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ABSTRACT 

In o rde r  t o  achieve nlasimuln vehicle efficiency, i t  
is essentinl that the vehicle propellants be loaded 
to desired values and :hat these prcyellants ap- 
proach simultaneous depletion at the end of p ~ - ; i ~ r e d  
flight. To  accomplish nrecise  londine and a s su re  
minimum residtlals, a h~rrhlr zccurnte 2nd r e y a t -  
able, vehicle located, propellant nlanarenlent (PLI) 
o r  propellant utf2ization (PC)  svstem must be cjed.  
As the ability to load propel lmts  to predetermined 
valces depends dlrectl:; on the abil~t:; of the 5:;s- 
tern to accurately sense thy. !:ropellant masses,  i t  
is essential that the s:;.stern be calibrated ui th  
respec t  to p r o ~ e l l a n t  mass  under conditions resem- 
bling those to be experlc:lced during find1 loading 
and powered flight. The use of a cryorenlc weigh 
sys tem will reduce the unkno-XE factors  in caoaci- 
tance s enso r  elenlent sh3plng, tank set-atnc-try, 
and propellant p r o p e r t ~ e s  tn  a degree v:hich wiil 
permit  the deterrninatloli of propellant masses  to 
within 0.25-2. 

This paper describes the basic purpose for  a cryo- 
genie w e i ~ h  system in connection with the cali- 
bration .of the Saturn Propellant Utilization System 
used on the S- I V  stage. 

The Saturn S-nT stage, which IS manufactured by 
the  Douglas A ~ r c r a f t  Company, Inc., is the second 
s tage of. the C-1 c~nf i91 ra t i on  of the Saturn vehi- 
cle, - It i s  powered by s i r  Prat t  ancr l'i'hltney 
RLlO-A3 rocket enzlnes which de-ielop a total 
thrust  of approximately 90,000 poilr~cls. The 
propellants used- in  these engines a r e  liquld oxy- 
gen and liqu'ld hydrogen. , The total propellant load 
i s  apprbximately 100,OGC pounds ~ n d  is burned 
in  an  approsllnrite enelne mixture rat16 of five 
pounds of oxygen to one pomd of hydrogen (5:l) .  

Thet Saturn C-1 launch vehicle is desiq,ed tb 
be capab!e of orbittn? a payload of more than 
20,000 pounds. Hosever,  fo r  every pound of 
unexpended prope1lar:t in the S-IV stage, there 
is a resultant loss  of a b u t  1 .I pounds of pa::load. 
A propellant residual of 1000 pounds in the S-IV 
stage would result  In the loss  of more  than 5:; 
of the vehicle's payload capab~llty. 

It is evident that to obtain mz-imum overnll 
vehicle effic~ency, ~t is esse:ltlal t int  the -.-chicle 
propellants be accuratelv loac!cd to predcttrnlined 
valuss and that the prcpt^l!s:lts approach ~1r:i;li- 
taiieous dep!etion a t  the ~ 1 1 ~  of S-I\.' pov;ered 
flight. TO accomplish this precise  lond~~?r_ and 
to a s su re  n1ax:n;um propellant utllizatlnn, n 11.~111~ 
accurate and repeat.tble vehicle-i~~cntcn prc.1~1- 
lant management (PXI) o r  propellant utl!ii.1:10n 
(PU) system is required. Tins svsten: txtist be 
capable, during loading, of providlnn the ground 
support equipment utith accurate i nd i cn t i~ s~  of the 
cn-board propellant masses.  J h r i i l g  flicht, t ! ~  
system must continually moiutoi- thc a.mra::t of 
remaining propellants ancl a cco rd in~ ly  : <-,miate 
the ratio of prope!lants coilsuni~.ci bv the eiicines 
(engine mixture ratlo) to o b t ~ l n  and maintali1 
a 5 to 1 usable mass  ratio. 

The basic dcsiqn requirements for  the Saturn S-1V 
stage propellant uti1lta:ion system Ti'ore a s  follows: 

1. Control the loadin% of propellants by providing 
the ground support equipment with an indica- 
tion of mass  to withln r 0.3 (with a design 
goal of + 0. 25';). 

2. Limit propellant residuals to 500 pounds by 
controllirig tihe engine mlxture rat io  between 
the l imits  of 4.4:l and 5.6:l. 

3. Provide in-flight propellant mass  history f o r  
telemetry to an accuracy of 0.5'; of total 
propellant mass.  

4. Provide signals f rom the PU system fo r  tank 
step pressure  and engine depletion logic. 

SESsOR SELECTIOS 

One of the most important decisians to be made 
in the deslqn of a propellant ut~l izat ion system 
i s  thtit-concerned- the s e i ec t~on  of the sensing 
d e v ~ c e  used to moasure the  propellants In the 
tanks. While the electronics r e q u ~ r e d  to procc2ss 
the information o!~tamed f rom the sensuig device 
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is fair ly  complex, i t  i s  reasotub!y stralghtforv:ard, 
and the majorlry of des!cn concerns the !:~?dllr:g 

.of low level analog signals. However, toe con- 
trolling portion of the sys t sm can be no more  
accurate  than the information supplied to it  by 
the propellant sensors .  

