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PREFACE

The work described in this report was performed by the Guidance

and Control Division of the Jet Propulsion Laboratory.
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ABSTRACT

The purpose of this report is to define and program the transient
pneumatic flow equations necessary to determine, for a given set of condi-
tions (geometry, pressures, temperatures, valve on time, etc.), the total
nitrogen impulse and mass flow per pulse for the single pulsing of a
Mariner type reaction control assembly valve. The rates of opening and
closing of the valves are modeled, and electrical pulse durations of from
20 to 100 ms are investigated, In developing the transient flow analysis,
maximum use was made of the steady-state analysis undertaken in Ref, 1,
The impulse results are also compared to an equivalent ''square-wave"
impulse for both the Mariner Mars 1971 (MM'71) and Mariner Mars 1964
(MM'64) systems. It is demonstrated that, whereas in the MM '64 system,
the actual impulse was as much as 56% higher than an assumed impulse
(which is the product of the steady-state thrust and value on time -- i, e.,
the square wave), in the MM'71 system, these two values were in error in
the same direction by only approximately 4% because of the larger nozzle

areas and shorter valve stroke used.
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I. INTRODUCTION

This memorandum is a supplement to Technical Report 32-1353 (Ref. 1)
and is intended to be used in conjunction with it. The work presented in that
report is limited to steady-state thrust and flow-rate determinations vs.
varying design parameters for the Mariner type ball valve/nozzle configura-
tion, in which a subsonic orifice is in series with a sonic nozzle throat
separated by a chamber volume of approximately 0. 2 cm3. Design variables

investigated include inlet pressures of 6.9 x 104 to 2.1 x 105 N/mZ (10 to

6

torr), inlet tem-
2

30 psi), ambient pressure of 1 x 10_4 N/rnZ (1 x 10

peratures of -100 to 150°C, valve orifice areas of 0.32 to 2.6 mm

(5 x 10_4 to 40 x ’10_4 in. 2), nozzle throat diameters of 0,13 to 1.3 mm
-3

(5 x 10

nozzle cone half-angles of 15 to 40 deg. The thrust levels considered are in

to 50 x 10-3 in. ), nozzle geometric area ratios of 25 to 275, and

the millinewton range, and the propellant is cold nitrogen gas. The equa-

tions used to determine nozzle losses are based on flat-plate analogies.

The work described here extends the analysis and computer program
presented in Ref, 1 (using the same ranges of parameters) to include an
investigation of the transient thrust and flow-rate effects for both the
Mariner Mars 1964 and 1971 cases., Of particular concern was the total
quantity of gas consumed in the firing of each axis of the MM!'71 reaction
control assembly. The results were used in the Mariner Mars 1971 program
to é.id in the flight analysis of total gas consumption, and tended to correlate
with in-flight data. The resulting Univac 1108 program can easily be

modified to investigate other valve geometrics and conditions.

*The dimensions in the equations are in English units to correspond to the
computer program on which they are based.
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II. FLOW ANALYSIS

The model used to represent the MM '71 RCA jet valve is shown in
Fig. 1, where the subscripts 0, c, and N refer to conditions at the jet valve
orifice, in the plenum chamber between the jet valve orifice and nozzle,

and in the nozzle throat, respectively.

For this model, the weight of gas in the thrust chamber Wc at any

time t is assumed to be given by the perfect gas law,

v

c
W, = pch - ﬁ—T_Pc (1)

where p is the gas density, VC is the chamber volume, R is the gas constant,
T is the gas temperature, and Pc is the chamber pressure. For an adiabatic

process, the change in weight is proportional to the change in pressure, or

oW V_ 9P
C c c

5 - RT ot (2)

For the case to be considered in this report, att = 0 (i.e., imme-
diately prior to the initiation of {ralve opening), P0 equals the supply pres-
sure of 1.0 x 105 N/m2 (15,0 psia), and the chamber pressure Pc and
ambient pressure Pa\ equal zero (i.e., vacuum condition). Between the time
the valve starts to open and the time that the chamber pressure reaches a
steady-state level (see Fig. 2), there is a difference in flow rates between
the solenoid valve orifice WO and the nozzle WN' This flow-rate difference
causes an accumulation of gas in the chamber, thereby building up the

chamber pressure. The differential equation of the rate of gas accumula-

tion is
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Because the local ambient is vacuum, the flow rate through the nozzle is

always sonic and is given by

1
y+l
VN = ContnFe | ®T \TFT (4)
where CDN is the nozzle discharge coefficient, and AN is the nozzle

cross-sectional area.

The flow rate through the valve orifice WO is sonic initially, since

PC/P0 < 0.528. During this period (0 < PC/PO_S 0.528, 0<t< toy from

Fig. 2), the sonic orifice flow rate is given by

1
y+1]°
C goY 2 Y"l )
Wo = CpovAe®Po | ®T (y + 1) - )

where AO(t) is the valve orifice area as a function of time, and CDV is the
valve discharge coefficient, During the subsequent period, when the pres-
sure ratio Pc/PO is greater than 0.528 (trl <t < trz), the flow rate through

the orifice is subsonic and is given by the following equation:

where a% is the characteristic sonic velocity (equal to /goyRT). At a

time t = t the rate of pressure buildup in the chamber becomes zero

r2?!
(i. e. , chamber pressure is constant), and the flow through the orifice equals

the flow out of the nozzle until such time tz as the valve starts to close,

This is the steady-state thrust case and is described in detail, along with
performance losses, in Ref, 1, where
aP

o~ C—
Wy = W, = = 0
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From the time (ty)the valve starts to close until the time (t3)when it is
fully closed, the flow through the valve orifice is subsonic and is given by
Eq. (6). For t> t3, the valve is fully closed (WO = 0), and the gas accumu-

lated in the chamber is discharged by an isentropic process through the

nozzle (WN = -WO). The density ratio for isentropic expansion is
1
P Pc \
oo =\ (7)
3 sy

where the subscript 3 refers to conditions att = t, and p is the gas density.

