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ABSTIhACT

Gas sampling and wass spectrowetlric analysis are to be used to
deteraine the cowjnosition of Kl-l/oi wad H,J/O2 rochket pluuies at various
lociutivng dowastreas of the nozzie exit. Tie exhuust guses vwill be an-
alysed for the constituents Hz. He, nao. N:. Co, 02. Ar, und 002. The
wase sj.ectrometer output is to be digitized end reduced Ly compututional
methods presented in this rejort. Frow the .uuse spectroueter output
voltages vne way deteruine the sanple cowposition in terws of mole frac~
tions, the ..uws8 fractiun of eatrained air, and the nixture ratio of{ the

rocket. Computer codes for the IBM (50, together usith block=diagraus

and saiple calculutions, have-been included as an apypendix.
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I. Introductiont

General liynawics vill coaduct o sludy of the zgh-altituce be- !

haviuvr of rocxet pluses in tie Projpulsivn vand Tunnel ut drnold Enpiucer-

ing and Developuent Center, Tuslalouw;, Tenn., OUne of the ,arts of the
[ study 18 tne saupiing and anulysis of tue exbuast guses at various luca-
tious. A Consoliduted Lleetrodynamics Corporation «aos s.ectronecter,
Model 21-0620A, will be used to continuously monitor the cxhaust sases,
| The output frowm this instrument .ili be digitized on Lunched tupe and
reduced by computer within a short period after tihc test lLas been cun=-
I ducted., This report represents wethods of datz reducticp and bluckedia-
grams of tie nccevsury computer prupraws,
re presusc Lliec reader .is funidliar «ith thie opcration ol u wuss
spectroaeter, and ve will not jrescat the operaling piincigled here.
The purticular instruaent ahich wiid bLe used at AnDC Lar been wodificed
80 tuaut wuss-to~charge ratios froa < 10 14 ugpear an o siagic repeller
| setting. A lowepressure iniet system admiils a heated Lug saupie to tihe
system al aboutl V.U psia culicction pressure. ivo ,ean sclecturs (MHodel
135250) have been gaunged together to .ercit uitonatic tepping between &
maximuw of 1o different wass/cuarge rutivs. Because tne eccelerating
voltage takes suwe tiuwe to decay tu « new value vwhen the gsosition of the
sclector switch 1s cianged, 11 2 heen fuuna neccihsaly to interpose orne
or two "extra" settin:e betucen mass nuwbers vhiach are fur apart in terus
l of required voltage settings.,

Essentially five uiifeveat ty.cs of analyscs are (o Le yerforucd:=

background check, calibration, oxygen feed, KP=1/0_ plume, and i /G, i
- o -

[
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plume. The liP-l/O2 pluice will be snalyzed for ”2' iie, HZO. N2' Cco, 02.
Ar, and C02 vwith the pean selcctor chuunels assigned us shown in Procedure|
A, Table I. luckground checks (run at tne beginuing of each day, and
before every JU-uinute run) aud oxygen leed unalyses will clwo lLe con-
ducted uider this procedure when an hP-L/OL firing 18 being conducted.

All calibratiuns will aiso be perforned uander th.s procedure. Toe HZ/OB

plume will be avalyzed for L., le, H, 0, N , O,, and Ar according to Fro= *

cudure B, since about <U seconds per rawmple can he saved in this fashion,
Backgrounds and 02 fecd analyses will be run accoraing to Frocedure B if
u2/02 firings are scheduled. lyo,ecllant oxygeu will Le unalyzed for He,
02. NQ' and Ar.

The date to be taken froa each saw.le in order to perfor a colu=
plete analysis, consist of tic foliousng itews:

1) A tag number, ¢, winuch identifies tne sanple being taken. Values
of § reguired runge fruw zero to nine (U - 9) and arec shown in
Table 11.

2) The peak heing analyzed., There are 12 peaks in all, their
positions are ;reset hy putentioueters un tie peak selector
chesals.  i'robably tne best way to monator the pean scelector
output is Lo picik upy Lie gusition of the etepping switcaue Tuis
wight conveniently be tahen off at the pilot lamp which indicutes
the energized chuunel to the vperator.