An extensive investigation was initiated by the 
Douglas Aircraf t  Company ~hich-.included.-con- 
sideration' of more  than 30 dgferent possible 
methods in \ ~ l u c h  the quantity of a cr:icgenlC 
propellant could be measured. This l i s t  \?;as 
reduced to six systems ~vhich required iur ther  
study. These sys tems  irtcrutk4: 1) p i n t  level: 
sensors ,  2) a c o u s t ~ c  iwve wide, 3) hat wire, 
4) sonar ,  5.) differential pressure,  and 6 )  c a p x i -  
tance. The f i r s t  four systems were tiiscarded 
due t o  the inability to maictain 1:iEn accuracy 
levels  both during propellant loading and depletion. 
The  two system? selected for  fur ther  study were 
differential p r e s su re  and capacitance. 

The differential p r e s su re  system (difference in 
p r e s su re  between tank top and bottom due to 
hydrostatic held)  had seen consl6erable use, b t h  
by Douglas and others,  in ballistic missile PU 
systems. However, the S-fir stage requlred a 
sys tem sensitivit:~ with an o rde r  cf maqnltude 
higher than that required in a ballistic missile. 
Th i s  i s  due to  the very low denslt!; of l l q ~ l d  
hydrogen and the low vehicle acceleration at burn- 
out. The capacitance sensor  u-as considered to be 
the best  method fo r  derermlnint: C ~ ~ G ~ E I I I C  propel- 
lant mass  on the S-IV stage. 

The re  has been a relatively long history of e x y r i -  
mentation with this type of device. Some of the 
ea r l i e r  resul ts  were not very satisfactor:: and 
alienated a la rge  portion of interested cr:yineer-s. 
Holvever, additional srildl; has consicierablv ini- 
proved the s tate  of the a r t  -f the capac~tance  
sensing device. 'Studies have shown that capaci- 
tance s enso r s  cou!ci be bull: to  hare t h e  precision 
and accuracy cjf tilt- bcsr d~ f i e r e t~ t l a l  pressure t rans-  
ducers  ava:l;lt;le. The capacitd::c'e sonsor has a11 
additional ad;.anta;e over ttie dtiiere:;t;ai p ressure  

transducer of hv ing :  fewer precision par t s  and no 
hysteresis  effects. Of course, other factors  such 
as the abilrtv t o  shape the sensor  to  give an 
output which is Iinenr: \\.it!i mass  .md the assocl- 
ated simplification af the cicctronics portion of 
the PU system also have 21;zd some influence 
on the decision to select a capacitance system. 

SENSOR DESIGS 

The mass  sensors  designed for  the Saturn S-IV 
s tage P U  system a r e  co--:la1 capacitors and 
a r e  located in the prope!!ant tanks a s  sho~vn in 
f igure 1. When the tank is empty, the  c a p c i -  1 tance of the sensor  1s proportional to tlis dielec- 1 
t r i c  constant of the gas beh.een the plates (Eb). 1 A s  the tank i s  filled and the propellant is a1lov:ed 
to  flow between the pldtes of the capacitor,  t he  1 
capacitance of the unlt u l l l  increase due to the 1 

gas between the cnpacltor p!ates beicg dls3laced 1 

by a l~qu id  with a h l g h ~ r  dielecrrlc constant (EL). ,, 
If the capacitor were of u~i iform cross-section, ~ t s  
capacitance iiicrcase would be proport~unal  to 
b o h  the lnlniersed lencth dr;d the liquid dielectric 
constant l e s s  the gas clielectrlc constant, E L  - ZG. 
Since the alelcctrlc constant of a l l  gasses  is very 
nearly 1 (wlty) ,  this l as t  proportional~ty const-t 
can be regarded a s  EL - 1. 

If the liquid propellant dielectric constant (EL) 
is known, the use of a capacitance sensor  will give 
an indication of the liquid level in the tank. Sirice 
e k e  capacitance of a sensor  x7aries inversely \nth 
the distar'ce between the electrodes, the next 
logical s tep i s  to c rea te  a sensor  which will 
give a direct - , - 0 1 ~ n l ~  readout in a tank of ncn- 
uniform cross-scctlctl. This can be accorn~:lished 
by  niakinq the snacing betwc.cn rhe electrodt-_c at 
m y  level a function of t!le tank cross-section ac thnt 
level (see f i m r e  2 ) .  ' If EL - 1 of the licyuic! t)elr:g 
measured is propnrtional to the propellant cler~sity, 
a s  i s  the case v:ith LOX and I,H2, the system \vill 
theil give a direct mass  readout. 

I* 3 . R  

SHAPED CAPACITANCE SENSOR 



h e  dieloctr!~ crct\sWtts of liquid h>'drogen and 
s,.+4m 

'liquid oxygen areeloscI>* described the Clwszus*. CAPACIT~NCE CHANGE WITH *GAS T E V ~ R A T V R E  - 
hlosotti equcrtion. This eqrluatlon i s  defmned as: ~ ~ R C E N T U E  CHI~G~ 

Of CLPICITIIWE 

Where: EL= dielect&c constant of b e  l~quid  

Q 8 density of the liquid 

ft constaht depcildent on the polariz- 
ability of the particular Ikquld 

s ~ : ~ = . @  &tar 1.6, then EL - 1 is nearly l inear  
d t h  P ,  Slnce the clietict~ic constant of liquid 
oxygen i s  a b u t  1.48 and that of liquid hvdrsaen 
is about J .22, this condrtion is then sntlsfactorlly 
fulfil1e.d. 

