ab l i sh  a mutudly acceptable form f o r  the 

ana ly t i ca l  representation of the dynamic response charac ter i s t ice  of the  suction 

l i n e  and/or sidehranch s t a b l l i z h g  devices, a descript ion of a l t e rna te  equation 

forms was transmitted t o  MSFC geroonnel (RRBEVJkSLR). This t r a r ~ n i t t a l  presinted 

a general discussion of the ava i lab le  methods by which the dynamic response of 

the  suction l i n e  and s t ab i l i z ing  device may be described. For example, there 

are six charac ter i s t ic  matrices which may be used to  represent the dy 

performance of the suct ion l i ne ,  depending on the grouping of the preasure and 

f lov  variables,  Referring to  the  schematic of Figure 1, the  following equations 

may be wri t ten by arranging the a sc i l l a to ry  parameters, P1, 5, P4, and t4 in 

di f ferent  p a i r s  of independent and dependent variables  t 

Forward Transmission Matrix 

Rearward Transmission Matrix 
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IV,6,1, General Discussion ( cont,) 

Admittance Matrix 

6eries-Parallel  Coupling Matrix 

Paral lel-Series  Coupling Matrix 

I n  these equations P(s) r 2 f e r s  t o  the Laplace transform of the osc i l l a to ry  

component of pressure mid i ( s )  r e f e r s  t o  the Laplace transform of the osci l -  

l a t a r y  component of *rolume flow. Figure 12 i l l u s t r a t e s  the equivalent m u l t i -  

var iable  block diagrams f o r  each of the above equations, 

Communication with MSFC (RP&WMLR) personnel indicated t h a t  

the impedance matrix form given i n  Eq (3) is most convenient fo r  uea in the 

s t a b i l i t y  analysis  of the overa l l  ffPogotf loop. 
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IV,C, 1, General Discussion ( cont ,) 

The combined siiction l i n e  and sidebranch device may be 

represented by a 2 x 4 t r anmis s ion  matrix which is formed by postmultiplying 

the 2 x 2 forward transmission matrix of the suction l i n e  ( s u ~ e r s c r i p t  "tn) 

by the 2 x 4 transmission matrix of the device (superscr ipt  "d"): 

Note t h a t  the  S term within parentheses a f t e r  each Laplace transformed variable  

has been omitted f o r  brevity.  Using the preferable  impedance matrix form of 

Eq (7), we may wri te  

The multivariable block diagram representat ion of Eq (c) is shown i n  Figure 13, 
The functions 2.  . ( s )  that comprise the matrix given i n  & (8) a r e  generally 

1 J  
i r r a t i o n a l  functions of the Laplacian v,viable s. These transcendental furc t ions  

a r i s e  a s  a r e s u l t  of the  d i s t r i bu ted  parameter nature of the suction l ine .  It is 

shown in Appendix D t h a t  the solut ion of the one-dimensional wave equation r e s u l t s  

i n  hyperbolic functions and/or exponentials of f rac t iona l  powers of s, Since 

these i r r a t i o n a l  functions a r e  not convenient f o r  use in the overa l l  s t a b i l i t y  

ana lys is  of the Saturn "Pogo" loop, a method must be devised t o  obtain approxi- 

mate r a t i ona l  f rac t ion  expressions f o r  each element, 2. . ( s ) ,  of the matrix 
1 J  

expressed i n  Eq (8). 
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The most obvious method to  obtain r a t iona l  f rac t ion  expressions 

fo r  the matrix [zid (s)] is t o  reconstruct the mathematical model of the suction 

l i n e  so t h a t  i t  is composed of a s e r i e s  of lumped parameter elements. However, . 
this model would not be as gewxal  as the d is t r ibuted  parameter hydraulic l i n e  

model p r e ~ e n t e d  in Appendix B, and would not allow evaluation of cer ta in  concepts 

such as the  lossy  l i n e  and the in j ec t ion  of gaseous Helium i n  l a rge  quanti t ies ,  

mere-fnre, i t  is desirable t o  use the exact d is t r ibuted  parameter ana ly t ica l  

model of the  suction l i n e  and then obtain r a t iona l  f r ac t ion  approximations of 

the r e su l t an t  impedance matrix elements. The following two methods of obtaining 

these r a t i o n a l  f r ac t ion  expressions have been considered2 (1) curve f i t t i n g  the  

frequency response of a r a t i o n a l  f r ac t ion  to  t h a t  of the  exact function, and 

(2) obtaining a r a t i o n a l  f rac t ion  by means of an i a f i n i t e  product expansion of 

the exact function. The i n f i n i t e  product expansion method, as explained in 

bibliography entry A.18, is  the more d i r e c t  method which becomes qui te  arduous 

i n  the  case of three cascaded absorptive transmission l i nes ,  merefore,  the  

r a t i o n a l  f rac t ion  curve f i t  procedure using a digital computer is desirable,  

During the  course of the  contract,  work w a s  i n i t i a t e d  t o  

develop a computer program capable of approximating any a r b i t r a r y  frequency 

response function a s  a r a t iona l  f r ac t ion  expression, which is val id  over some 

f i n i t e  frequencg in terva l ,  This program w i l l  determine the coef f ic ien ts  of the 

polynomials in s by means of curve f i t t i n g  orthogonal functions as components, 

using l e a s t  squares as the curve f i t  cr i ter ion.  However, the  curve f i t  program 

w a s  not conpleted during the course of the i n i t i a l  contract with the r e s u l t  

t h a t  Aerojet personnel were not ab le  to  provide MSFC perscnnel with spec i f i c  

ana ly t ica l  descriptions of the suction l i n e  dynamics i n  the form of r a t iona l  

f rac t ions  of s, 

A partial evaluation of "PogoN f i x e s  has been accomplished by 

use of the ana ly t ica l  model of the frequency response of the Saturn propellant 

feed systems, as described i n  Appendix F. The following sect ions describe the 

general representations of the f i x  devices as well, as the r e s u l t s  ob+&ed from 

the f i x  evaluation, 
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IV,C,  Define Satuni  "Pogolf Fixee (cont.) 

2. Sidebranch Corrective Device 

A general ana ly t ica l  representation of sidebranch correct ive 

devices begins with the  schematic representation of such devices as shown i n  

Figure 14. T k i s  basic  model of a sidebranch device may be used t o  represent 

various hydraulic suppression devices such as gas and spring loaded accumulators, 

standpipes with gas entrapment, constant a rea  bellows, Helmholtz resonators, and 

hydraulic cap&ci tors. 

It can be seen from Figure 1 4  tha t  the  re la t ionship  between 

the osc i l l a to ry  volume flow i n t o  the  sidebranch device ( j i ) ,  the osc i l l a to ry  

pressure at the  branch (Pi), and the  longitudinal vibratory motion of the device 

( 1  is given by: 

where Yk = '(;Cs) = input  admittance of the device 

kld = H&(s) = s t ruc tu ra l  t ransfer  fmction 

The w r i a b l e s  of Eq (9) a r e  generally re la ted  to each other  as well as t o  other  

variables  i n  the  overa l l  s t a b i l i t y  loop. For example, the vibratory veloci ty of 

the  device x may be r e l a t ed  t o  the modal ve loc i t i e s  of eack. longitudinal 
d 

vibrat ion mode of the vehicle structure: 

where qk = generalized coordinate veloci ty i n  

the k!b s t ruc tu ra l  mode 

Bdk = norrnali~ed modal displacement a t  the device. 



IV,C,2, Sidebranch Corrective Device (cont.) 

A s  mentioned in the preceding discussion, the ddebranch 

derice, represented a s  a pure compliance a t  the pump i n l e t ,  has been evaluated 

as a candidate f i x  f o r  the Saturn "PogoN problem by use of the frequency response 

analysis  described in Appe:!dix F. T h i s  evaluation is  based on the asswnption 

tha t  the e f f ec t  of the s t ruc tu ra l  motion, %, upon the dynamic performance is  

negligible. Hence the oscil.l.atory flow i n t o  the branch device is  simply a 

function of the branch point pressure, a s  defined by Eq (9). The input  ad- 

mittance of the  sidebranch device is  given by the  expression 

T h i s  expression corresponds t o  Sq (12) in Appendix F which is  used t o  represent 

the frequency response of the  device. The frequency response of a sidebranch 

device, obtained by l e t t i n g  s =j3 in &1 ( U ) ,  i s  p lo t ted  in F i w e  15. The 

r e s u l t s  obtained from the f i x  evaluation using the ana ly t ica l  model of the 

Saturn feed system with a branch device inser ted  a re  presented i n  Section C.5 
of this discussion. 