3) The buse line for cach peak, or zero (Ji)

4) The maxiwum output utl cach pean (Hi)

5) An attenuition factur (Ai) for cuach peuk; this 1s the factor hy

FORM NO A-702-1
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which tne output has been diviced in order toe keep it in the

O ~ 10 mv. runge. (This is done Ly weans of series resistances).'
These data must be operated up.on 1n order to express the coapusitiun of
the sampled gases in wole fraectiuvns, This duta reductsion is to he done
by ueans of u digital computer uvhich will use tie digitized nass spectro-
meter output ue input,

Two wucliine prograns will be reyuired., OUne jprograw calculates
the sensitivity of the anstrument to the different suses relative to tiue
nnss 28 pcak of Na. whicl. is arbitrarily set at 100. In the folluwang
discuseion, we shall identify tlhe sensitivity of the instruuent to the
jig gas (where the identifying subscript j is as~igned as shown in
Table I) ‘at the ‘ﬁh wans nuawber or eak selector channel as Sij. The
second program uses the Sij's and the output froa the wuss spectroucter
cuused b, the sampled gzases to calculute tne mole fractivns xj of the
constituents of the sumple, the weight fraction I of entrained sir de-
termined from all tie constitucnts, tne weight fraction of air A deter=-
wmined from an argoa~helaum balance, tic maxture ratio Mc of the rocket as
| determined frow the sam.led pases, and the curbun/hydrogen ratio D of the

sample. This report includes blockediagraus, SOAP codes fur tae IIM €50,

| and cowplete hand=clieciis of tne prograws using rejpresenlutive inputs,

FORM NO 8.702.1
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TADLE I1:
9 Calibration
! Q0 Packground
|
I 1 Air
l 2 Na
3 O2
4 Ar
5 Co
] Cco,,
? u2
8 lie
9 K.0
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Analysis

Procedure A
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II. Analysis:

The inatrumcent +111 be culibrated once each day, ¢i1 oltener if !
it appears necessary, b, acduiiling o saumple of pure gus to the auxiliary
inlet at exactlly atiosplieric pressure, expancing it fo tue exgansion vole
ume, and introducing it into the wass spectrometer in "batch" fashion,
The wues spectrometer is sensitive tou the purtiasl ;re-sare of a purticular|
gas al its inlet., osince we are analyzing ull guses, we Ju not need the
absolute scusitivity of cach gue in volts cutlput por pressdie unit, Lot
only the relative sensitivity. ‘e suall arbitrurily desijinute the senai-
tivity Si' of N2 at wuss 20 ws LVu, and refer othersa Lo ates This is
allovable Af the cosld ratin, zases ore ull introduced ot toe same pressure
intue the inlet systeas.

1t is conceaviehle that we ay introduce sowe air intyv the instru-
aent together with the calibrating gas. Ve cion correct for an air imiurity
if the firet calibrating gae whiclh we run each day 18 air. Lhe mole
fraction of air is then ecurily ceturaiaed by wonitoring cvitier the uass
28 or mass 3° pealk choovsing whicuever does not occur in tie wuhs spectrun
of the pure gus., If the purc ges jcah wiose sewsitivity we uie aeuasuriag
does not veccur in air (i.e., dues nut happen to be 14, 2¢, 32, ur 40),
then the seansitivity ol the pure gas is deteruwined by dividiug ils appar-
ent sensitivity (ucasured vitn the air contesiinution pyresent) by ite
wole fraction, which is one less the wole fraction of civ if no etluer
contawinants are ussused tuv be ,resent. 1 tie piriticuiur pcan of

interest is one which also occurs in air, the air contuninant must Le

FORM NO. A-702-1
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subtracted frow the peak heighi in order to aetermine the true value.