In any practical capacitive gauqing sys tem there 
am second o r d e r  er ror  saurces  that n - .~s t  be 
taken into consideration. Oire cf these ar,ises 
f rom the extreme ti-mpercture ranzcs I v e r  :;.hlch 
the sensors ,must nprra:e arlct the therma! cspan- 
sion cha rac t e r i s t~ca  c.i t!ie lnateriaf used in the 
construction of the sei is2rs .  In any srsiem 111 
whioh the sensors or;t-rate iiia*;arvin$ temperature 
environment, the resu!t~ng espanslbn ;~otl:Lf casse 
a capacitance d~ange \5-i:ic:l must be t,i-:en I!-.[; 
account, The capacltnnce of a coaxiai type capacitor 
is given by-the equation: 

Where: L = length of the  capacitor 

Ro * radius of outer element 

Ri = radius of inngr element 

E = dielectric constant of xnedia between 
electrodes 

A = constant 

For a capacitor with both electrodes of th, 0 same 
materlal  and unlfornl crc~ss-section (no shsapinq 
af the inner. eIemer.t), I n  (I?,/ H,) -2;i11 not chance 
as t h e  caljacltar e:cpands o r  cwttracts, sn the 
capacitance change wll1 be propdrr~onzl only to 
the change ln  length. By making the capacltor 

electrodes edt of m?.ter;als with diffezcnr t-xp.ln- 
sivities, it Is possible to make Irr (Ro R,) vary 
nearly prapoi-tl~nafly to L Gver the ranse r f  tcm- 
peratures  ex:?tctec! arid therefore have auir:t whose 
capacltanct? is vcr:; ne:~rly cfisstant over a wide 
temperature rar;ge (see figure 31. 

PRELI\iIN:'IRY SESSOR DESlGS 

U s l n ~  a sensor w!>ich has the lnrier e l e n i e n t ~ h 3 p ~ d  
to provide a m,tss l.ra:'%t prese i~ t s  ncldir~r~tnl 
problems which !nust bc tsrc?n ntc  nccrcint d u r i ~ g  
the se lwt lon  of sensor e l t  rnent r?lareri:tl. i ) u r f ~ i ~  
tha actual sensor de l = ' n , ,  3. 

~ f i r n ~ ~ u t e r  pro? r a : ~ ~  was 
preparcd to a ~ d  i n  t!ir Oca .gn  of a seusor ~ ! I L C ~ I  

riad a seilscr ccrl)ac~tnr,ce :-s. l~c!u~u propelldr1t 
height function wliich mitched r!le propei!ant t ~ r l k  
volunle v ~ .  fa:& he:<ht functlcn, Fcr sini>iicitT;, 
it was ~sst tmcd tk.dt the yas abo:.e the 1lcp.d was 
at  a fixed temperature and tI12t the -ICrsor electrodes 
were a t  the ti.rn!)Prature r i  the iluid msdiurn In 
which they -?.ere ~xxrncrsed. Tllis pro?r:tr.l a'as 
then used to d e s i ~ n  a number of sprtsQrs 'citt: 
various combinations of electrcdt r~a te r la i s  and 
different rat lcs  of the  lnner and c J t e r  electrode 
diameters. The response of each 3f these :!r-signs, 
when immersed In gas at varicus tetnperatures 
and pressures,  was deternlined uith the aid ilt' the 
conlputer prr,gr,,m. Based on thls infornlatlc.!~, t ! ~  
material c e ~ l b ~ n a t i o n  and dralnerer ratic 3: r?i. 
which gave the  smaliest cnpacita!,cr cha~!.-e o.:er 
the ranqe of tenlperatures a:ld 1:resazrQs ~ > . : ) t  cted 
in the tank a t  the end of f l lgh t  was s e l e r t ~ ~ l  f ~ r  ilnal 
sensor  desqn.  The optinlurn m ~ t e r i n l  c*  ~n:nlxi:tcn 
was an aluminum cuter element ana a s;~lr.!css 
steel rnner electrode for b t h  t!?e h:;dxc?en and 
oxygpn. The diameter rat lc~s,  hi>-?:ever, for the 
LOX and LH2 inass serlsors were different. 

FIXAL SENSOR DESIGS 

Having detern~ir~ed all  of the rtqulred parameters  
( d i a ~ l e t p r  ratlos and types of material) a more 
refined computer program was developea fur  t::e 



&5pn'd the actxrat rehlbie mass sensors. This 
prarj111 was simiMr ' fa 'the iust one with p m -  

. vtlions for  inklusizln cf the  cortdltl~ns mpetted 
durlngi.lc;adidg and i7ighr. The more  critlcnl pre- 
dicted,rehiele p n r a x e t c r s  utlllted were gas ,  i t ~ ~ i d ,  
and efbktrodt? t cmpera twes  as. a functlnn r ~ f  liqxid 
propellant level and tank volume 1-s. tank he~ghi! 
curves, Of course. many pi~:;slcal consunts  and 
relationships were r e q u ~ r e d  I:I add~t iun  to the a'wve 
parameters.  The ,p~cgr",m' rh?n a~z:=o!ed the corn- 
puter to vary the shape ci the  inner electrbde in 
orde r  to bring the  sensclr espacxtmcc versus 1iqu.d 
psope)lant level curve Into correspondence \nth the 
tar& mass versus l l q u ~ d  level curve under the 
given vehicle crnvi'ronn:en+W cnadiriotls. The pro- 
grant Was a'sttten to pri~lt Out Ihe tirral a ~ l s r e r  
aS a na~malrzed s e n s x  csp;citance vs. sensor 

. height curve which rahisun~ed the electrodes to be 
in air' or nitrogen of amb~cnt temperature and pres- 
sure. This was done to sl~ipl13y ftlrbricaclon of t h e  
senadrs. . 