3. Lossy Line 

The ltlossy l ine" concept has been corrsidered as a method of 

suppressing the feed system acoust ic  resonances within the frequency band of 

i n t e re s t ,  Conceptually, the suction 1 . n e  may be made a lossy l i n e  by means 

of uniformly d is t r ibut ing  compliant elements along its length, The invest i -  

gation of the frequency response of such a "lined duct" has been the subject  

of m e r o u s  papers, most of which a r e  prasented in Section B of the  Bibliography, 

Most of these papers a r e  concerned with s i n u s o i d d  wave propagation through an 

absorptive l i n e  containing a gaseous medium. However, the same basic theory 

applies  t o  a l iqi l id  medium. The ana ly t i ca l  model of the absorptive l i n e  is 

presented i n  Appeadix D. This model may be applied t o  both the iossy l i n e  

and the gas in jec t ion  concept which w i l l  be described in the next section. 
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IV,C,3,  Lossy Line (cont.) 

A s  shown i n  Figure 1 of Appe~:&~ Dl the lossg l i n e  may display 

e i the r  one o r  two axial acoustic transmission paths, depending on its construction. 

I f  the resonator cavity is part i t ioned,  then there is only axial acoustic wave 

propagation along the  main path. Iicwever, i f  the cavity is not partit ioned, 

then there  is acoustic wave propagation a l ~ i g  the backside path as well as tifie 

main path, The analy t ica l  r e s v l t s  presented in Agpendix B a r e  theore t ica l ly  

va l id  only for  the case of the  lossy l i n e  with a par t i t ioned  resonator cavity- 

The r e s u l t s  of the absorptive l i n e  study have been dimentjionalized 

f o r  convenient appl icat ion t o  the  design of a lossy  l i n e  f o r  the Saturn feed l ines.  

I n  the  case of negl ig ib le  flow velocity,  Figures 2 through 10 of Appendix D may be 

used to  estimate the at tenuat ion 'function, phase function, and acousCIic veloci ty 

f o r  various frequencies. The e f f e c t  of the  increase i n  the attenuation fimctioa, 

d' ,  upon the damping of suction l i n e  resonant response may be investigated by 

considering the resonant value of the input impedance. The expressior, fo r  I Ires* 
a s  a function of d', is given in Eq (61) i n  Appendix D. !he valiles of 1 Z Ires, as 

predicted by &q (611, a r e  conservative s ince the simplified analysis  does not 

account f o r  the added res i s tance  of the pump, discharge l i nes ,  and thrust  chamber. 

Certain configurations of the lossy  l i n e  have been considered 

which cause a d ras t i c  reduction of the acoust ic  veloci ty a t  low freqxencies. A s  

shown i n  Appendix D, the low frequency assymptote of the acoust ic  veloci ty is 
M inversely proportional t o  the term [l + c$c,] . Thus i f  the capacitance r a t i ~  

CB/Cm = 1000, the ~ c o u s t i c  veloci ty w i l l  be 3.16!% of the nominal acoust ic  velocity 

. For the Saturn V I D X  suction l i n e ,  the nominal acoast ic  veloci ty is % =  2050 
fps  ( a t  T = 165@R, including the e f f e c t  of the radial compliance of the pipe walls) 

and the  flow veloci ty is 32. f p s  ( i n  the downstream sect ion of the s u c t i o l  l ine) .  

Thus a t  low frequencies, the complex Mach number ( fo r  Ca/Cm = 1000) is: 
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IV,C,3,  h s s y  Line (cont,) 

Results presented in Appendix D show tha t  when the amplitude of tho complex 

Mach number exceeds 0-2, the e f fec t ive  propagation function is  s igni f icant ly  

al tered,  Therefore, the  steady-state e f f e c t  of flow must be coneidered in the 

frequency response ana lys is  of a lossy l i n e  with a la rge  capacitance ra t io .  

4, Gas Inject ion,  Ap~roximate Modal 

During the  initial contract,  an attempt was made t o  apply the  

absorptive l i n e  analysis  t o  the  case of gas bubbles uniformly d is t r ibuted  

throughout the prop-Uant l i n e ,  This attempt resu l ted  in an approximate 

m a l y s i s  which is val id  f o r  l a rge  bubbles o r  higher frequencies. Howaver, 

i t  was 1-ater found t h a t  f o r  the case of low frequency wave propagation through 

a mixtwe of LO and helium, this analys is  w a s  not accurate, Therefore, an 2 
exact analysis ,  which is  va l id  for  all frequencies and bubble s i zes  was 

developed during the second contract. The a ~ p l i c a t i o n  of t h i s  ana lys is  

(Appendix E) w i l l  be discussed in Section V, !be approximate gas in jec t ion  

model is discdssed here. 

A s  mentioned in Appendix D, the generalized absorptive l i n e  

aca lys is  may be applied t o  the  case of helium bubbles d is t r ibuted  throughout 

tine oxidizer suction l i ne ,  Expressions a r e  required fo r  the resonant frequency 

( (Ja 1, generalized damping r a t i o  ( ?A ) , and e f fec t ive  capacitance r a t i o  (Ca/Cm) 

of the bubbles, However, the assumptior, of constant f l u i d  inertance in the main 

path (L,) is val id  only for  a gas volume ra t io ,  (vol of gas)/(vol of l iqu id) ,  

of l e s s  than 5%. It is f e l t  t h a t  this r e s t r i c t i o n  is minor s ince engine perfor- 

mance considerations probably d i c t a t e  a maximum gas volume r c t i o  of t he  same 

order- 

First, consider the case of adiabat ic  bubble pulsatione. The 

resonant frequency of the adiabat ic  bubble i s  expressed by the  equation: 
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IV,C,4, G a s  Inject ion,  Approximate Model (cost .) 

From e n t r i e s  C.6 and C.18 in the Bibliography, the approximate equations fo r  

the bubble inertance and adiabat ic  capacitance a r e  given by: 

where pa = mass density of the l i qu id  surrounding the bubble 

k = r a t i o  of spec i f ic  heats  of the gas in the bubble 

5 = average s t a t i c  pressure i n  the bubble 

rb = rad ius  of the bubble 

Combining Eqs (13) through (151, the expression f o r  the adiabat ic  resonant 

frequency of the  bubble may be written: 

This frequency i s  associated with the adiabat ic  breathing mode of the  bubble 

which r e s u l t s  in simple volume pulsat ions of the nearly spherical  bubble. 

This frequency corresponds t o  ac tua l  breathing mode only fo r  small bubbles 

s ince l a rge r  bubbles will display osc i l l a to ry  heat t rm.sfer  across the bubble 

surface. For a small helium bubble of radius .04 in. in LO2, the breathing 

mode frequency i s  approximately 10,000 cps. Figure 16 shows the breathing 

mode frequency as a function of the bubble rad ius  and s t a t i c  pressure f o r  

helium bubbles in. l iqu id  oxygen. It is seen t h a t  impossibly, la rge  bubbles 

a r e  necessary to  achieve resonant frequencies in the 20 t o  50 cps range. 

The expression f o r  the capac i tuce  r a t io ,  Ca/Cm, may be 

derived by again assuming tha t  the bubble capacitance (compliance) is adiabatic. 
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IV,C,4, G a s  Inject ion,  Approximate Model (cont.) 

The r a t i o  Ca/Cm is then simply the product of the gas volume r a t i o ,  *, and 

the  adiabat ic  gas compressibility r a t io ,  no r 

where -v g = 4 = gas volume flow- 

V!L l i qu id  volume flow 

adiabat ic  fa6 co in~res s ib i l i t g  
l i q u i d  compressibili ty 

BA = klk: = bulk modulus including the e f f  e o t  of 
pipe w a l l  e l a s t i c i ty .  

Applying Eq (17) t o  the case of the LOX suct ion l i n e  f o r  a temperature of 

165OR and pressure of 65 psia ,  the  nominal acoustic veloci ty (accounting f o r  

pipe w a l l  e l a s t i c i ~ ) ,  b U  modulus, and compressibility r a t i o  a r e  given 
4 2 respectively, a s  & = 2050 fps,  BA = 6.48 x 10 ps i ,  and \=  6.0 x 10 . There- 

fore,  the m-um capacitance r a t i o  corresponding t o  a gas volume r a t i o  of 5s 
is Ca/Cm = 3. 

The dauping mechanism involved i n  the volume pulsat ion of gas 

bubbles is  qui te  complicated. Fundamentally, the three sources of energy dis- 

s ipa t ion  a r e  heat conduction, re radia t ion  of sound energy from the  bubbles, and 

viscous damping a t  the boundary of the bubble. Bibliography entry c.16 gives 

the following expression f o r  the damping constant, a s  a function of Pequencyr 
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IV,C,4, G a s  Inject ion,  Approximate Model ( cont .) 