3
Using Eq. (1) for the initial weight of gas trapped in the chamber, Eq. (7)
becomes ] ’
VCPC3 PC v
YN T RT P (8)
3 3

Differentiating Pc with respect to time, and substituting Eq. (4) and the

equation

into the results and then integrating from t, to any time t > t3 gives the

3
following equation for decay pressure as a function of time:

2y
1-y
(1- ) At - t3)}

(10)

where A, 1s defined in Table 1.

2
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Equations (5) and (6) require that the valve area as a function of time,
AO(t), be known. Appendix A of Ref. 1 details the derivation of the steady-

state (valve full open) valve orifice effective area (A This value as

)o
O-ss
a function of valve ball travel TB and for a ball radius of 0.24 cm (0. 094
in,) and a seat radius of 0.17 cm (0.066 in.) (MM'71 data) is (Eq. A-11

of Ref. 1)

(0. 2073)(TB)(0. 134 + TB)

AO=

72
[o. 008836 + T (0.134 + TB)]

Since it can be demonstrated (Ref. 2) that the particular solenoid valve will
open (tl) and close (t3 - tZ)

total on time t2 is 20 ms or greater, it is a reasonable approximation that

the ball opening and closing is a linear function of time. Figures 3a-c

in both cases in less than 1 ms, and since the

demonstrate the typical electrical and pneumatic properties of the valve
under study as afunction of time. Figure 3d is, therefore, the mathematical
representation of the valve orifice area as a function of time as developed
from Fig. 3c. With reference to Fig. 3d, the following equations for

AO(t) can be developed:

(Ag)()
Ao(t) = (tl) 0<tx tl (11la)
Ao(t) = Ao t1 < t< tz (11b)
Aylt) = T 5 t, <t <t (11lc)
Aylt) = 0 t>t, (11d)

For this study, the values of t t, which represent the MM'71 flight

t
17 "2 73
data are taken from Ref., 2 and tabulated in Table 2. In this table, the
appropriate values for the MM'64 valves are also tabulated such that the

computer program results for the two flight programs can be compared,
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With the value for Ao(t) thus determined, the chamber pressure Pc(t)
and the flow rates WN(t), Wo(t), and Wc(t) can be calculated using the appro-
priate equations previously defined. With the flow rates known, the accumu-

lated mass (mo, My, OF mc) is determined by solving the integral
m = wdt (12)

with the appropriate flow rate equation over the appropriate time interval,

The total effective impulse I is given by the integral

t=w
I= net(t)dt (13)
t=0
where, from Ref, 1,
1
v+
> 2 > y-1
Fnet = (1 - losses)PCA,cCDN _Y—Y - (Y " 1> (14)
and thus,
t=o
I =K P (t) dt
c
t=0
where
1
y+17°
2 vy-1
_ 2y 2
K = AtCDN(l- - losses) v -1 (Y - 1)

The thrust losses are taken into account in Eq. (14). These losses, derived

and explained in Ref. 1, are assumed here to be a constant as a function of
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time. It is also assumed that both the inlet pressure PO and the inlet
temperature TO stay constant as a function of time., The actual specific

impulse ISp for nitrogen at ambient temperature TO is

1
Mo

ISp (at TO):
Reference 3 gives an estimated temperature profile for the entire

MM!'71 mission, including Mars occultation. If the specific impulse at any

other temperature T is desired, the following equation can be used:

1
T

2
Isp(at T)= Isp (at TO) <TE> (16)

However, it should be remembered that the total impulse I does not change,

since Isp o T and m o l/ﬁ (see Eq. 15).

For the purposes of this report, an "effective' valve on time will be

defined as

. I
Aty = steady-state thrust (17)

Furthermore, an equivalent "tailoff'' on time, ttO’ will be defined as

t,. = At =~ (actual valve on'time)
t0 e

]
>
-+
]
o+

ttO e 2 (17)

The use of the two time values, 4, and t.o in the sizing of a gas systerh

for attitude control system application is explained in Ref. 2.
III. DIGITAL COMPUTER SOLUTIONS

With all the relevant equations available, a number of methods may

be used to obtain the sought after solutions. Reference 4, from which much
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of the above discussion is abstracted, details a solution assuming a constant
flow density. Reference 5 describes a solution that can readily be imple-
mented on an analog computer., The solution method used in this study
involves numerical differentiation and integration programmed for a Univac
1108 computer using in part the existihg program for the steady-state analy-
sis discussed in Ref. 1. The computer flowchart for the steady-state portion
of this analysis is given in Ref. 1, along with a list of nomenclature. For
the transient analysis, which is the principal concern here, the equations
previously derived must be written in the appropriate computer format for
numerical differentiation and integration. This has been done for all the
equations and is sumrriarized in Table 1. The computer flow diagram for
the transient analysis is given in Fig. 4. The transient analysis is added
onto the end of the steady-state analysis program and is called up at state=-
ment number 600 in the main program, as can be seen by the list-print

(Fig. 5). The input to the entire program is via a single read card (the
variable NZ controls the number of pdssible read cards) which uses a

7F10. 5 format to read in the seven variables on a single horizontal line in
Table 2. All other data, including those in Table 3, are fixed and already

in the program for this stuvdy.