SENSOB DESIGS SUSfIIXRY 

In the cffs~usSions above, second order  e r r o r  
souraes  and temperature changes were descrzbed 
and taken into account during the detailed deslgn 
rof the mass sensar .  It was sh9u-n thnt t!rese e r r o r s  
can be minimized through :he proper  deslpn and 
shaping sf the setlsor. Sorrnaiiratlon of the capacl- 
tance wrtion of the sensor  c?pnclt?nce vs. l lqud  
level height curve f l ~ r t h e r  reduces tchfse e r r o r s  
by e1iminatir:g all e r r o r s  m e  to constant e r r o r  
sources. Thrs narrnaizzation: while al1owlng 
the sensors to be built to any chntrenient base 
capacitance, reduces %I! e r r o r s  in desipnto sensor 
non-linearitics. This, cf ceurse, assuntes that  a n  
'accurate system will be ara-iiabic to calibrate the 
Iull and enlpty pcints of the sensdr  with respect 
to propellant mzsS vs. sehsor  capacitance. 

SYSTEM CALIBR4TlON 

T6 mqiritain the hrgh accumcv requirtd for  the 
overall PG s;-stem perff?rmancc, a lull cal lbrat~~~r: ,  
empty calibration, arid sensor  lfnearit:: test m u s t  
be .performed on. each vehicle and tatk cornf-,~- 
natioq to eliminate uncertaurties due to sensor  
shaping, tadk geovetry,  and thnic environment. 

C a ~ h r a t t o n  of the capllettnnce senswwhi!e the tank 
Ls: f@U,  i s  baslwlty stralghcfar-xard. Khea the 
vehicle  t$mk 1s filleii with pr~2pella1t, the capacl- 
tazkcc Output fmm t .h s e n s o r  1s recorded (using 
the,  propellant utiht;u=.m eiectro!:~cs assen~blv) .  
At each point the peattacltnnce c~utput I S  recorded 
andL,the mash of p r o ~ e l l a n t  in  rkht parflcullir !~n:-c 
$s c ie te iml~~ed and carn?a;ed wti i  thc? s c n s o r  
qpaeitarsce *he. This I C  repeated fc r  various 
M i l e s  qf M a s  ;usd the result$ tabulateclandplott~d 

. to form 2t Sensor capacttance v&. mass xfuwe for 
the full region 6f tht? sensor, 

E lec~use  t t ~  sensors  a r c  t e m p ~ r a t u r e  comwensnted, 
2nd the ternperatrfre of tlfc liquid propellatzts wif1 
vary cnly slighrly, vcru 'llltle cPxir4.e m capscit5llre 
can be expected duo to variaticn in the propellant 
ten!psra&res. 111 additic!~, ushen the  prnpcltonrs 
are near tile senscrs' full points, only a small 
port~oll of the scn5or's ir'wer element is exposed 
to gas; thus, gas pressure  and gas temperature 
h a v ~  little effect on the full point calfbration 
accuracy. 
Tlx enly remaining factors that must beconsidmed 
f o r  sensor  full cal~t-tration are those uf sensor 
staping accuracy and t.ti1k qeanfetry. Since each 
Of these factors is due pr.::~lsrily to n~anilfsctur~ng 
tolerances, each comb;natian of w.?~.,nk and senscr 
?)as a nlass ips. tapacltar:ce relatlonstup \\*hich is 
unique. Thc largest  p r ross  ei~countered an gre- 
dlctir,q a tnr& m3ss vs. sensor capcitarxe call-,  
bratlon a.tt&oW actual p r ~ p e l l a n t  iondlng are'thase 
due to uncertainties in tank geometrv. The t a n i r  
volunle versus tank hel{:ht relaticnshlp for a par- 
ticular ~ e h l c l r  is Pso\~.x to a 3 slprna accuracy 
of 1.1; :,.id 1.53 a t  the full point for  LOX and LH, 
respectkvely. Ttlls, pFls the inaccuraeles assoclz 
ated wlth predictii~; senscr  cdpacitnncp for  given 
he~gl-its cf liciwd propellant, prevents the theoretical 
dctermlnat~on of prop~7.11arit I:I~SS VS. sensor cspaci- 
tance to  accurncies bntter war, 2.5 perterkt, Since 
thls accurac:; is un.lcceptnble, a cryczenie londlr ,~ 
(fill m d  drain) of cacti t2:k 1s reqwred.  Such a 
!oading rer!uccs the uncertslnt-; in tkc  determi- 
natlorl of czpacitancc nt ti,? fu l l  point to !ir-ss than 
0.1 percent, w h c h  is the resolut ion and r q e a t -  
ability of tne scnscr ,  electmntcs, and rec>rrilrr$ 
ecylpment. % h e  one rernalnrnr (and ~xost difficu!t/ 
prsblpm then 1s thnt concerned , s l rh  the accurate 
determrriation of the propellant mass in rhe tank. 