The three t e r m  comprising 5, a r e  defined by the following equations: 

where 

9 = thermal i i i f fusivi ty of gas i n  bubble 
2 

= kinematic viscosi ty of l i q u i d  

The range A% SO/@, , defines nearly odi.abatic bubble pulsations. Un- 

fortunately, t h i s  assumption is inval id fo r  the frequencies of i n t e r e s t  

(1 - 40 cps) . Theref ore,  the exact theory w i l l  be developed and applied to  

this condi!,ian i n  Par t  11. 

The parameters O, , Ca/Cm, and % may be used with Eqs (15) 

ana (24) of Appendix D t o  obtain the wave propagation parameters z C ( a )  and 

' 8 1 ~ ~ ) .  Since the propagation constant is comisosed cf  the attenuation constant, 
/ 

d? 1, and the phase constant, ( 1  = / , botn the attenuation and 

rcoustic veloci ty may be obtained from the above-mentioned equations.. 
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IV,C,4, Gas In.jection, Approximate Model (cont,) 

Experimental data obtained for one-dimensional wave pro- 

pagation in a mixture of air bubkles and water is  presented in Figures 17 and 

16. This data has been obtained from bibliography entry C.16, In  Figure 17, 

the theoretical prediclxions of the attenuation constant, obtained from Eq (24) 
of Appendix D are plotted with the experimental values of attenuation. It i s  

seen that  the correlati.on of theory and experimental data is quite good at 

these frequencies if the frequency dependence of the damping factor is included. 

5. Fi,x Evaluation 

In  the process of defining the beat s e t  of compensation devices, 

various c r i t e r i a  can be applied. For example, a lumped parameter device such a s  

a sidebranch resonator can be considered to f i t  in to  a general feed system i n  the 

manner ahom i n  the general impedance network of Figure 19. Applying network 

theorems to the system of Figure 19 yields PA (with device) and P; (without 

device). The ratio,  P; /PA is known aa the insertion r a t i o  and is given by 

the expression 

where ;tl and S are the upstream and downstrew impedances and jli and Y are 2 2 
the downstream addttances. It can be seen from Zq (22) that  the f i l t e r ing  

action of the device is dependent on upstream and downstream f luid  dynamics. 

It is also apparent that the input admittances, Y; , associated with various 

devices w i l l  yield a re la t ive  comparison of f i l t e r i ng  effectiveness. RecaU 

that  the input admittance of a sidebranch resonator, as shown i n  figure 15, 
displays an admittance m a x i m a  a t  the resonant frequency. Therefore, it is 

common practice to lttunell such a derice to achieve the maximum ra t io  

a t  the desired frequency. 

Analytical models of the S I B  and S-IC propellant feed systems 

have been developed t o  allow the preliminary evaluation of the candidate stabi- 

l ization devices. The preliminary analytical model u t i l i zes  the analog c i rcui t  
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IV,C,5, Fix Evaluation (cont.) 

of the feed system shown i n  1. A frequency response ana lys is  of each 

c i r cu i t ,  with the conceptual f i x  device inserted,  allows the evaluation of 

the e f f e c t  of the  device on the response charac ter i s t ics  of the feed system. 

The main design c r i t e r ion  tha t  is used in these s tudies  is 

the minimization of the primary feed system t ransfer  function amplitudes a t  

the frequencies of the vehicle londitudinal  modes. Recall tha t  t h i s  t ransfer  

function is  defined by Eq (7) of Appendix F. Since the peaks i n  the amplitude 

of this t rensfer  function occur a t  the feed system acoustic mode frequencies, 

i t  is apparent that, t o  s a t i s f y  the abovementioned c r i t e r ion ,  e i the r  the fre- 

quencies of the acoust ic  modes must be sh i f t ed  o r  the modes must be suppressed 

by the addit ion of damping. 

During the course of the contract,  the e f f ec t  of the inser t ion  

of a compliant sidebranch device r-?pon the frequency of the Saturn feed system 

acoustic modes was investigated, T h i s  invest igat ion u t i l i zed  the ana ly t ica l  

model of the  Saturn propellant feed system with the values of dynamic parameters 

presented in Table I, The r e s u l t s  of this analys is  are presented i n  Figures 20 

and 21. Note tha t ,  s ince  the  impedance 2 of the length of suction l i n e  between 
5 

the  pump and the branch point  was assumed negligible,  it is possible t o  lump the  

two capacitances C4 and C6. Thus, the e f f ec t  of the variable cavi tat ion compli- 

ance upon the feed system resonant frequencies may a l so  be determined. 

D. RE!5W TEST PROGEL- AND FACILITIES 

!The experience gsined by Aerojet-General personnel during the 

Ti tan II/Gemini engine t ransfer  fi~m tion t e s t  program (Appendix A) was applied 

t o  the  similar pulse t e s t  program which was conducted f o r  the H-l and F-1 feed 

systems on the bobtai l  t e s t  f a c i l i t i e s .  I n  par t icu lar ,  the object ive of this 

review w a s  t o  evaluate the  adequacy of the t e s t  apparatus and dynamic data 

acquis i t ion  system with regard t o  experimentally defining the frequency response 

charac ter i s t ics  of the  turbopumps associated with the 3-1 and F-1 engine systems. 
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IV,D, Beview Test Procedures and F a c i l i t i e s  (cont,) 

A review of the 3-1 and F-1 bobtai l  t es t ing  f a c i l i t y  was conducted 

at MSFC by personnel from the Aerojet Test Instrumentation Division which 

resu l ted  in the following recommendations, 

1. F-1 Turbopump F a c i l i t y  

a. Oxidizer Pump Dynamic Instrumentation 

The or ig ina l  suction l j s e  a-namic instrumentation consisted 

of two diametrically opposed s t r a i n  gage pressure transducers which were i n s t a l l e d  

immediately above the suction flange. Both transducers were tube-connected: one 

with a 6-in. t;ube length, the other  with an approximate &in. t ~ & e  length, One 

measurement device, which w a s  located 90 in. above the suction flange, was in- 

s t a l l e d  with an approximate 24-in, tube length to a s t r a i n  gage transducer. Two 

diametrically opposed s t r a i n  gage transducers were i n s t a l l e d  on each discharge 

l i n e  immediately below the discharge flange with tube connections of 18-in. t o  

36-L, l i n e  lengths. 

I n  view of the  poor frequency response charac ter i s t ics  of 

non-flush pressure transducers, i t  w a s  a l so  recommended t h a t  all pressure trans- 

ducers for  dynamic measurement be f lu sh  mounted, This wac necessary because 

the compliance of entrapped gas or  the mounting s t ruc tu re  may lower the  resonant 

frequency of tba transd-~oer so <:tat 5.t  is within the frequency range of i ~ t e r e s t .  

I n  par t icu lar ,  i t  may be shown tha t  the llbubblew mode of the non-flush mounted 

pressure transducer€, which is caused by the resonance of the l i q u i d  i n  the 

connector and the gas compliance, may e x i s t  a t  frequencies of l e s s  than 20 cps, 

One problem tha t  precluded the flush-mounting of the 

pressure tzansducers i n  the c i r c u i t  w a s  the potent ia l  cracking of transducer 

diaphragms due t o  the freezing of the water i n  the transducer cavity. As a 

consequence of t h i s  problem, i t  w a s  recommended tha t  the pressure trans- 

ducers be "close-coupled," using the following c r i t e r ion  f o r  the minimum 

coupling tube lengths8 
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I V , D , l , a ,  Oxidizer Pump Dynamic Instrumentation (cont .) 

(1) Shorten all suction measurement connector tubes 

t o  2 in. 

(2) Shorten all discharge measurement connector tubes 

t o  6 in. 

These lengths were apecified t o  insure t h a t  the "bubble mode" frequency is 

grea ter  than 50 cps. I n  addition, i t  w a s  recommended tha t  the s t r a i n  gage 

pressure transducers be temperature compensated f o r  cryogenic temperatures. 

The following addit ional  transducers were recommended t o  insure consistent 

dynamic measurement t (1) addi t ional  transducers a t  each discharge l i n e  

(pref erab1.y a t  avai lable  boss 6 in. dowxistream of or ig ina l  measurement), and 

(2) two transducers i n  LO bleed-off l i n e  with maximum d i s t m c e  between them. 
2 

The pressure transducers i n  the bleed-off l i n e  were necesssry t o  compute the 

osc i l l a to ry  flow i n  t h i s  l ine .  The osc i l l a to ry  component of flow is calculated 

by taking the product of the measured osc i l l a to ry  pressure drop and the theo- 

r e t i c a l  admittance of the sect ion of l i ne .  