A8 an instructive exawple, cousider the calibration of the in-
strunent for seusitivity to CO2 (gas aamber, j = 8) at the wmass 28 (i = 9)F
and 44 (i = 12) peaks. The auount ot air is determined by monitoring the
yeuli at was8s 32 (i » 1U); the sensitivity of the iastruaent to oxygen at

I this wmass nuwber has been previously deterwined. The instrumcut measures

the output voltage or pcal height (Hi)' the zero line (Zi). and the ate-

| temuation factor (Aj) at all twelve jpecaks; we chouose to vperate oaly on

|  peaks nurber i = 9, 10, 12, Thae corrected pecak hoight Ci is determined

by subtracting the zero reading frum thc aucasured value and multiplying
by the attcenuatien factor, thus:

ci = Ai (Hi = “1)

The background reading, B‘, whach was previously deterained, is subtracted

from C, to give the true peak neight T

i il

T. #a C, < B
| b § b} b §

The mole fraction of oxygen in tue sample aay be deterumined by Jividing
the true output at peal 10 by the outpiut of pure oxygen at tie saue peak
(and st the sane suapling pressure), or since we use nitrogeu as our

reference,

P

|
% = Ti08 /8106 Py

6
¢ 18 the wole fraction of O, (gas nuuber, j = 6),
- !

| By 4 (= 100) is the instruwent sensitivity to nitrogen (gas nunber, § = 4)
' |

at the wass 235 peak (i = 9),

l In tiie above expression x

blu,&

is the sonsitivity to 02 at uass 32 l
is the instruuent's response to a pure nitrogen

(i = 10, j = 6) and P9

| sample at wass 28 at the same [ressure us the CO, sanple., ‘te may tien I

FORM NO. A-7021
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deteraine tie 1astrument's response to CO, at wass 44 (5, ) by the
G -y

relution

5 = T

q - Y

where 00,2005 ia the note fraction of oxygen in &ir.

The response obe-

servcd at ause 28 is due to Louth N, and 602. Tae resjponse due to N, is

£

0.7808 x, P
0.2095

whiere U.7808 is the mole fraction of N in air. Taen

[ ]

0.7808 x, P
s T, - O.2058 °© °

2,6 = 79,4 9
P 1 = x_/0.2095
g 6

The block diagram of the calibration prograsm was constructed from Lhese

and similar cornsiderations. A bit of study will she:

for air were gerformed in other cases.

hou the corrections

The output of the culibration runs vill be used io the analysis

of the oxyzen feed and plume sauples, toge. or with the outjut data

(H, A, and ) frow these runs. For every component except N, und CO, the
&

response factor Fj is determined by a relation

'J = Tl/bi

'd

N2 and CO both have wmajor peaks at wuss 14 aud mass 2

(l.

Tne

gitustion

at wmass 2¢ is further complicated because CO, Las a peok there also.,

2

The

procedure adupted is to subtract out the CO, coatributicon to the nass 28

output, as follows:

Tg = Ty = Fy 8 /5158

FORM NO. A-702-1
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Then we auy solve the following siuultancous cquatioue for P4 and P5

(responsce factors tor N, and CO):

ok

543 5
Since tlerce 18 no CO or COc in the “2/02 sawples, »e cun calculate wll
response fuctors in the sawe wanner. Cnce we have all the Fj‘s. we aay
calculate the mole fractions of tle different conponcate:
H

Xoo= F /;FJ
The oxygen feed samples and the pluue samgles using H2/02 propellant do
not contuin eitiher CO or 002. 80 thut we way revise our procedures
slightly in order to cunserve tunnel time., This is why tue subscripts
in tue anulysis progran bleck=-diagras uader tug nuubers 3 and 4 (02 feed
and u2/02 pluse sauple, respectively) do not always match up.