In addition to the steady-state printout shown in Fig. 6, the program
is also set up to pri‘nt out in tabular form, in 0.1-ms intervals, the values
of the following variables: t, Ao(t.), Mc(t), Mo(t), MN’ Pc(t), AP/AT, I(t),
Wc(t), Wo(t), and WN(t). The program also plots out the last nine of these

variables as a function of time (see Figs. 7-10).

Iv. CONCLUSIONS

Figures 7-10 show the plots for the four cases (defined in Table 2)
studied for this report. Table 4 summarizes these plots. From the table,

a number of conclusions can be drawn.

(1) On the MM!'64 pitch and yaw valves, the area ratio (ratio of
valve seat area to nozzle throat area) was 24.5:1. As a result,
the transient flow rate for a short period of time is greater thah
15 times the steady-state flow, with a 56% increase in impluse

per pulse for a nominal 20-ms valve on time,
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(2)

The equivalent area ratios for the MM!'71 pitch/yaw and roll
valves are 6,24 and 2.38, réspectively. With these much lower
ratios, the resulting increase in impulse per pulse is only

4 and 3%, respectively, for a nominal 79.5- and 27.3-ms value
on time. Note that the 4% figure would have increased only

slightly had the nominal on time been closer to 20 ms.

From these test points, it is concluded that for area ratios of
less than 10:1, the impulse per pulse (and gas consumed per
pulse) calculated by the much simpler steady-state approach

would be in error on the low side by less than 10%.

As expected, the gas vacuum specific impulse is the same
(within 4%) when calculated by either the transient or steady-

state approach,

All computer runs were made assuming a local ambient tem-
perature of 25°C, No attempt was made to determine an in-flight

ambient or gas temperature, although this could be done,

The shortest electrical valve on time assumed was 20 ms.

Since pressure and flow rate build up to their steady-state value
in a short period of time (usually less than 2.0 ms), steady-state
approximations for value times of somewhat less than 20 ms

should be valid.

For this study, it was assumed that the discharge coefficients
(losses) stay constant over the relatively short transient flow

periods,
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Table 2.

Jet valve

characteristics (computer input cards)

a .

Mission| Axi on, Tos| Dy Tps te & £y 5P tys 6P
X185 I N/m (psi) °C |mm (in.)| mm (in.)

MM'71 |Pitch/| 1.0 x 10° |25 | 0.513 0.173 0.001 | 0.0795{ 0. 0805
yvaw (15) (0. 0202) | (0. 0068)

MM'71 |Roll 1.0 x10° | 25 | 0. 831 0.173 0.001 | 0.0273| 0.0283
(15) (0.0327) | (0. 0068)

MM!64 |Pitch/| 1.0 x10° | 25 0.290 0.216 0,001 | 0.020°(0.021€
yaw (15) (0.0114) | (0.0085)

MM!64|Roll 1.0 x 10° | 25 0.374 0.216 0.001 | 0.020%| 0.021°€
(15) (0.0147) | (0.0085)

aLNozzle throat diameter.

bSee Fig. 3 for definition,

¢ Estimate.
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Table 3. MM'71 jet valve parameters (fixed)

Parameter

Value

Nozzle discharge coefficient CDN

Valve discharge coefficient CDV

Ambient temperature TO, °C

Valve ball diameter, cm (in.)

Valve seat diameter, cm (in.)
Nozzle geometric area ratio

Nozzle exit geometry half-angle, deg

Ratio of specific heats (nitrogen)

Nitrogen gas constant, N-m/kg K
(ft-1bf/lbm °R)

Ambient pressure, N/m2 (psi)

N/m? (psi)

O’
2 ,. 2
Valve chamber volume VC, cm” (in. )

Time differential, s (DELT)

Valve inlet pressure P

1.0

0.63

25

0.478 (0.188)
0.335(0.132)
250:1

25

1.4

2.967 X 102 (55.16)

1.0 X 10° (15.0)
7.48 x 10% (0. 0116)

0.0001
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chamber pressure, (d) valve
orifice area
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N/m2 x 104
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510
NO /T >1. \ YES

AOT = (if
530
P(N) = (3) PCCC = P(N-1)
DPDT(N) = (20)
WC(N) = (6)
iR
N P(N) = (3b) WN(N) =
wg 2(N) (3‘?60) DPDT(N) = (2b)
Wt - o9 ' 540
NI M e YES AOT= (1ol
(N) = (2a) [P(N) = P(N=1)] € 0.0005 PN = (33)
DPDT(N) = (2g)
WC(N) = (6g)
WO(N) = (5g)
NO m YES WN(N) = (4)
525
NO p(N) < 0.01
WC(N) = (6b) P(N) = (3¢)
WO(N) = (5b) DPDT(N) = (2c)
WN(N WC(N) = (6c)
WO(N) = (5¢)
WN(N) = (4)
NO/ ¢ > 5 \YES
527
K=K+5.| AT:TZ-T(N)
MC(N) = (9¢)
MO(N) = (8e)
550 MN(N) = (7¢)
PCC(N) = (11e)
MC(N) = (%) I(N) = (10e)
MO(N) = (89) TN) =T,
MN(N) = (7§)
I(N) = (10F)
PCC(N) = (1)
l
NOTE: SEE TABLE | FOR EQUATIONS
DENOTED BY ROW NUMBERS AND
COLUMN LETTERS IN PARENTHESES
Fig. 4. Computer program flow chart
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NET THRUST PRZOICTION PROGRAM