Originally i t  w a s  recommended tha t  the osc i l la tory  

component of flow i n  the  bleed-off l i n e  be d i r ec t ly  measured by use of a f a s t  

response turbine-flowmeter. Although a modified Potter  flowmeter was located 

which was sui tab le  fo r  this application, i t  was found tha t  i n s t a l l a t i o n  of t h i s  

device i n  the bleed-off l i n e  was considered a major chacge by MSFC personncl. 

b. Fuel Pump Dynamic Instrumentation 

The o r ig ina l  dynemic instrumentation f o r  the F-1 fus;. 

pump consisted of four diametrically opposed flush-mounted Photocon Model 207 

transducers, two of which were in s t a l l ed  i n  each suction l i n e  above the flange, 

and with the remaining two i n s t a l l e d  i n  each discharge l i n e  immediately below 

the discharge flange. 

It w a s  recommended t h a t  all Photocons remain i n  t h e i r  

or ig ina l ly  in s t a l l ed  location. It h a s  fur ther  reconmended tha t  (1) a t  l e a s t  

one flush-mounted transducer be added a t  the %-in. suction point of each l ine ,  

(2) two flush-mounted tranasucers be added i n  each discharge l i n e  a t  the two 
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IV,D,  1, b, Fuel Pump Dynamic Instrumentation (cont .) 

s t a t ions  where bosses a r e  located, and (3) two f lush  or  close-coupled trans- 

ducers be added i n  the f u e l  bleed-off l i n e  a t  two stat ions.  A s  i n  the case of 

the L% bleed-off l i n e ,  d i r ec t  measurement of the Elov flu.ct.uations by use of a 

f a s t  respcnse flowmeter was recommended. 

a. Oxidizer Pump Dynamic Instrumentation 

The or ig ina l  suction l i n e  dynamic instrumentation consisted 

0.f thxee suction l i n e  measurements which were instrumented with tube connections, 

18-in. to  36-in. lengths, t o  s t r a i n  gage transducers. One of the suction l i n e  

measurements w a s  located i n  the suction flange; the other  two measurements were 

located between the pulser  and suction flange. One measurement was ins t a l l ed  in 

the discharge flange and w a s  connected by a 24-in. tube to  a s t r a i n  gage tr&n6- 

duc e r  . 
It w a s  recommended tha t  all pressure transducers be f lu sh  

mounted t o  insure adequate frequency response. A s  an a l t e rna t ive  t o  flu&-mouzt-, 

i t  w a s  suggested tha t  t he  transducers be c losecoupled  using tube lengths of l e s s  

than 2 in. i n  the suction l i n e  and l e s s  than 6 in. i n  the discharge l ine.  

Because of the extreme closeness of the or ig ina l  discharge 

pressure transducer loca t ion  to  the turbuleqt yotat ional  flow at the ou t l e t  of 

the pump, the va l id i ty  of the dynamic ~ a t a  r6-;1?iting from t P L s  measurement .IS 

suspect. Therefore, i t  was recommended tha t  two additions transducers be added 

a t  two s t a t ions  fur ther  downstream of the discharge flange. 

b. Fuel Pump Dynamic Instrumentation 

The or ig ina l  suction l i n e  dynamic instrumentation fo r  the 

H-1 fue l  pump consisted of two suction pressure measurements wt-ch were instru-  

mented with tube connections t o  s t r a i n  gage pressure transducers of 18-in. to 

36-k1. tube lengths. The dynamic discharge pressure transducer w a s  connected 

t o  the fue l  pump discharge flange by a tube length of asproximately 24 in. 
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IV,D,2,b, Fuel Pump Dynamic Instrumentation (cont.) 

It was recommended tha t  all pressure transducers be 

flirsh-mounted. I n  l i e u  of flush-aounting, the transducers may be close- 

coupled using the &in. and b i n .  maximum coupling tube lengths fo r  the suction 

and discharge measuremer.ts, respectively. A s  i n  the case of the LO2 discharge 

pressure measurement, the addition of two discharge pressure measurements was 

reconunended. 

3 General Recommendationa 

Technical information concerning the dynamic problems 

associated with non-flush-mounting of pressure transducers has been trazzsmitted 

t o  Marshall Space Fl ight  Center. I n  par t icu lar ,  i t  was suggested tha t  Kist ler  

o r  Photpcon 2775 o r  2765 pressure transducers could be flush-mounted t o  the 

oxidizer propell.ant system without danger of freezing and subsequent c o n m i -  

nation of the PX) c i r cu i t .  2 

I n  addit ion to  measuring osc i l l a to ry  pressure during the 

H-1 and F-1 turbopump pulsing tests, i t  is desirable t o  measure osc i l la tory  flow 

a t  the  pump i n l e t  and ou t l e t .  Aerojet personnel investigated the ava i l ab i l i t y  

of a commercial flowmeter which would be compatible -with the  propellants,  and 

measure flow f luc tua t ions  a t  frequencies of 2 t o  20 cps. I n  addition, an 

invest igat ion was i n i t i a t e d  t o  study the poss ib i l i t y  of using the exist ing F-1 

propellant flowmeters t o  measure osc i l l a to ry  flow i r ~  the pump suction l i l e .  

The exist ing u n i t s  were Pot te r  turbine flowmeters which were lochzed i n  the 

prevalves. It was planned t o  u t i l i z e  experimental s t ep  response data  (avai lable  

from the  manufacturer) t o  obtain a dynamic cal ibrat ion.  Use of these meters 

would have required a modification of the associated pulse-counting data  

processing hardware. However, i t  was found tha t  the frequency of the output 

signal w a s  too low (80 cps) t o  achieve adequate frequency response. Aucordiv 

t o  the  Pot te r  Corp. representatives,  there w a s  no simple modification possi'cle 

which would increase the frequency output a t  nominal flow. Therefore, i t  was 

not  feas ib le  t o  nse the F-1 Potter  meters t o  measure flow f l u c t w t i o n s  in  the 

suction l ines ,  

A survey of the commercially avai lable  flowmeters indicated 

tha t  there  were no readi ly  avai lable  osc i l l a to ry  flow transducers which met all 
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of the following requirements; 

High frequency response ( f i r s t  order l a g  6 5 msec) . 
Compatible with both RP-l and LOX. 

Same s i z e  as H-1 and F-1 suction l i n e s  and/or discharge l ines.  

Since osc i l la tory  flow rneas~rement was apparently not feasible in the suction and 

d;scharge l i n e s  of the F-1 turbopump f a c i l i t ~ ,  i t  was recommended tha t  d i rec t  

measurement of the osc i l la tory  flow in the discharge pulser bleed-off l i n e  be 

obtained. A s  a r e s u l t  of a review of the available flowmeters, i t  was determined 

tha t  a nodified Potter  turbine flowmeter would best meet the requirements. Specifi- 

cally, the flowmeter recommended was a >in.-line flowmeter designed by Aerojet- 

General and manufactured by Potter  t o  comply with AGC specif icat ion No. 8770: 

1550, per Aero j e t  Drawing 258857. Briefly, this flowmeter me': the following 

req-drements: 

Operating temperature range - -425OF to  +20O0F 

M a x i m u m  rated flow (water) - 700 g P  

Output frequency ( a t  maximum flow ra te )  - 455 cps 

Nominal MIX flow r a t e  - 377 gpm at 10 psid 

Theoretical response t i m ?  constant - 4 msec 

Pract ical  response time constant - 10 to 20 msec 

Information describing the dynamic relat ionship between f l u i d  

pulser s i s ton  t ravel  and pump i n l e t  suction pressure w a s  provided to MSFC in 

Aero j e t  Report .DTDR 9647-031, llAero je t-General 'Pogo Experience1' which consti- 

tuted Appendix H of this f i n a l  report. 