FULL LLkSS DETER?v!ISS4TIOS - DESSITY trOL- 
UXE 3IETHOq 

One means bv which the propellant nlnsses can 
be d ~ b r m i n r d  is the density-vnliame (PV)  c~tthod. 
The temperatures and pressgres  of the pro?e!:ant 
are measured at  various liquid leve!s t.1 determine 
the densit:: of the prnpellanr. The propellant 
rnlurnes  a r e  then derived frcnl point level sensor 
data and cryogetuc 1 olume versus height turf ts 
obtained frcrn r r l o r  u'atel- ca l~bra t rons  of the mki 
in question. The mass  f~lr anv liquid level is 
then the  product cf ttiece tv:a vaiucs. If t h i s  
method 1s used, there a r e  e r r o r s  in  the sr-su!ting 
mass d u c h  s:em f rorn vr.!iilnetric c d l ~ r a r ~ f i n  
inaccuracies and the i ~ a b l l ~ t q .  to accur2tef:; d r te r -  
mine liquid l e v ~ l  h ~ ~ t l t ,  l i ~ i ~ l d  t e m p e r a t u r ~  and 
pressdre,  The inaccuracy (30) of mass obt.?~ited 
b:; such a method is apprarrlniktely 1.7 percent of 
full load for  b o t h *  LOX 2nd Lff2 (see f i m r e s  4 
and 51 3115 is predicated on extenslrTe anC h ~ g h l y  
accurnte tzrk 1nstrumen:sttcln. Usin; the lnsrru- 
mentauon preselitly a':ailatio on the &IV .."t!:~cIt?s, 
this maccuracy %auld be conslderabl; !.~rgec, 
This inaccurac:? then ylrids an m c C e p ~ b l @  I s a s s  
versus capacitance ca:~br.xtirn curve e r r o r  band 
of at least 1.7 percent for  each propellant. 



ZULL II-ASS DrTERhIlX.~TION - FLOW lL49S 
METHOD 

A more precise method fcr determining the prcpel- 
lmt mass  is by the eva!uaricirr of eno-111; perform- 
ance cfurlng an act~lnl s t a t ~ c  vet?ic!e f l r i r ?~ .  31nce 
engine purfcrmance !;as t o  be deterrzined for static 
firings and flight tes t s ,  a e  progellant Innsses em 
be determined ag a Lw-product: f o r  use in future 
propellant mass  vs. sensor  Capacitance callbration. 
Propellant consumption i rcm the s t a r t  oi flrlng 
to engine cutoff is first determined from engine 
perfornlance ana!pses, Tills value 1s theo added to 
the residual mass to obtain the im:lal total pro- 
pellant load and nlass hlstory. The acctlracy of 
th i s  rnethnd cf deter:::~n~ng mass  lmprcves a s  the 
firing clurntlon zncreW$s a ~ d  a p p r o a c h ~ s  ccrnplete 
propellatit de;,letion. Xssun:lr,g perfect .iccuracy 
in the  determinatloit oi  residuals, thls n.ei i :~d IS 

capable of determinl iy actual mass  to ..vltnl~i lC:- 
(see figures 4 and 5) .  Any e r r o r s  in the orter-  
mination of the propellant resld!.ials must, of 
course, be added to thls inaccuracy, The major 
problem asecrclated with this method is thnt  t i le 
calibration cannot lx p e r f ~ r m e d  w1:il after  3 static 
firing. 51 adcfitlun, the  residczls (upon -:vnlch t ! ~  
accuracy of" the flow mass method d e g ~ n d s i  cannot 
usually be determined from erqlne pericrinance. 
Therefore, some other method must be employed 
t o  calibrate the PW system 3r lor  to the static 
firing. Without such a callbratian, accurate load- 
ing w o a d  not be posdible, zct3 optimum vehlcie 
p e r f ~ r m a n m , ~ a n i l y s i s ,  and fllght prcdicr~cns a-ould 
be impaired. .U'~thout an accurate callbration pr ic r  
to  the^ static teat, the raisldual p r~~pe i l an t s  will 
nut. be precisely known, 

Both methods described a w e ,  the'density-volume 
method and the R6w mass mett~od, are inttlrcct 
rnass'determination processes. The most direct 
may to determine propellant mass would be to 

. . 
use a ,weigh syst$rn, 'The ~;'eigk ' system would 
have to have the capabilitv. of ti-ciigiling nlasses 
in the order of 125, OW y@~r.ds. A ?vergh system 
designed to meet t!~e requirements of 0 . 5 5  Ioading 
accuracy R-ould hnVe to bc highly sensit~re, have 
high resolution a~:d repeatabiltty., a d  be opera- 
tiona1:y c!i;;endable. Snrclies perfomred bv DAC 
indicate that a \teia,h aystsl?l cauid be Asigrted 
to perfixit a determmatlc7n of pmpe2lant m y s  to 
within 0.251 of fully loaded itlass (see fig'ures 4 
and 5 ) .  TIZis, coupled ii.lrh t h e  0.1 ~nncairsc:: 
in tile dt.terminati(ln of the sensor capacitance, 
allows the psrt~cu:ar ser.sc.r-tank c o i ~ b ~ ~ ~ a t i o n  t o  
be calibrated to wirhin 6.3 _,w!t~cb IS well'wlthtll 
the  contractual design recluirenli.ats, 