In tae plune samiice, tuere arc u nuwber of quantities of ine
terest which way be derived from tue composition in teruws of mole fractions.
Une of Lhese is the ratio of hydrugen utoms to carlion automs in the sam-
pled gus. In RP’=1 this ratio is about 2.0; ils deviation from this figure
in the sampled gases is a weasure of tihe sampling error, 8ince neither
il nor C is added to thc ygas by the oxygen feced or the entraincd air. Ve
can cowpute this ratio (D) siamply by sunwcing the hydrogen-containing
compounds wultiplied by tie subscript of hydrugen in each compound, und

I dividing by the siwilar sum of tic carbon-couluining coujounds, e.g.,

”‘(2xuqo‘2xu)/(xco’x )=(2x302xl)/(x54x8)

| e 2 COE

FORM NO. A-702-1
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This coicputation is of course nct ;crfurued when H2 a6 the fuel.

Tue weight fraoction of entruincd air way be coaputed an tewo
ways: The first rejuires an accurale cualysis of tie zaunpled gar, in
thiat the true preportions uf 011 coupuncats aiist be known. Siace nitro-
gen 18 nearly inert, its reiuwtive proportion in the cougle 18 uachanged
by any reactions in the _as or i, the Baq.ding process (if a true sauple
ig tuken)., tYe .ay thus cowpute a "aole fraction of air (not o true
mole fraction, since in geueral sowe of thc oxygen Las reacted) by tue
velation

(, = ) s T8 o708
X, an/u B8O = xq/\:?ou

The "wolecular weipght" of wir 12 Jid.5020; & wmolecudor seight of the ex-
haust guses, N, may be calculated b: t.e relation

N = E X. M,
J J

=/

where N is G in a Ii2/02 firing and 8 in an ld‘-l/O2 firing. Then tne
weight fraction of uir cowputed in this wauner is
A = JH,902 X4/0.7008 N
A second uethod of cowmoutia, tie weight froction of air docs
nuot require an accurate anulysis of tie sowled Lsees, but does reguire
un analysis of tue oxygen feede Tais sieiliod uliliszes on doert gas
tracer (lie) added to the O, feed wad anuther inert tracer (Ar) which is

nuturally presont an aive 7The weight fraction of lie in Lhe O, sunple is
-

".'.0 e 4,000 K._.D/‘No

This quantity 1s calcuiuted frou tie uvxygen analysis atl the Leginning of

cach S0=uinute run, 7Therc wiil alsu prouubday be scne uityur precent in

FORM NO. A-702-?
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‘ tise oxygen; tuc wesght fraction of wrgon 1&, sumalarly,

i = 004 i
7,0 90,44 xa.o/ﬂo

(These guintities way be corrected for an air leek). The welisht ratio
of helium to argon in the pluke Saupic ccy vasiiy be deterained from tue
l wole ratios: |
(.Lz/'.??)p = 4,000 xz/sc.uu X |

The vweight fraction of argon in air is 0.01282, Frua these four quantie-

ties, % (WQ/W7)p, aund 37. air = ,012¢8, we way compute the

2,0" V7.°,

fraction of cir ivdepcendently froa any effects of reaction.
Let the mixture ratio (deteswmined by weasuring the propellant

| flov rates) of the rucket be M, Then, ou tuc basis of one lb. of fuel,
M lbe. cof oxygen enters the chawber, and M ¢ 1 Lb, of exhaust guses are
foruwed., The welight fraction of heliuu in tue exhaust is

Wa.n (S Wa.o M/ (Med)

and likewise for argun. Let B lbs. of uir be niixed witi the Mel Llbs. of
exhuust to form Mele+B lbs, of plu.e. he weight fraction of ile in the
pluue is:

W, = W M/(M ¢+ 1 ¢« B)

A
L ...0

| The weight fraction of argon is:

w iy M + 0,01268 B
M « 1 + B

and the ratio is

. . o 82 .
w,//Wz = W7.o/ﬂ2.o + (B/M) 0.01-08/&'2.0 |

FORM NO. A-702-1
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“7/"2 - “7,0/*2,0
0.01288/%.