E. ASSIST I N  UTILIZING DYNAMIC TEST DATA 

The dynamic response data which was obtained from the pulse t e s t s  

of the H-1 and F-1 engine systems w i l l  be used by the various contra.ctors to  
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ver i fy  o r  modify the i r  respective analyt ical  models. The objective of this 

task was t o  insure that the f i n a l  response data w a s  valid and consistent, 

I n  par t icu lar ,  the following improvements in data handling were 

considered necessary to obtain meaningful dynamic data from the F-1 and H-1 

pulse t e s t  programs, 

1. Recording 

Recording of hl dynamic data w a s  accomplished on k p e x  

I3600 l bchanne l  FM tape recorders. Full  signals were recorded on tape; tha t  

is, s t a t i c  data with dynamic data on the same trace, 

Since the dynamic portion of the t race  represents only 1 t o  

10% of the t r ace  value on the discharge side, i t  w a s  highly recommended tha t  

all t races  be high-passed approximately 1 cycle and amplified onto the tape 

f o r  be t t e r  dynamic data presentation. It w a s  fur ther  recommended tha t  dynamic 

cal ibrat ioi l  be placed on tape and a l so  a phase cal ibrat ion prhor to  run by 

placing an AC s ignel  a t  d iscre te  frequencies 2 t o  30 cycles in 5-cycle s teps  

o r  frequencies of major i n t e r e s t  on a l l  channels simultar~eously, ahead of any 

f i l t e r s  used in the system, 

2, Data Presentation 

Traces were played back t o  oscjllograph, one t o  a record 

displayed in three forms: one DC presentation and two f i l t e r e d  presentations 

of the Fme trace. F i l te red  t races  were amplified a f t e r  f i l t e r i n g  from the 

tape recorder. Dynamic data of t h i s  type were subject  t o  a high noise-to-signal 

content making a qualif ied data analys is  extremely d i f f icu l t .  

It w a s  recommended tha t  with high-passed data onto tape, 

grouping of t races  could be displayed on the same oscillograph record f o r  

quick-look, phase-amplitude check. Cirouping should be f o r  each pump c i rcui t ,  

3. D a t a  Reduction 

It w a s  understood that Rocketdyne had been assigned the 

responsibi l i ty  f o r  the reduction and in terpre ta t ion  of the frequency response 

Page 29 



IV,E,3, Data Reduction ( COE~.) 

data reaul t ing  from the H-1 and F-1 turbopump pulsing t e s t s .  Because of the 

r e l a t ive  importance and la rge  expense of the sxperimen%al pump t ransfer  function 

program, i t  w a s  recommended tha t  MSFC personnel i n i t i a t e  a small-scale t ransfer  

function determhation program using a partial s e t  of pulse t e s t  data  a s  a 

check on the r e s u l t s  of the Rocketdyne data  analysis. The MSFC e f f o r t  may be 

simplified by use of the ex is t ing  dynamic data reduction f a c i l i t i e s  a t  the 

Computation Laboratory. 

Communication between Aero j e t  and MSFC (R-Comp) gerlsonnel 

has revealed that the Computation Laboratory has an exis t ing  digital computer 

program which may be used t o  d i r ec t ly  compute t ransfer  functions from taps 

recorded frequency response data. The proposed frequexlcy response function 

determination is based on the  relationship: 

where 

Su <a> H- b4 = -.&' 
J~ sW) (23) 

A P-w ).( b)= .' = frequency response function between P (a) 
~k Pkb1 j 

and P k ( o )  

Pjb) = F ~ u r i e r  transform of j Y  parameter (output), 

Pj( t )  

Qc3> = Fourier tramform of ktb parameter (input), 

Pk( t )  

S (4 = cross power spec t ra l  density (or simply cross 
h:! 

spectrum) of the jL and khh parameters 

shb) = power spec t ra l  density (or  simply ~pectsum) of 

the kib parameter 

The cross spectrum, S . (w ) , is generally a complex function of frequency having 
3k 

a r e a l  part ,  Scjk (a 1; ca l led  the cos:ectrum, and an imaginary part, Sqjk(U ), 

cafled the quadrature spectrum. Consequently the absolute amplitude of the 
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cross spectrum is 

and the phase angle of the cross  spectrum is: 

Since the spectrum S (a ) is always r ea l ,  the expression f o r  kk 
the absolute magnitude of the t ransfer  function i s 8  

It is seen t h a t  the phase angle of the t ransfer  function is simply the phase 

angle of the cross  spectrum; 

MSFC Computation Laboratory personnel have an established 

program capable of d i r ec t ly  computing the spectrum and cross  spectzum f o r  any 

tape recorded dynamic parameter, pi( t) . I n  the  case of the F-1 pulsz t e s t s ,  

the parameters, P. (t) , a r e  l i s t e d  i n  Table 12. Tor example, the second para- 
3. 

meter i n  the tab le  (corresponding t o  i = 2) is the f u e l  suction pressure at 

the #1 i n l e t ;  therefore, we may write 

Using t h i s  nomenclature, the t r a r s f e r  function r e l a t i n g  the osc i l la tory  pressure 

at  the #1 pump ou t l e t  t o  the osc i l l a to ry  pressure a t  the #1 pump i n l e t  is wri t ten 
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From Eqs (26) and (271, the absolute magnitude and phase of the t ransfer  

function a re  eas i ly  found once the spectrum of P2(t) and cross spectrum of 

P ( t )  a r e  computed. 
1 

It is observed from Table 1 2  tha t  there a r e  29 dynamic para- 

meters which may be arranged i n  d i f fe rent  r a t i o s  to  y ie ld  a t o t a l  of 8U dif- 

fe rent  t ransfer  functions. However, i f  we take a common referenct  parameter 

P ( t ) ,  then only 29 cross  spectra  need be computed s ince an a rb i t r a ry  t r ans fe r  n 
function may be found from the re la t ionship  

Table 13 has been constructed t o  show exp l i c i t l y  what cross  spectra  a r e  needed, 

Note tha t  the  two reference parameters, in the case of the tapes A ant'. B, a r e  

the pulser posi t ion and the pump discharge prerisure a t  ou t l e t  #L. Hence aLL 

cross spectra  a r e  r e l a t i v e  t o  parameters P ,+ a n c l  Pll f o r  f u e l  pulsing data, and 

to  parameters P16 and P22 f o r  oxidizer pulsing data. I n  addit ion t o  computing 

spectra  of these reference parameters, the  spectra  of c e r t a i  other important 

parameters a r e  desired. This w i l l  provide a check of the random noise back- 

ground, Finally,  Table 13 indica tes  tha t  although the spec t ra l  ana lys is  of 

the tape C data is  optional,  the reference parameter is the a l t e rna te  pump 

discharge pressure a t  ou t l e t  #1, 

The following discussion concerns the operation of the computer 

program t o  determine the spectra  Skk(U) and the cross spectra  S ( a ) ,  The 
j k 

operation of the program is affected by several  considerations tha t  a r i s e  when 

the magnetic taped data  is  d ig i t ized ,  The following parameters must be 

considered: 

N = number of data points  in dig i t ized  data  

t = sampling in t e rva l  

m = number of l ags  
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O f  = calculat ion resolut ion 

B = spectrum bandwidth 

The value of n normally is chosen such that 

QrJ 40s .,- s 200 

I f  the parameter m does not obey t h i s  c r i t e r ion ,  the resu l tan t  spectra  may be 

inv&i8 because of e i the r  of the following ;?roblems: (1) confidence l eve l  too 

low ( i f  20m N), o r  (2) resolut ion too low ( i f  N l ~ m ) ,  

The calculat ion resolut ion,  A f ,  is usually ch0~0n  so that 

9lh.i~ insures  tha t  the frequency in t e rva l  is covered i n  a manner such tha t  tha 

asr;imates completely overlap each other, The spectrum bandwidth is given by 

The parameters N, At,  and o: a re  functions of the maximum 

frequency cutoff which can be established by f i l t e r i n g  the data, A par t icu lar ly  

su i t ab le  *om of f i l t e r i n g  used a t  Aerojet-General is a d i g i t a l  f i l t e r  haxcing 

a cutoff r a t e  of over 200 db/octave and zero degrees phase s h i f t  in the pass 

band, A descript ion of this f i l t e r  can be fomd in entry G,6 of the Bibliography. 

The complete description of N, A t ,  and in terms of maximum 

frequency cutoff ,  record length, aRd maximum l a g  is given in entry G.3 af the 

Bibliography, 

V, DISCUSSIONt PART I1 

A, EVALUATION OF FIX DEVICES 

1, General Considerations 

The evaluation of various "Pogo" f i x  devices may be performed 

on an open-loop bas is  by comparing t h e i r  e f f ec t  in the suppression of pro- 

p d s i o n  system resonant gains and the separation of system resonant frequencies, 
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This frequency domain analysis  was accomplished by use of the S a t u r ~  propulsion 

system model described i n  Appendix 3'. The analog c i r c u i t  correspond.lag to this 

model is  shown i n  Figure 22, It, may be noted tha t  thirj model is more complete 

than the modsl used in Par t  I, in tha t  i t  1 )  allows fo r  gas h j e c t i o n  i n  the 

suction l ine ,  2 )  includes the gain of the nonreciprocal p u p ,  and 3) ~ z e d i c  t a  

the chamber presswe response. The analog c i rcu i t  fo r  this modsl is shown i n  

Figure 22, which may be compared t o  Figure 1, Both models require the assumptior, 

tha t  the  dynaxdc interact ion of fue l  and oxicl5.z~ systems, due to cross f low of 

osc i l la t ions  through the common combustion chamber, i s  negligible, It is also 

assumed tha t  the "laootstrapl' (gas generator/~urbine) loop gain is suff ic ient ly  

attenuated a t  the frequencfes of i n t e r e s t  so tha t  i t  may be ignored. 