1 C
L2s INTESER TEST
3s TE57=0
I N | -3
S S2 DO 1735 I=1,N2
_E* . RERD (5423 POSTOWCTs 1B ellsTcseT .
7s 2 FORMAT (77 1C.3)
2 CCv=C,€3
Ys CONZ1.C
Aee L MAX NI L
11» MAX 2230,
e MAX3IZIC. el
13 £PS1=.CO01
lus EFS2:-,L001
159 EP33:.C I
Abs ____ __PIz3,14ILE
17« 50:338.,06273
8. RIBb61.32
19= PAZC.
20 CANINITZE,C
21 £3:0.133
228 ____________ DS=zC, 132
23 ARTGED=25C.0
24 __CwzH23C. -
25 SISDE5:-25.
26s CAMMAZ 1 401
21 PCINIT=PO-C.3
28 . £ .RS=0S/2.
29 10 R3:=0372.
A0 1L _ALNZSGRI _(ARBes2)=-(RSss:))
3= 12 A2:zA1+13
32 13 P412:-581AN (RS/A2}
33 14 G=(RS/SIN (P412)1-R8
34« 15 _BZRB*RS/(R3+4G)
35s 16 E=A23/R3
AEe N ATARE
kR 19 AQ0=PI+(RS¢31¢SQRT ((4»2)¢ ((RS~-3)892))
33 12 80X =PIsRS*RS
33 20 IF(AQ-40X)22¢21021
N0e RN ACTACK e
4l 22 PRINT 23.P0
42e .23 FCRMEVIL4loYXJEAINLET FRESSURE o F 1,3 1X¥3(LASLZINGIL
43s 24 PRINT 25eC0V ) e
Y4 25 FCRMAT(SX2374vOLVE CRIFICE CISCHARGE COEFFICIENT ZHF2.4)
45 26 PRINT 2713 i e,
usse 27 FCRMATUSX I3424LL TRAVEL = oF 7.5 1XbU~gINDY)
47 23 PRINT 23+4RT3Z0 .
4gs 25 FCRMAT(S5X ¢S4NCZ2LE SE0METRIC ARZA RATIOQ =oFE.3)
43 I PRINT 31S IS0E S o R
S(is 31 FCRMATISXI34ANQ22LE H48LF-ANGLE FS.le VXEJ(TES))
3l 32 PRINY 33610 . . R
52 3 FCRMATESXZ34INLET 225 TEMPERATURE ZeF&.le 1XT4(3EG 2))
53 34 PRINT 35 . )
S4s 26 FGRMABTI(SX 134NITROZEN PRGPEILLANT)
535 36 PRINT 309 a0 ) .
T 37 FCRMAT(EX ICAVALVE CRIFICE EFFECTIVE BREA zoF 1,300 X54(IN2))
51 33 PAINT 33,40X . e L
S5ee 13 FORMATUSX I74JALVE SE&T AREA ZoF 7.5 IXE-(INZ)//)
53 4 PRINT 41 ) ] -
Blis Ul FORMATU(SXICANET T-RUST ol I XBANOZ2ZLEs» 7TXS-VALVEs3XEAT4RUSTo I (XEAREIS-
€l PTe3x342xIT _MATH) e e e el
E2e 42 PRINT 44
83 449 FORMAT(7X3H4(L35) vl 4XG AT ARQAT 4 SXIAPRESSJRES I1X5 AL OSSCSe3X IAFLQIRAT
Eue 13XE4ANLIMBER)
55 4z PRINT 97 . __ . I - _
EEs 47 FCRMAFL2SXA4CIAMETER 47X UHCROPITXICH(PES CENT o ?X34ELES/SECY)
E17e 43 PRINT 93 e o e
Ece Y35 FORMATC27X34(INI»EXI=(LES/ZINE) /) :
63 RT=0T1724 oo ______ o e e
M S AT=FIeRTeRT
Ti= 52 AIZARTZEQeAl
1es 53 DEzSuRT (4, *LE/FT)
Fig. 5. Computer list printout of steady-state and transient thrust