As noted, the 4as tel:lperatures, pressures.  atld 
composition have l i t t le effect 011 the tull caiabra- 
tion slnce only a small  portzon of theinner elen1cr;t 
is esposeci to  tile gas. A s  tile prcpellants deniete, 
how eve^, more snd mere of the semgr is e q o s e d  
to gas, unt11, at  empt:., t he  effecr of the gas fs 
maximun:. S:nce the gas is nrit cons~dered  to be 
usable p r o p l l a n t ,  the sensor  aust be c l l l ~ r a t e d  
to  see 021). the usable t i qu~d  prol;ellznt and ta 
iqnore the !?lass of pas in the tank. The gas 
used to pressurize b t h  the liquid oxygen and 
liquld hydrogen, tanks of the  Saturn S-IT s t q e  
IS helium which has a dielectric cunstmt sorne- 
what different from gasecrus oxygen and qas?cus 
hydrogen. X ctianse in the proportlcn of helium 
present in the tanks at enlpry can tirub; ch-arze 
the d~e lec t r i c  constant of the  gas bett\.?en the  
sensor  elen~ents and therefore affect, to a. dppres, " 

t h o  value oT t h e  empty capncItance. ac!d,ti~r;, 
since the dieiectrlc constant of the easges a r e ,  
in fact, s11ghtl:r ciifferent than un~ti., i t  i s  npFarent 
that the pressure of the Ras can also affect  the 
empty capacitance. 

Therefore it is apparcirt that, a s  the sensor  
apprcaches empty capacitance fcapacitznce when 
all the prorellant has been expended), t h e  effect 
of the rqsidual gas pressurp, t emperah re ,  and 
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txisylasition wrnf+s.- lhls  imp::: capac;tanm. 
L is zliff&reut thqm the cap%iartance xhch e-i- . 
enced with the sensor in Farm temperature a i r  
at  ambient p ressures .  This, is due ta the e x t r e ~ l e l y  
!awe temperature drffercme ,and resultant rid- . 

femrieae .it$ dfeI$cf~ic eonaar~ts of the gases. To 
precisely y6m~rol prtpelrults for sirnultnnwus 
ffeptetion,. t h e -  erntjty_,cajmcituIce rntist be accu- 
rately -* 

*.It is ,desirable,,, if gosdbte, to aatuallr; meisure  
the Capacitaqce of the ser?sor st the exact tirne 
.at whach the use prq&lal:t pssstas bclow the 
bottom d* the.'~stnsor'a aetlm:e recrlon v. .?!I ::ink 

,LconditionB closel.). reseqbling rhcse to kt rxpwi -  
' enced d d M g  ,fllghb,, At the monlent t!ie Itcpid 
'passes &~sti;~tBe, aeive porticn ai the sensor ,  
the capacitanep f r ~ m  the sCrlscLr will leveb m t  
to a value *hidl i s h e  same as the ertiprv cspaci- 
tance. This  eppty value xi11 remain, anchancing, 
until the tank c ~ ~ d ~ t l d l l s  cnmge i i . ~ . ,  the sensor  
electrodes' wqm up, the gas pressure  d r o p ,  o r  
the gas compQsition chnngesl. Tnis capnchmce 
is then-ec~uiualrznt ts !ho mass b.i.10~ t h e  b ~ t t o m  
of the )mer element. The accuracy of such a 
rnethod is' limited gmjy \I\' the 1.epoatabiiitq- of the 
eltfctro&es portlm @f !he PL system am! the 
praimfty of- the tank c ~ n d i t i m s  tq those of' fli5ht. 
Sinee4b4 PU system is rereacat le  to v:ithlv. M Y ,  
the acmr81e.p at the emptv ;:cln: cal:l~rz:icndepends 
almost entfsely on' the ab~l l?y  to duplicate fl:ght 
cmdition.6 in' the ~ r a p a l i a n t  tanks. 

hle&urement of the sensor  capacitance at the 
exact ti!ne at whch tne pr?pe!lmt passes  below 
the sensitive portion of the sensor  under flight 
conditions, altfmugh o b v i ~ u ~ l y  desirable, m y  not 
be possible dae to velwltv: cutoff rec,ulrecients. 
The olily time t tns mezsurement could bf. s:Iccess- 
fully accornpl l sh~d is dur l r~g  a sratlc firinz. and 
durmg these f l nnqs  the el?&l:~t.s 0x1 tile 5 - I i '  sra?e, 
due to enguls spec:itcaticms, a r e  not a:lov;ed to 
run to depletion. 