Before investigating the ef fec t  of feed system f i x  devices, 

the ~ioainal  feed system frequency response, a s  predicted by the improved model, 

should be reconsidered. The frequency response characteristics of the nominal 

SIC LOX feed system a r e  shown in Figures 23 and 24. The frequency response 

functions H (U ) and H t ( o )  descrihe the respective osoFUatory responses of 
P 

the propulaien system t o  osc i l la tory  acceleration a t  the pump i n l e t  and pressure 

osc i l la t ions  a t  the tank bottom, wl.ich a re  the two major input variables. These 

functions a re  defined by the following expressions; 
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These def in i t ions  correspond, respectively, t o  eqa (33), (34), (35), (36), 
(37), and (38) i n  Appendix F. Note tha t  H ( o) and H ~ ~ (  correspond t o  

PS 
the transfer functions t h a t  were predicted by the or ig ina l  model used in Par t  I. 

Returning to Figures 23 and 24, i t  is seen tha t  pressure oscil- 

l a t i o n s  a r e  attenuated a s  they a r e  t r a n m i t t e d  from tht: pump M e t  to the engine 

combustion chamber. I n  other words, a t  any frequency a, 

T h i s  attenuation of downstream travel ing osc i l l a t ions  is caused by the presence 

of la rge  acoust ical  res is tances  i n  the pump/di.scharge system and the lack of 

pump amplification due t o  the assumed gain of the pump. A s  explained in 

Appendix A, the forward pump "gainl1p+ is a measure of the amplification of 

pressure osc i l l a t ions  transmitted from the pump i n l e t  to  the outlet .  This gain 

is ass~meci t o  be unity because of the small degree of chvitation exhibited by 

the H-1 and F-1 pumps at  normal operating conditions, 

Comparing the r e s u l t s  of Figures 23 and 24, the maximum gains 

of a l l  functions a r e  found to occur a t  approximately the same frequencies, 

which a re  the feed system acoustic mode frequencies. It is important t o  define 

the e f fec t  of the various s t ab i l i z ing  concepts zlpo2 these acoustic mode fre- 

quencies and upon the resonant amplitude (gain) of the most pert inent  prop~dsion  

system t ransfer  functions. A s  previously mentioned, a s t ab i l i z ing  influence is 

achieved i f  the feed system modes a r e  separated from the vehicle s t ruc tura l  modes 

and/or the trannf e r  function resonant gains a r e  reduced. For t h i s  investigation, 

the e f fec t  of t:r,e f i x  devices upon the pumpto-engine t ransfer  function, H 
pen 

and the tank-to-,-ngine t ransfer  function, Hte, were considered, The parametric 

r e s u l t s  from the f i x  concept evaluation ~ L l l  be presented for  the function Hte 

only s ince the same r e l a t i v e  ef fec ts  were noted for  the function H 
peC 

2, Lumped Parameter Devices 

A s  discuseed in  Appendix A, a device may be c lass i f ied  as 

lumped parameter when its charac3eris t . i~ length is l e s s  than 1/8 wavelength 

a t  the higkzst frequency of in teres t .  For our purposes, the lumped parameter 
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glPogo" f i x  device t o  be considered is a generalized sidebranch element, ae 

described by eq ll,. Recall t ha t  this equation describes e i the r  an accumulator 

or a sidebranch resonator, depending on the select ion of the r e ~ o n a n t  fre- 

quency, Wn, 

The e f fec t  of a sidebranch resonator or  capacitive device 

(accumulator) upon the SIC LOX system acoustic mode frequencies i s  i l l u s t r a t e d  

by the parametric p lo t  pressnted as Figure 25, The uncoupled resonant frequency 

( f  6) and capacitance ( C6) of the device have been varied to  determine the 

e f fec t  on the na tura l  frequencies of the coupled system, The inser t ion  point 

i s  constant a t  90 inches above the turbopump i n l e t  flange. One obvious e f fec t  

of the resonator is t o  introduce an addit ional  system acoustic mode (called 

the n = 1 reslonator mode) Secause of its added degree-of-freedom. However, i t  

may be shown tha t  this rode is generally more highly damped than other modes, 

due to  the select ion of a re l a t ive ly  la rge  resonator damping fac tor  ( 56 = 0.1). 

I n  Figure 26, the e f fec t  of placing a tuned resonato.~ a t  the 

pump i n l e t  o r  ou t l e t  is shown. T h i s  p l o t  i l lus t re . tes  the increased damping of 

the resonator mode is  auch more apparent on the discharge resonator. However, 

nei ther  device is ef fec t ive  i n  appreciably d r i f t i n g  the coupled system mode 

frequencies. Referring t o  Figure 25, i t  is seen tha t  tha effectiveness of 

the resonator could be increased i f  e i the r  1 )  its capc i t axce  is  increased 

or  2) its uncoapled resonant frequency is s e t  equal t o  the or ig ina l  system 

mode frequency tha t  must be shifted. Because of the  d i f f i cu l ty  of tuning 

the resonator device, it is concluded t h a t  the s ide  branch device should be 

xsed as a simple capacitance (accumulator) ra ther  than a tuned vibration 

absorber (resonator). Theref ore, subsequent s tudies  of lumped parameter 

devices consider only the capacitive accumulator. 

A comparison of the benefi ts  of suction and discharge accumu- 

l a t o r s  may be obtained by comparing Figures 27 and 28. Although both accumu- 

l a t o r s  a r e  equally ef fec t ive  in sh i f t ing  the f i r s t  mode frequency, the discharge 

accumulator is more e f f i c i en t  i n  the suppression (attenuation) of the resonant 
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value of the propulsion system gain, 
J H t e l m *  The f i r s t  mode resonant gain 

and frequency of the  SIC LOX system a r e  shown expl ic i t ly  as a function of 

accumulator capacitance in Figures 29 and 30 fo r  the suction and discharge 

accumulators, respectively. Note that the e f fec t  of increased capacitance i s  

t o  increase the resonant gain fo r  the suction accumulator but decreases the 

resonant gain for  the discharge accumulator. However, a suction accumulator 

may still be used to  s t a b i l i z e  the sys-Gem, providing the feed system mode 

frequencies a r e  decreased enough to yield adequate separation from the  lowest 

vehicle mode frequency. 

The e f fec t  of the locat ion of the  SIC LOX suction accumulator 

is shown in Figure 31. The effectiveness of the accumulator, i*1 reducing the 

f i r s t  mode (n  = 1) frequency, is decreased a s  i t  is moved up the suction l ine .  

Also, the  second mode (n = 2) frequency is strongly affected by accumulator 

locat ion and tends t o  be r e d x e d  by moving the accumulator away from the pump 

in le t .  It is thus desirable to k s e r t  the  accumulator a s  close to the pump 

i n l e t  as possible. This conclusion is qui te  general and applies  t? other 

systems such as Titan (Ref 2 ) .  

The above-mentioned r e s u l t s  all apply t o  the SIC LOX feed 

system, although similu conclusions may be drawn when the other  Saturn feed 

systems are considered. r'igures 32 through 37 present the r e s u l t a  fo r  these 

feed systems. 

3. Distributed Parameter Devices 

The primary distr ibuted parameter device considered i n  t h i s  

evaluation is the helium gas inject ion concept, which has been developed by 

MSFC personnel. As mentioned in Par t  I of the Discussion, the or ig ina l  Aerojet 

model of gas in jec t ion  w a s  inval id fo r  the general case of polytropic bubble 

pulsations. merefore,  hn exact analysis  of the ef fec t  of bubbles upon wave 

propagation tias developed fo r  the evaluatior. of gas injection. This analysis, 

which is presented i~. Appendix E, accounts for  the frequency dependent capacitance 

and damping of the distr ibuted gas bubbles. 