prediction program
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73 S4 REZDE/2a . e e e e
Tus €5 SIZMAZ(SIZOES/36C0, )wcosPI
75% 55 SL=(RI-RTI*CO5 (SIIMANASIN ISTGMAD .
76 57 F3AMZ(SAMMACL, Y/ (CAMMA=],)
17 52 PCIPIINIL
D 55 CFCo((SAMPA=L,0/72,09 ({BAT»JON/LAQeCOV)I)oeZ )sllco/7iCAMMBR] () )eeFZAY
TG L T S
ECe 0 INIZ1
21w 61 P:=((P»/ﬁ,l!:ijj,:Jigzgﬁﬁjélilgéﬂﬂill:ii9f!P93"((l--’lHnA)IJAHMG,
aze 111-CFC
33 €3 DFOCI(((2.~(2,05AMMA) )/ GANMAIS (PO {( (2,034 MMA)-2,)/3AMMA)) e(PCosnl
84 1020=02,8388MAY D /SBMMBY D)= (((1,~CAMMAD /3AMMB) e (POws {(CANMA -], ) /CAMN
85e 2801 8(OC 00 (deml 2, ¢ 38MMA) A GAMMAY D) .
BEs EE PCANZPL-{FFC/GEPT)
97 57 IF(TEST oNZe_ 1) 30 _1c_11 ST
8« E8 PRINT E9sFPCoSFPCoPCNS IND '
33. 63 FORMAT(2XSAHFPC =4F15,3¢3X64QFPC =4 E15,395X54PCN e E15.3e SXIQAITERL
S0 1PCY 14
91 71 OINVSINtel . U e
o2 77 IF(AZS (P{N-PCI-FFS1)7€eTEs123
33 11 PCIPIN R .
o4 e T4 Ir(b‘dll-Il\l)7517stl
35 75 PRINT 715e2%
2k« 7¢ FORMAT(ZXZS4ITEZRATION LIMIT EXCCECEDeEXSHRCUITIV) Z2EL1E.8)
37 17 350 10 125 _____ e
35 78 PCzPCM
EED 73 OILPIPO-PL . i e e
100 80 TR=(2.¢701/5,+42) E2 -
1C1» 31 WOCOT=40#TOVIPO2 ((FC/P0) es (1.738MMAN ) «SQRT ((2.%50/ (ReTRII»{34MMA/
102 1(SaMMA- T, )) o (1 =((PC/PO)*» ((CAMMA-1, ) /2AMYEYYY
1C 3 33 WICOT=CON+PCeAT#SIRT ((GAMMAS GO/ (TR e{ {2,/ (5AMMACL ) Doal (GAMMAS
ACuse Tl 4(GaMMA-1,))))
105 35 ARTZROzZ.5%4RT3E0
L1CE» 26 CMNICNINTIT .
1IC 7+ 87 INZ:Z)
108 28 IN22C e
1C 3 a3 CI-(JAMMAoI.)/(Z.'(aﬂHﬂA-l.))
11Gs 30 C2:(5AMMA-1,172,
11le 31 C3T((SAMMACL, ) /2,182 )
112e 32 F”N:C!"N‘L(l.t(Cc'Chtgk))‘t(-'ll)-(l.I&RlL&C) _
113 93 DFCNZC3I#02.9C28CNoCNs(-Cl) e (1l evlC2¢CNSCNIIool=-Cl-lodde( (), e(C2a0N
11lbs 12 h))-tlrflj)l e
115 25 CNNZCN-{FCN/CFCIN)
11gs 26 INZZINZs L e
117 37 IF(TZIST JNE. 1) 30 1o 1GO
118 S8 FRINT t54FCNsCFCNSCNA e
112 32 CORMAT(ZX3AFCN =sC15. 3¢ SX6ADFCN =+ E15.315X545NN Z0215.8)
120 160 IFCABS (CNN=CND-EFS231MCSeI0Se0CL_
121 11 CNZZNN
122 10z IF(Maxez-IN2) 102301020 ¢2
123 103 PRINT 10UeoN :
124 104 FCRMAT(ZX ¢UATTERATION L IMIT FEXCEENED e SXSAME (RIV) ZoEX8.8) . ____
125 30 10 175
L2 e S ENTONN
127+ 106 TRAT=Z1.+((GAMMA—1, ) sCNECN/24)
128¢ 107 U0=(2,¢7CE-08)e(ThReo (2,72 )/ (TEs])%6,5)
129« 103 RENOUS(CN/UO)I*SORT (SAMMA/ L(GAMMA-L,)sSvelTR)IIeITRAT el (GAMMA-2.) /1
130% . 1GAMMA=-1. )} V) eittTR/IRETLelCAELI/LIR2Y1C2,E) ) R
131 11C RENO=Z12.%RZNOU®SL *P C
132e . 11L DELTAZ.EY5e¢SL/ASORY (RENGY oo o
133 112 IF(CN- c.5)ll31||3-ll=
L3k A1lZ pELSIR:D :
135 l-.!Gi7o'CN"7'.°3”E ‘oz.zaszu)
I'26s LS 50 10 M2 e e e
137 116 IF(CN=7.511017241174115
138 117 DELSTSTRELTAS (2, 6EN-25,3) e e
139» 113 30 10 123
140s 11S IFICN-5.0332Ce0204k22
141 120 CELSTRZIDILTA*(IC. Do CN-35.4)
Juze . d21.3C.1C 323
143 122 CELSTRZCELTAS(10.,3eCN=-U4.4)
la%e 122 REEFFIRE-LNZILSIR

Fig. 5 (contd)
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145 124 IF(RICFFI1I2%01294125

14Es 125 ARITER:-(REZFFeREECF)/(fiTaRT}

147 126 IF(A3S (ARTEIRC-ARITER)I-cPS3I133¢1330127

Juse .. 127 . 1F(MAXZ-TIN3)131s121s12°%

143+ 129 INJIZIN3+]

)S0e. . __ . .1232 ARJERC:-(ARTEROG+ARITERYI/2.H

1S1 13C 3C 192 33

152 121 PRINT 132.8RITFR

153s 132 FORMAT(2X24HAITZRATION LIMIT CXCEEUEDeSXIIHARTER0(0IV) =eE13.9)
1S4 . ... B0 MO NS -

155» 133 SISCFFzATAN (RIZFF/SL

1SEx_ . 12N PEZECelt)l ool ({32M¥A=1 042 JalNAIN) oo L-GANMMALLGAMMANL o3} )b .
157« 135 1Zz1P/TRAT

158+ 138 CEZSGRT (3CeZamMasnRafz) T e
153 137 vEzgZsCN

1e0s 133 vEFzye e, T TTTTTTTTTTTTTTITTTTTTITITTTRTTR O T
161+ 133 CFPzPIeARITER®Z0s4T/(w03CT#VE) )

1Ecs U0 FPZll.-o5¢01,¢20S (SICEFFIIIZ1Y,+(FP) )

163+ 14) FCCL= 2-‘(1'-(J~L7A/Z.l)'DLLTQI((QE"QELLLRL!j?'- SUSTRID
1E4e 142 FMAXZFLoAT#SORT (C.% :AMMASSAMMAS ( (2.7 (GAMMAOL ) ) s eFGAM )/ (CEAMME -1, )
165+ 1)

iEbw 1494 CFZSGRT (12, 2CAMMAe TAMMA Y/ (SAMMA-L,D  e((Co/(58MMAs ) )eeFCAMDsLl,
167 P-({PZ/PCIo s {(SAMMA-1,0/5AMMAII)) ¢ ((PE-PA)SARITER/PC)

168+ 1ue F"H.CR:CF‘FC'A'