EMPTY CALIB&kTIOT - tVF:IGI! SYSTE?.I 
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Another method of obtaitiin J a sensor  empty point 
calibration, hows.ewr, is b: measurinq the scnsor  
capacitance and cor re spo~dmg prcpellant mxsses 

- at several  points above (but m a r !  the en;p.r:.. pcint 
and extrapolat iw to zero niass. This acr;air?, cti  
bourse, reqaires  ari accuratc. method fr.r deter- 
mining mass. Weiqh sys tem accurncies in t h i s  
region have been ths~~etic.iII . :  dc.tern?~r.ed t o  k 
in the o r d e ~  of 120 p o u ~ d s  tcr I OX dnd 60 pounds 
for LH2 (see figares 4 and 5). f hcre is ,  h ~ ~ w e s e r ,  
a pmblern associated wlth t!ns xetkod u tuch a r i s e s  
ftam the l~tatr l l i ty to duplicate exact K ~ g h t  con- 
ditions in the W.fi d u r ~ n y  the :veigh tests.  The 
propellants arc drained duruy the vielgh tests at 

r a t s s ~ ~ u c h  slotwr than those enc~usl tered In flight. 
The - met effect 1s that of ~ v q r p ~ ~ n g <  up the llqutd, 
gasses, nun sensor ~lernents  t 0  tpmperattlms con- 
sidernb!y hlghcr tnan those e ~ w t e r e d  hrirts:  
flish.2. Prope'ilanr cooling i s  nccamplrshed 4 
v e n t i ~ ~ g  and repressu rizLn: the tanks, Thts pfocess, 
hcY,vever. cha:?ees the-.@s compos~tlon' and this 
change, viiien crupled with the teniperature w r i -  
atio~is, causes 311 e r r o r  tn be introdaced Into the 
mass versus capacitance -.*slue. This error IS 

negligable for f 7 1 l l  !cads, but increases  as the 
prop ell an:^ deplete (ul1,lge volume Increases  t until, 
a t  empty, the error 1s r.lx..ilnun?. Past e x p ~ ~ r i e n c e  - 
witb tile S-I\' vsriicles has inaca ted  that dilriri65 
cold :>G\VS cnipley1:?,~ the ueieh system, the m Y  
empty cap3cltance ulcsearzea by spprox~matc!y 0.1 .' 
and the LIiz enlpty capc l t ance  increases  b:i. about 
1.1'-. .t.!th2:1;h g s s  saniples, eas and liqu?uld ti-111- 

peraturcs ,  pressures,  etc. a r e  rpccrrded durin; 
weigh tests ,  i t  is ili lf~cult  to obtriin ~ ' . i f f i ~ i i i l t  dzta 
to carnplcti.1:~ eliminate t k s  error. The n+elPh 
system 1s therefore, in i:seif,' not cnpable of 
providing ern :t:; calibratioss to  an accuracy great- 
e r  than 0.:': for  LOX anti 1.1 > for LH2 (see 
figures 6 anti 7 ) .  

OTHER EMPTY CXLZBiL-ZTIOS Sf ETHODS 
--A- -. - 

Lackin? the  ab?ve capabilities of direct measure- 
ment ( w e i ~ h  system),  it 1s psssible to deternllne 
the c3pacira::ce versus  mrtss CUJVI? hy t t ? t 3~ re t i c~1  
conversion cf the scnsor  caprcltance ob t~ .ned  1% 

a 'm~u.:~, clc:el:: co::tro:lid enulrqnmen: to the .  
capacitance t n  he e:ipectc-cl i : ~  :he euT.rironn:.?ntnre- 
dicted f c r  fI!:ht. The p?,>'slem with t h ~ s  lr~cthcd 
is that of accuracy. Thc ~ z l i b r t t i ~ n  csn be no 
more  accuratc  ti~,tn t11e cl?,ta used in obr~inln;  i t .  
Xlthough tank qpornc-try, !~?ulc! densrtlos, nrld!muld 
propellant dlt!lectric ccxstants do nct aifect the  
ernpry cap.Cita:rce. cit!ler pzrazleters requireti f o r  
this type of ~2ilbratio:l i.c-lectrode temperattlres,  
gss pressures and crr:~;;.:s~:i@n, etc.i,togetner v l t h  
the Insccuracles usua i l y  .xssoc;atcd x i t h  the rr,eas- 
urcd data an3  p r c d l c t d  ~ & l - ~ e s , ~ u o u I d  yield an 
w a c c e p t a b l ~  i t~accuracp of over 1 >. 
Experience ~ : i th  m;lm:; previolls vehicles and the 
ccrupllaticn of the em?irieril datn ass~ciatbd wittl 
these velricles, ho*a-ever, should improve t h e  accu- 
racy of the ernpry capac?t%:ice predictions to  -.+lthin 
0 . 1 ,  Ser;scr m,tnu.fac:uriii:: p r w e s s e s  can be 
controlled to a degree %l?ic!! a l i ~ . ~ + ~ e d  all LOX sPn- 
s o r s  to have the same capncltnr?ce t 1 p~coirtrad 
when immcr-sed in ? i r  ~t rOC113 ten?perature and 
orte atrnnsp:w:rt> pressor e .  The salrle i$  t r ~ e  f o r  
the IJ-H2 sensors. The close s~1111larity betlveen 
senso r s  plus t he  accurn~llation of past test r e su l t s  
then a!lons predictions t u  be made as  to the 
capacitance chance caused by a chazge in envi- 
ri~nrnent. 