-y

whence (B/M) =

The air/oxygen ratio B/M way be uscd to calculute the weaght fraction of

entrained air, R, as follows:

R = M(B/M) /[M + 1 + M (s/%))

whonce

R = M (W7/52 - 67'0/W

L+ M 1« (&7732 - u7'o7w:'of'z:'o/u.01:uu

) W, /0.01288

-
gy “y

Tiie mixture ratio aany ulse be detirazned fruw a nowledge of the
total cougosition. Let ue cail thas quentity NC. to alstinguich it frow
the weasured mixture ratio . e welghl of fuel in one wole of saapled
plume gus is given by

wF 2 2,046 (xl * xs) + 12,010 (x5 . xH)

(The second teru is not resent I an H,/Ou FuB ic Ledng annlyzed). The
veight of oxysen is

o . 1A 15

Part of this cowes {roa entrained air, so that tlic awount due unly to

the propeilant feed is

w = 32,000 (02 X_ ¢ <X, + X« xS - U..005 x4)
-k < e 0. 7600

The mixture ratio ig then

N =¥ 52,000 (o XL + 2 X, + X, ¢ X <~ 0.2000 x4)
E L v = v V. 7508
We, Souly (X, ¢ X)) ¢ 12,000 (X, ¢ X,)
) 1 9 9 S

FORM NO. A-702-1
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An alternative expression muy be develoged by using the relationship

)(1 . xs s x5 + XB if the H/C ratio of the fuel is 2. Tuen
82 ] 3 ’-.‘ b4 - Y37 K 3
H - \)6000(' (o= xs + xs L 4 AG + xe OQuoaJ X4)
¢ 14,026 (X, + X))
9 g

This lust ex.ressiun puts lese relisnce on the accuracy of the auulysis
i ¥ 3

of the coadensable component KB _U; it can unly e used fur the RP=1/0, runs,

ENAOM NN A TAY Y
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1II. Couclusions:

On ithe basis of tuc considerations indicated in the preceding
section, we huve deveio,.ed computer progriws suitubic for tie reduction
of Jdigitized wass s;ecilroueter output date. In the appendix, blocke-
diagrums, SOAP codes suitable for tie IDM 650, sample inputs, and hand-
couiputed results are .resented. These resuits may be used in incorpor-
ating these data reduction procedurcs into the AEDC syste... The input
required for calibrations are tuce indavidual gesk iesghts, base lines, and
attenuation factors, as well as tag austers (U -« 9) vhich identify the
diflerent gases. The output of the calibration data reductiova program
conpists of tiic relutive sensitivities of the Jdiffcrent coustatucots,

The analysis of a jas sampie reguires the suwe tyoe ol input as the cal-
ibration runs, and alao the sensitivities and a wcasured propelleiat wix-
ture ratio. The output of this program is Lhe uole fractions of the
different gases in the sauple, tne I/C ratioc of the fuel (if it ie RP=1),
the weight fraction of entrained air (computed in two vways), und tlhie mixe
ture ratio of the propellant us computed from the sumple compusition,
This informativn can be used in o aunber of subsequent culculations;

sone of these w11l he discussed in unotier report.

FORM NO. A-702-1
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Tabine II1:  NUMENCLATULL

LA Muss fraction of cntruined air (from total cuuposition)

A1 Attenuation factor at i-t--l’l mass peak

Bi Bacitgground pean height at 1£ﬂ wuabs peak
I Ci Corrected jcak height at iih mass peak
| D aydrogen/curbon ratio uf{ fuel '

FJ Hesponse factor due to tie JEE cowmponent
| "i HMeusured pcah height at iﬁh BA88 jeak

M Meusured awixture ratio of propelilant

”e Calculated mixture ratio

N Molecular weight of saupied gases

P9 lesponse of instrumont to Nz at sass 28

Q Tug nuuter, ideatifying sawple

R Mass fractionm of cntruined air (frou Ar/He Lulance)

3 . ] .th ) ; .th .

Seneitivity ot i— wass peck of j— component, relative to
i S,_s N °® 100
«O g .a

Ti True peak height at iiﬁ muss peak

% Weight fruction of JEE cowponent in sample

J

Xj Mole fraction of jsﬁ component in sampie

Z1 Zero or base line at i-t-l—l nasSe peax

FORM NO. A-702-1
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