The main variables i n  the gas inject ion investigation a r e  the 

in jec tant  mass r a t i o  (mass flow of gas/mass flow of LOX) and the initial gas 
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bubble size. The mass r a t i o  mainly controls  the gas capacitance and hence 

the r e su l t an t  acoustic mode frequencies, whereas the  bubble s i z e  governs the 

bubble damping 

The e f f ec t  of bubble damping is par t icu lar ly  important izl the 

ana ly t ica l  model of the Saturn feed system with gas in jec t ion  s ince it la rge ly  

influences the resonaut gain, Figure 38, which is a p l o i  of the  input  adai t tance 

a t  the pump . m e t ,  i l l u s t r a t e s  that in the  frequency range of i n t e r e s t  t ts system 

damping is strongly dependent on bubble size. The damping of the propulsion 

system, as indicated by the dis tance between the envelope of t he  resonant and 

anti-resonant values of admittance, tends to  be increased as the  bubble rad ius  

is  decreased. The "no-damping" case corresponds t o  perfect ly isothermal pulsatione 

of the bubbles. A s  explained i n  Appendix E, the thermal damping of the bubbles 

i~ caused by Frreversible heat tranrsfer as a r e s u l t  of polytropic bubble puloations* 

Figures 39 and 40 show the e f f ec t  of bubble damping on the  

propulsion system t ransfer  functions H and Hte, respectively. The bubble 
Pe 

radius (-02 in.) has been chosen t o  optimize the suppression of the higher 

acoustic modes. Xote t h a t  the in j ec t an t  mass r a t i o  has been assumed constant 

i n  these curvet. 

The in j ec t an t  mass r a t i o  is a very important parameter in the  

adjustment of the  feed system acoustic mode frequencies. The reduction of the 

resonant frequencies by the increase of t h i s  parameter is shown i n  Figure 41 f o r  

the isothermal case (no bubhle damping), undesirable e f f e c t  of increasing 

the in j ec t an t  mass r a t i o  is the r e su l t an t  increase i n  the  resonant gains f o r  the 

higher a c o ~ s t i c  modes, which a r e  sh i f ted  in to  the range of the vehicle s t ruc tu ra l  

mode frequencies. 

For the case of polytropic bubble pulsat ions (with bubble 

damping), the bvbble s i z e  is a l so  important i n  the adjustment of tihe feed system 

acoustic mode frequencies and resonant gains. This e f f ec t  is shown f o r  the 

fundamental mode i n  Figure 42. The resonant frequency is decreased with in- 

creasing bubble radius due t o  the t r ans i t i on  of the bubble capacitance from the 

isothermal case ( r  very small) to  the adiabatic case ( r b  very large).  b 
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B, PRELIMINARY DESIGN OF FIX DEVIC&S 

1. General Consideratictns 

a. Introduction 

The object ive of tM.8 task is  t o  conceptually design two 

candidate osc i l l a t ion  suppression devices fo r  the Saturn propellant feed system. 

These "Pogo1' f i x  devices s h a l l  be compared t o  gas in jec t ion ,  which is the pre- 

fe r red  MSFC f i x  concept. The f i x  concepts a r e  compared with respect  t o  the 

sa t i s f ac t ion  of various design c r i t e r i a ,  which a r e  described in the following 

section. 

b. Design C r i t e r i a  

(1) Kinimum Schedule Impact 

The device s h a l l  be designed such tha t  i t  requi r~ss  

l i t t l e  modification of the  ex is t ing  propulsion system hardware and may be 

i n s t a l l e d  i n  the f i e l d  with the  minimum period of "down-time." 

( 2 )  Negligible Performance Loss 

Any l o s s  of engine performace due t o  the inser t ion  

of the device s h a l l  be no l a rge r  than the normal 3 deviation allowance. 

3 Minimum Weight and Envelope 

Because of potent ia l  interference between any feed 

system f i x  device and the s t ruc tu re  of the Saturn engine frame ( thrus t  complex), 

it is  desirable t o  minimize the increase i n  the envelope of the propulsion 

system. Obviously, the weight of the  device should a l so  be minimized, consistent 

with the other components i n  the system. 

( 4  Material Compatibility 

'Rle materials used i n  any feed system f i x  device 

should be compatible with tho Saturn propellants. The cryogenic environment 

imposed by the  LO2 shall not  cause any degradation of these materials. 
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( 5 )  Low Amplitude Operating Threshold 

Since t he  fix device must s t a b i l i z e  the system f o r  

s m a l l  amplitude pressure osc i l la t ions ,  i t  must not display s igni f icant  t 'stictiont' - 
o r  ttpreload" nonl inear i t ies  about the operating p i n t .  

( 6 )  Control Vaporization of I& 2 

I n  order t o  precisely control the compliance of a 

side-branch device i n  a cryogenic feed system, i t  i s  necessary t o  e i the r  eliminate 

o r  precisely predict  the amount of vaporization of the quiescent l i qu id  that is 

trapped i n  the device, The reduction of vaporization can be achieved e i the r  by 

thermally insula t ing  the  side-branch cavi ty o r  designing i t  so t h a t  i t  no longer 

t raps  l a rge  volumes of stagnant f lu id .  The accurate prediction of the amount of 

vaporization due t o  the t rans ient  heat  trazzsfer from the w a l l s  of the device t o  

the cavity l i qu id  is  an i n t r ac t ab le  problem. Although attempts a t  this pre- 

d ic t ion  have been made (Ref 3 ) i t  is clecvly desirable t o  design any oxidizer 

system accumulator so tha t  there  is  negligible  I4l vaporization. 2 

c . $i sventional ttPogott Fix Concepts 

The passive feed system suppression devices considered by 

various ttPogott invest igators  a r e  sketched i n  Figures 43 and 44; These devices 

may be c l a s s i f i ed  a s  e i the r  lumped parameter o r  d is t r ibuted  parameter, as deter- 

mined by t h e i r  charac ter i s t ic  length r e l a t i v e  t o  an acoustic uave length. The 

lumped parameter devices shown i n  Figure 43 all a c t  as ttsoft" springs t o  lower 

the feed system resonant frequencies by introducing addit ional  compliance. The 

added capacitance is  normally inserted at  a point near the turbopump and is of 

the same magnitude as the pump cavi tat ion capacitance. The desired f l e x i b i l i t y  

of the accumulator i s  obtained by careful  design of the s t ruc tu ra l  o r  gas spring. 

Considering the accumulator designs shown i n  Figure 43, i t  

is  seen t h a t  only the piston accumulator wiLl bellows (Figure 43c) is applicable 

t o  a cryogenic propellant. However, because of the  r e l a t ive ly  la rge  volume of 

the side-branch cavity, this device has potent ia l  LO2 vaporization problems and 

displays an undesirable l a rge  inertm-ce ( f l u i d  mass). &so, the design of the 
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V,B,l,c, Conventional ttPogott Fix Concepts (cont . ) 
spring/piston support should be improved t o  eliminate any t i l t i n g  of the  

piston. 

The gas-spring devices shown i n  Figure 43 a r e  qui te  

well sui ted t o  s torable  propellants.  I n  part icular ,  the bladder accumulat;or 

has been used successfully on the  Titan YIB f u e l  system. Note t h a t  t h i s  

device displays a toro ida l  configuration which minimises the l i qu id  inertance. 

The most d i f f i c u l t  design problem i n  the development of a bladder accumulator 

is  the se lec t ion  of a p l a s t i c  o r  elastomeric bladder material with the neces- 

sary compatibility, s t rength and porosity requirements. 

The d is t r ibuted  parameter tlPogott f i x  devices i U u s t r a t e d  

i n  Figure 44 a r e  intended t o  lower the e f fec t ive  acoustic velocity i n  the suction 

l i n e ,  thus reducing the feed system resonant frequencies. This e f f ec t  is achieved 

by adding a la rge ,  d is t r ibuted  compliance by the addit ion of a compressible gas, 

which is e i t h e r  contained i n  a f l ex ib le  bladder o r  in jec ted  &rec t ly  i n t o  the 

l iquid.  Also, these concepts cause an at tenuat ion of acoustic waves t ravel ing 

through the l ine .  This energy d iss ipa t ion  ("lossyft) e f f ec t  is caused by the  

damped nature of the resonators which a r e  d i s t r iba t ed  along the length of the 

l i ne .  

2. Sandwich Accumulator 

The sandwich accumulator design is i l l u s t r a t e d  i n  Figures 45e., 

45b, and 45c. It is composed of two rectangular sandwich sk ins  which a r e  

connected at the edges by a peripheral beilows to  allow r e l a t i v e  t ranslat ion.  

The primary source of compliance is  a network of dis tr ibuted in t e rna l  e l a s t i c  

elements, which a r e  s-imply convoluted. spring s t e e l  sheets located between :he 

sandwich skins. DetaiLs of these e l a s t i c  elements and the s t ruc tu ra l  support 

of the ~andwich device a r e  shown i n  Figure 45b. Note tha t  the end support 

provides ax ia l  r e s t r a in t ,  by benefi t  of a pin inser ted  i n  the mil!.ed d o t  

provided in the propellant suction l i n e  flange. Lateral  support is provided 

by semi-circular retaining spring, as shown i n  F igme 45c. 