189+ T T PN FMAX = TG G R ) M A e
170 1UE FLTIOTSle=(t]1o=FPYo(]l  ,~FEEL)O (Ll ,.-FN))

171» 143 FLYOTP=FLTOT#10C, S U
172 15C FANET=FMaXe(l,-FLTCT)

173 151 PRINT 132+ NZTeBTsDELPoFLTOIP»wOBOT oSN

170 15¢ FORMAT(EX vC1S5.807XeFE,5e5XeF 17, Hv’XoFE.uEX-EIS BeEXs FE 3)

175« PRINY 153 ___ _ J
17€E - 153 FORMAT (L4l)

177 IF(TEST.NEL1)_3C 10 _5EQ e
178 184 PRINT 1S5S +wTCCTeINC

173s 155 FORMAT(2X? AWTOO0T s E15,3¢SXICAITERI(ME) =0l

180s 158 PRINT 157,2RTZROsARITERVINS

181« 157 FORMAT(2X1 3405 /AT(INKT) S0 51548¢5X3 34457 8T (X0 ER) e €15, 995X 1041158
182+ 1LELY =043 '
133« 159 PRINT 1 80ePle2IsTEeCoaVEF e e

| Q4e PEC FCRMBTULZXUAPT e 12, B9 SX4<PE = ZeEE kNS X

185 1o SXSANEF =2F15.8) i

1 8E 1EZ PRINT LE3sTRATIUCIRENOUSREND

187». 163 FORMAT{2X6ATRAI Saf1S,.8s3X739MULO) Zaf19.8s9X. I.C_i ENGIMUL 55 51548252
188 164RENG ZoEL5,.8)

193 185 PRINY 1665 02L A0l SIRIRFZFF I e
1280e 16c FCRMAT(ZX 14CELTA e 15,29 EXVINCELTA(STAR)Y :Z9ilS, Su_x‘l-cngF e
131» 15.3) . A

13¢» 1E2E PRINT 1ESsFTHZ0RsF“AX

193s 163 FORMATUZ2XSAFTAROR 2521 S . e SABAFMAX _SaZdl B3B8 il oo
1Sk 176G PRINT 171 4FPoeFDELSFNWLTOT

15Se 171 FORMAT(2XY ALE_ Za. tJ.i..&n.i!.ndLDr_L_--..nJ’.li.it:.Ky ALN. 2 E15,305X74LFTOT_ 24,
15Es 1£15,8)

137« . _SCC DIMENSION P(3SC).IPCT(85012C(8S0) 2085012 N(350)exC (IS0 )a uOIASH
1SEe 1) v NEBEC) ePCCUBEL YT (B8EC) o X (SSCIoYUBSCIsEMFIESD)

139 Mz3 e e e e
2CCe PLSS: F"IPC

201 pILT=0.0061 . S,
2C2e Tel):zC.

263 o P(1)=0,.

ZCue CFDH!)-E

2G5 K=l e e m e e st s e e
2CEs NZ2

2N7Te 4 B T =T oo
2CBe 2CL11C,

209« IN(1) =0,

ciCe EVFLY) 20,

211 VOO0 152 38 e e
212 LASTARZSQRTI(SCe=aMP AR TR)

213, B1=COVAST ARO(SORT 20 0 SAMMA= Lud 3D A0S . i i
214 a2:c DNe RS TARS BT/ (VCe L)
215 COVeAST AR/ (VCZsl3)

21€s A"QVC{(R!lRl_" _______________________________

Fig. 5 (contd)
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20

ASISQGRT (S0 ¢GAMMA/(R*TRII /23

218 AEZ(1.~FLTCTI*AT#GAMPAZ(C28SERTIICZ))

213 SO0 TO(NI=T(N=-1)+CELT

220 N IFCT(RI,5E.TY) S0 TG S5€CS

221+ AQT=a0=TUINI/TI

222 306 TC 515 B e
223 505 IF(TIN)I.GT.T2) GO fC S51¢C

224 _aQTzac

225+« 30 1o 315

226 B IR TN L G EL T3 B0 X0 535
221 AOT=zAC* (1. ~(TIN)=-T2)/7(T3-T2))

2¢8s . 580 10 530 e e
223 515 IF(P(N-1).05E.,PC5S5) 30 1¢ 525

23Cs IF(F(AN-1),53E,0,528) 0 10 520

211 OPOTIN)IZA3 #A0T-A2sP (N~1)

e L PN EUN- L e PO N e Y e
232 WCINIZAUCPOTIN) oF D

‘234 WO(N)Za5e oY eaQIsbC e e
235 WNIN)ZASsCONeaTeD(N)s PO

23Ex 36 _T1C 55C

237 520 DPOT(N) ZAi«AQT*(P{N=1)ss (] /GAMMA) JoSIRT(1.~PUN=-1)eel((GAMMA=]1,)/ 54
R o AIMMA Y - ARe BN e e e
233 PINIZP{N=-13¢DPOTINIODELT

28Cs IFtABSUPINI-PIN-11),2E,0.C005) %c Ig E2% e -
241 IFLPIN)LGE.PCSSY 38 10 523

242 CUN)ZANDPDT(NYeFC

243 WOIN)SCOVe AQTePO*(PIN)*e (]l /SAMMAY }3SQRT (2. %50¢5AMMAS(l =PIN)ss( (5
Q44 1aMMA-] )/ 38MME) )/ LReTR* (G AMMA~] 00 1})

245 WN(N)ZA54CONYIATePINISPO

QMEs ________. .30 1C Z5C

241 525 WC(N):=C.