Empirleal ei.ic?encc: h'zs shoun that a change in 
the environr-ent f r cm a i r  at amlwent c ~ n d l t i c n s  
to say, gasems hrdrcgen a t  45 p s i s  and cryogvnlc 
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increases  due to abnornlnl L ~ n k  conditioils (as  
described at~3ve).  Since the welch system 1s not 
capable, in ~ t s e l f ,  c~f  providtng accurate  cal ibra-  
tions In the errlpty region, the empty pcint tail- 
bration must be deternlined by some othermethod. 
This independentl:: derived empt:; Calihrat~c~n 1s 
then used, together ul th  r a s  sample te r r iy ra ture  
and pre s su re  data, to ad:ust and correct  the 
capacitance sa!ues ob:n::.b.d d u r i n ~  the welch test.  
The weigh data and corrected cnpacrtance :.akues 
nre  then utillzed to prov;ide nn accur3te cxlibra- 
tion for  the con1p:ete ranee of nlnsses inc?udinz 
those near  elrlpty ' s e e  f izurcs  6 and 7 ) .  P ~ r i c g  
flight, t h ~ s  cal ibrat lo~l  2nd the sensor  output a r e  
used to provlde a pro!>ellant nlass  history. 

FlGURE 6 

. COSC LUSIOSS 

temperatures  (empty condit~ons)  will cause all. 
S-IV LEI2 mass  sensors  t n  ciecrease thelr capaci- 
tance by apprr~si1r:arely 0.33 plcofaracis. Thus, 
if the capacitailce of the sensnr  1s k n o w  In a i r  
of room anibient condit~ons, the empty capac l t~nce  
can be accuratel:; predicted. It must '32 pn!:ited 
out, however, that this method is possibie only 
af ter  the resul ts  of mans. repeated tes t s  a r e  
available. Xlso, any ch.?nze 111 the actual ilight 
environment from that under ahlch the e m p ~ r i c a l  
data were  obtained will introc!uce inaccuracies 
In the  predtctions obtained by the use of t h i s  
method. Accuracies In tile o rde r  of 0.1 : have 
been obtained for  S-li '  vehicles by the use of 
this method. 

SEXSOR LISEARITY 

The  various methods of ca l~bra t ing  the full ar,d 
empty points have Seen discusa~cl ,  a s  \i.r;.e t!le 
various accuracies  assoclnted w:th each !n~.:hod. 
Assuming, however, that the iui! and emg::; ppo~nt 
calibrations were pertect,  and that  the sensyr  v\as 
a perfect sensor ,  no auditic~nal ca1ibrat:on -.~c?u!d 
be required. A straight line passing t h r ~ t i ~ t :  tlie 
full and empty polnts svould define the nlass ;.s. 
capacitance r r l a tonshy~  for  any propel lmt na s s .  
The sensors ,  however, a r e  not perfect due n?alnlv 
t o  sensor  and tank ~r~anufacrurlng tolerances. These 
tolerances result  111 non-!inearlt~es in the niass 
versus sensor  capacitrince relatlc-lnshlp. A s  a 
result ,  a calibration must be performed to define 
this  relationship fo r  all prn?e!lal?t mnss values. 
T h i s  calibrhtion is sub-e(:ur~?:l:; used fl;r the 
d e t e r n l i n a t ~ ~ n  of the mass  121 prc~;jel!ant remain in^ 
in the tanks at an!; tiirle during flight. 

The calibration procedure is s lmilar  to tti,?f used 
t o  calibrate the full point. -3t a pnrticu1:lr pni:~t, 
the propellant mass  is deter!?iined. A t  the same 
time the cap:*cll.?r~ce of t he  n n s s  st-nsljr 1s r ~ ~ c ~ ~ r d r d  
and con~parcc! 1~1th the mass. Tlzis procedure 13 
repeated for  vdrioTJs vnlucs of propel1,int niass 
ranging frcirn full tc: empty. As the propellant 
m a s s  depletes, however, the e r r o r  in capac:tance 

The use  of a propellant uti:ization system on 
the Saturn S-IV sts,re for  loading propelln~lt accu- 
rately, provicil~g in-fl?;ht propellant nlnss irrfgr- 
matinn, and nssuriiig 1~1:iir:1dn1 res:dua:s, , ? C S U ~ S S  

that increaseci vehicle cfficic;~cy ;\ill be ob:alnrd 
on each mission. The accuracy 6i a capncitnnce 
PU system i s  determined by the drsign ~i t!le 
prcpellant niass s ec so r s  and the systexn ca!ibra- 
tion. Of all the rni.thods a;.ailablc t5 de:?rnline 
full calibration and sensor  linearit:;, oi~l!; one 
method, the cryo:enic weigh systeni,  w ~ i l  nrovide 
the accuracy required to meet the current overall  
system design objectives. 

The work presented herein was acconlp!?siied 
by the hI~ssl!e 2nd Space S:;stems Dir.lsion of 
the Douglas A:rcrrut Con?pany, hc . ,  ui:der the 
Saturn Prc rrranl spcnsored by XXS.1 Marshal1 
Space Flight Center. 

The authors  could 11ke to extend their thanks to 
tile following pecple, whose help Itas been much 
apprec~ated:  T. Slnko,  Ci. 21.. AIatsun~oto, G. XI. 
Elgal and T. Kamiya. 
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