The sandwich accumulator is proposed a s  a lumped parameter 

compliant device which could be in s t a l l ed  i n  the suction l i n e  with the m i r i u m  
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V,B,2, Sandwich Accmulator (cont.) 

szhedule impact. This device is a l so  well su.ited to  the sa t i s f ac t ion  of the 

other design c r i t e r i a .  It has be t t e r  hydrodynamic eff iciency than a conventional 

side-branch accumulator because of i t s  low-drag shape and posi t ion d o n g  the  

center of the l ine .  

When used i n  the cryogenic oxidizer i t  is superior t o  any 

of the  side-branch accumulators because of the absence of any accumulator 

cavi ty which could t r ap  LO2 and create  gas/vapor bubbles. 

The s t ruc tu ra l  design of sandwich accmulator  is easily 

accomplished with the use of the design curves provided i n  Figure 46. These 

curves present the r e s u l t s  of a parametric s t ruc tu ra l  ana lys is  f o r  the purpose 

of sizdng the necessary sandwich i n i t i a l  depth and w a l l  thickness to  achieve 

a specif ied accumulator capacitance. The s t ruc tu ra l  analysis ,  which u t i l i z e d  

energy methods and the theory of p l a t e s  and she l l s ,  allows the prediction of 

the s t ruc tu ra l  capacitance per un i t  surface area and the m a x i m u m  o t r e s s  i n  

the e l a s t i c  element f o r  a given configuration. Note t h a t  both curves must be 

used in a complementary fashion; f i r s t  t o  estimate the  w a l l  thickness f o r  a 

given compliance, and then t o  determine the  r e su l t ing  m a x i m u m  f lexura l  s t r e ~ s  

corresponding t o  P maxe 

The t o t a l  capacitance of the sandwich accumulator is equal 

to  the sum of the s t ruc tu ra l  capacitance caused by the in t e rna l  e l a s t i c  

elements and the gas capacitance caused by the gas which is trapped i n  the 

sealed accumulator. This gas compliance may be predicted by assuming the gas 

behaves a s  a per fec t  gas mdergoing an isothermal compression/expansion process. 

Thus the accumulator gas volume, , is  re l a t ed  t o  Ghe applied pressure, T1 

by the well kriown expression 

where K is a constant. The isothermal gas capacitance, 
Cgl 

:.s found from this 

relat ionship 
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V,E,2, Sandwich Accumulator (cont.) 

where % and a r e  the or ig ina l  o r  "charge" pressure and volume, ree- 

pectively. The va l id i ty  of this expression fo r  the prediction of the gas 

spring compliance has been experimentally ver i f ied  (Ref 4). For the sandwich 

acc-umulator the  capacitance per uni t  surface is simply 

where do is the or ig ina l  depth of the sandwich. 

It may be shown by use of eq (38) tha t ,  f o r  the range of 

Saturn opersting pressures (40 t o  100 psia)  and an atmospheric or ig ina l  prossure 

(TI, the gds capacitance is on the same order as the s truct i l ral  capacitance. 
0 

However, because of the  d i f f i c u l t y  of control l ing this gas spring i n  a cryogenic 

environment, i t  is recommende2 t h a t  the gas capacitance be reduced u n t i l  i t  is 

much smaller than the s t ruc tu ra l  capacitance. This may be accomplished by 

creat ing a vacuum i n  the  in t e rna l  cavi ty of the sandwich accumulator, i n  order 

t o  reduce the  magnitude of i n  eq (38). 

3. Trombone Accumulator 

The trombone accumulator design, as shown in Figure 47, is 

intended f o r  use i n  the dischmge l i n e  as a lumped parameter compliant device. 

This device is comprised of a system of bellows connected to  a ringed piston 

which is supported by an a x i a l  spring. The design of this spring is very 

c r i t i c a l  because i t  must be compliant enough t o  suppress the discharge pressure 

osc i l l a t ions  but yet be s t i f f  enough t o  limit the axial excursion due to  the 

high operating pressures. Because of these conf l ic t ing  requirements, the use 

of e i the r  a l inea r  spring with pre-load or  a spring with a "softer~ing" type 

m l i n e a r i t y  is  suggested. I n  Figure 48, the curves of spring excursion versus 

L era t ing  pressure i l l u s t r a t e  the reduction i n  excuaion  avai lable  with these 

s;rings. The use of a l i n e a r  he l i ca l  spring with a preload provided by a 

rest-aining l i n e r  appears to  be the simpl.est method t o  l i m i t  excursion. A 

ffiore L :  f f i c u l t  approach is to  use e i the r  Bel lev i l le  conical disk springs o r  a 

bucklir-_,-type elastomeric spring t o  achieve the softening type no.dinearity.  
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I n  summary, i t  i s  seen tha t  the  trombone accumulator d e s i s  

i s  much more complex and more d i f f i c u l t  to  i n s t a l l  than the sandwich accumu- 

l a to r .  It must be made stronger than the sandwich device because of the 

severe operating environment i t  is subjected to. Furthermore, the contradictory 

requirements of a s o f t  spring r a t e  and ainimum excursion requires  the use of a 

nonlinear spring. Therefore the design, fabrication, and infi tal lat ion of the 

trombone discharge accumulator is much more d i f f j .cu l t  than tha t  of the sandwich 

suction accumulator. 

4. Lossy Line 

The design of a lossy l i n e  f o r  a cryoge~,ic propellant w a s  

not emphasized i n  t h i s  study because of the serious schedule impact that a 

complete redesign of the suction l i n e s  would have on the Satu-n program. 

Obviously, a configuration similar t o  tha t  shown in Figure 44a would require 

a massive redesign and development ef for t .  Therefore i t  is desirable t o  

design the lossg l i n e  i n  the form of segmented "insertsn which can be inserted 

i n  the exist ing fiuction l i n e  sections, in a similar manner to the sandwich 

accumulator. The sandwich accumulator could be adapted t o  a lossy l i n e  by 

redesigning the 'hternal  e l a s t i c  elements so that they would d iss ipa te  energy 

a s  they a re  subjected to  f lexura l  vibration. Energy dissipet ion might be 

achieved by using a laminated construction fo r  the e l a s t i c  elements with 

viscoelast ic  shear layers.  This method of construction has been used by 

vibration i so la to r  designers to  obtain greater  dimping in electronic equipment 

struc:ures (Ref 5 ) .  Hodever, s ince the vj-scoelastic damping material is not 

su i table  f o r  cryogenic tempeca tures,  a method of providing thermal insulat ion 

between the e l a s t i c  elements and sandwich skin would be required. 
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V, Discul;sion, Par t  11 (cont.) 

C . DEIllERMINATION OF FIX DEVICE TESTS 

1. m i c  Tests 

The objective of this task i s  to  determine the t e s t  f a c i l i t y  

and instrumentation requirements fo r  meaningful component t e s t s  of the candidate 

"Pogo" f i x  devices. These component t e s t s  may be c l a s s i f i ed  as e i the r  (1) s t a t i c  

t e s t s  o r  (2) dynamic t e s t s .  The methods t o  be used in the s t a t i c  t e s t  w i l l  be 

discussed i n  this section. 

Since both the  sandwich accumulator and trombone &ccunulator 

a r e  simpie compliant devices, the most meaningful s t a t i c  t e s t  is one tha t  

measurw the acoust ical  compliance (capacitance) of the device. I n  other words, 

the f lu id  volume versus pressure relat ionship must be experimentally determined. 

T h i s  measurement is  qui te  simple with the apparatus shown in.Figure 49. The 

apparatus cons is t s  of a pressure source, water-fil led accumulator, cal ibrated 

cylindez, and pressure and water l eve l  measuring devices. 

The procedure fo r  the accumulator compliance t e s t  is as follows: 

1 )  I n s t a l l  accumulator in adaptor 

2) F i l l  with water to  top cal ibrat ion i n  cylinder 

3) Open valve u n t i l  pressure increases by 

4) Close valve and measure 

5)  Repeat Steps 3 and 4 u n t i l  en t i r e  pressure operating 

range is covered 

6) Reduce pressure by repeating a l l  previous s teps  i n  

reverse order. 

By p lo t t ing  hV versus AP, the compliance of the device may be estisiated from 

the s lape of the curve. Typical p lo t s  a re  sketched i n  Figure 48. 

2. Dynamic Tests 

A dynamic t e s t  is useful to measure the damping charac ter i s t ics  

of the accumulator. A s  shown i n  Figure 50, the damping of the accum~ilator, 
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