Z48e PENIZPCSS

249 CPOT(N) =0,

28Ce . O BNUNIZASeCTN+A TP IN) PO S -

251 WOUN)ZWNIND

252 TP K G G0 RO S @0 e

253 KIK+§

254 3C_1C _358¢C

255 527 QELTLI=T2-TUIN)

296 . ZCTINDIZC(A-LlewC(NI®efELT

2517« 20(N)IZ20(N=-1)eWD(N)SDELT]

25¢8s - ZMNIRDIZZNGA=L I e WNN e DEL T .

252 CMP(NIZIMP (N-1)+AaCePINI*POsDELTI

2EQs PCCINYZPIAN)I2RG

261 TIN)ZT2

2&zs B0 V€ S8 N e e
263s 53C DPITINIZAL*80T# (P(N=11ss (1 o/30MMA) JuSaRT (FemPIN-l1nal(3AMMA—1, 175
2640 L MM Y = PN Y

265+ PINIZO(N=1)eIPOTIN}®DELTY

2Eb* AN ZAUs CPOTINDIFD

2617+ WOUN)ZCOVe AQT4PO (P (N )ow (] ,/7538MMB))eSIAT (2, #5CeSAMMAClL ,=P(N) 2o (3
2€8e 1aMMA~-1,)/C8MMA) /(S TR (50MMA~] 1) e e e e,
262s WNINIZBSeCONeATeP(N)ePC

elle 86 16 350 ——— - _ e
271+ 333 1) 56 10 5%
272 PCICzRIN-1) T o

273 MIMeln . _
274 EUC PUNIZPLCCO (= (T, ~3ANME) 8 2s (TINI-T31 /2, YoelzaaCAVMAZ (L =ChMMAY)
275« CPCTIN)Z(P (NI-P(N-1))/DZLT

Z16s acr:=c.

2717 WCINVZCGo B I
2178 WA(N)SASesCONVATP(N) +PC

273 WOUNY ==WNIN) L
280 IF(PINI.LE.O.CIC) 20 TO 174

231 S5C ZC(NI=ZCTUN-1)ewl(NIODELT e )
282 ZCINIZZO(N-TIeWCINI®CEZLT

233 ZNONIZZNIN-1) e wNtND oD EL T e e
284« EVPUINIZEMFIN-YDohEsF (NIOP CeTEL §

235s PCIUINIZP(NIPG e
28E» ES1 PRINT 1COCONITIN) osBCT1ZC (N)sZOINIsZNINISFoCINISOFCTINISEMPINT P WE
287 IN)oWO(NDsWN(N)D i

288« 1C0C FCRMAT $2%sI4s IIELL. E)

Fig. 5 (contd)
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NaNel o e e e
GC IC &CO
174 LanN-1 . e
CIMENSION TITLECLIS o ANOME (140 YNAMECLO) o YNGMECIC) oY NAMILLL JoYALMY L
llOlo__V__N_A[‘!j(lOltVNAHS“Q!rY‘gAﬂ7(lO!vVNAﬂQ]]5“-1“&53112_)_._3_;]“][2|||
RE AL RCw2(1)
AT T I N e
. : ¥
CATA XNAME _/° emee . TIMEAMILL ISECONES,
. v/
DATA YiubaM| /° C4AM372 PRESSUIT-BSTA
. vy
.. DaTA_yNaMZ _/° JOTAL MASS=NOZZLE=1 B __________________
. v
CATA yNAME_/° TQIAL MASS-C4AM3ER~-L3 __ _______________
. s/
CATA YNAMY /¢ TQ1AL MASS-VALVEI-L3
. Y]
DATA YNAM3 /' FLOWRATE-NQ22LE-L3/SEC . _____
. v/
DaTA YNAME /° - FLOWRATE~-C4AM3ER=-L3/3EC .
. .
_CATA _YNAMT /° FLOWRATE-VA[VE-{ 3/SEL
. vy
DATA YNAMS /° TQVAL IMPULSE-LB SEC
. vy
DATA YNAM3 /! CH4AMBER PRESSURS DERIVATIVE
. *t/
DATA RCWl_ /¢ '/ _
DATA SCW2 /C./
INTERP I
CC SCL Nz IiL
X{NYITU(NI®ICCR. . I e
YANIZFLT(N)D
323 . 300 CONTINUE _.
32U CalL EZPLCT (X #Y sLoIRTEFPoTITLE «XNAMEQYNAM IO RCW LoROW24C )
325e ... .. .00 8GL_N=Zl.L : S S
326 YUINDIZ2NIND
321 - 8n1 CONTINUE ___ . e e
1zae CALL ECPLCY (X vY oL eINTERP s TITLE v XNAMEIYNLMZoRON JIROWZeC )
323 00 802 NZ1aL o
330 YN TN
3. 302 CONTINULE
332 . . CALL EZPLCY tX oY #f oINTEGP o TIV|FoXNAMEWYNAVIoRONIIROW2e0 )
333 DO 303 N=l.L
334 YN 2O AN
335 903 CONTINUE
16 . ChLL Z2PLCT (X 0¥ oL oINTERP o TITLE oXNAME oY NLMYIROW Lo RCRE9C D
337+ DO 80% NIleL :
33ge Y(NDZRNIND )
333 Ny CONTINUE o
3uCe CoLL EZPLCT_ (X o¥ oL oINTERP ¢TI X1 E o XNANESYNRPE 9 ROW Lo RORZIE )
Ul 00 80S N=1sL
142 YONY WO N Y o
343 305 CONFINUE
3“’4}._‘“ CALL E2PLCT (X oY sLOINTERP o TTITLE o XNAMESYNAMESROW 11 ROMC D)
345 DC 805 NZlsL T
346 YONDZRCUIND e
347 30 CONTINUE
348 CALL Z2FLCT (X oY ot 'IP\IEQP!TIILEIXNAFE'_V_!\_@!]tRQHliﬂ_ROH?v[Al)
343 06 307 N=lsL h
150 YUINIZEMPN)
351 807 CONTINGE
35¢e CALL EZPLCT (X _o¥ oL oINTEFRP o TITLE o XNAMEWYNAFOoROW Lo RON200 )
353 DC 903 N=leL
3Sus YONIZOFDTAND e
| 353s 303 CONTINUE
356 . CALL EZPLCT_ (X oY oy oINTERP o TITLE o XNAPE 1Y NBP2eRQu LeRGW24C}
357 175 CONTINUE
358 END e e e e e e e e e e e e oo e
END OF COMPILATICN: _ ___ NO__CIASNOSIICSS.
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@rnfzw_”m“mm“f._“"_

INLET PRESSURE = 15.CCC (1L8S/IN2}

VALVE ORIFICE SISC4ARSE COEFFICIENT = ,6300
BALL TRAVEL = WOOBEC CINY
NOZZLE GEOMETRIC AREA RATIO = 250,000
NGZZLE HALF-ANEZLE = 25,0 (DEG) ~
INLET 5AS TEMPCRATURE = 25.0 (DEG C)
- NITROGEN PROPELLANT e
_VALVE ORIFICE EFFECTIVE AREA = ,00200 (IN2)
(VALVE SEAT AREA = C13288 (INZ) . e e
UNET THRUST ' CNEZEcE T VaLvE TARUST WEISAT T TTEXTY matH
(1L8S) TAROAY . _PRESSURE LOSSES FLQWRATE ___  _ NUM3ER ___
: DI &METER GCROF (PER CENT) (LES/SEC)
LIN) MLRS/IN2Z) e e
©+76137258-02 -t2020  .2e3f b1.18 ..».0622025-02 €.878
(b)_....,._ B R e e
INLET PRESSURE = 15.000 (L3S/IN2) e
VALVE ORIFICE DISCAARGE CCEFFICIENT = ,8300
BALL TRAVEL = .00680 (IN) o o
‘N02ZLE GEGMETRIC AREA RATIC = 250.CCC
NOZZLE HALF-BNGLE I 25.0 (DES)
INLET GAS TEMPERATURE = 2546 (DEG C)
NITROGEN PROPELLANT et
VALVE ORIFICE CZFFECTIVE ARKEA =..0CZ0C (INZ)

SV ALVE SEAY ARTA = GO 338 CIN2Y e e
NE T THRUST NOZ2ZLE VAL VE TARUST WEIGHT EXIT MAaCH
TLLBS) _ THROAT FRE SSURE LGSSES FLCWRATE NUMBER

CIAMETZR DR OP {PER CENT) (LBS/SEC)
o (IN) (L3S/INZ) e
«13618G40-01 03270 1.4195 3.83 .25151027-03 1.085
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Fig. 6. Steady-state printout:

(c) MM164 pitch/yaw,

(a) MM!71 pitch/yaw, (b) MM!71 roll,
(d) MM164 roll
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Fig. 7. MM?'71 pitch/yaw valve parameters as a function of time:
(2) chamber pressure, (b) total mass, nozzle, (c) total
mass, chamber, (d) total mass, valve, (e) nozzle flow
rate, (f) chamber flow rate, (g) valve flow rate, (h) total
impulse, (i) chamber pressure derivative

JPL Technical Memorandum 33-604

23



@F I MTCNNOZ I VN> F2»-0-

24

,
rd
ya
7
y 4
Ve
y4
4 —
7 —q
4
V4
V4
4
Ve
y4
y A
4
V4
V4
4
w4
VA
r4
V4
z
Vi
V4
4
z
L
VA
7
z
7
4
VA
>
7 3
v 5 +—
1
. . 0. 100. 120.

TIMEs MILL t SECONDS
Fig. 7 (contd)

JPL Technical Memorandum 33-604



s.0-07
4.5-07
«.0-07
3.s-07
T
2 3.0-07
L
"
A
g 2.5-07
i 1
'A' 2.0-07 1‘
1
: \
- 2\
b 1.5-07 %
\
1.0-07 »
5.0-0e
0.0 o.r 20, 0. 0. s0. 100. 170,
TIME)MILL ISECONDS

JPL Technical Memorandum 33-604

Fig. 7 (contd)

25



D 1 M>>I NI F>—-0~

26

9.-08

8.-08

?.-08

8.-06

5.-06

4.-06

3.-06

2.-08

1.-08

(d)

y4 —
A
Z
Ve
4
Z
=
Z
A
Z
V4
Z
VA
7
Z
ya
v 4
~—
W A
£
Z
V4
VA
V4
VA
w4
7
Z
-~
—~—
7z
Z
ya
V4
L
A
VA
7
L
-
V4
L
Z
ya
VA
A
VA
A
ya
Z
VA
A
20, 40. 0. 80. t00. 120.

TIMEs MILL 1 SECONDS
Fig. 7 (contd)

JPL Technical Memorandum 33-604



1.2-04¢

1.0-04
8.0-03
F
L
0
o
R
A
T
3
- 6.0-03
N
g
b 4.0-03
é
2.0-08 \
V\.
D.o . . -
o. 20. a0, [ a0, 100. 120,

JPL Technical Memorandum 33-604

TIMEs MILL ) SECONOS

Fig. 7 (contd)

27



OMANRE | DMBDZI> IO | M=>JLOrM

28

4.0-04

3.5-04

3.0-04

2.5-04

2.0-04

1.5-04

1.0-04

5.0-05

~-5.0-05

-1.0-04
o

40,

o,

80. 100. 120,

TIMEs» MILL | SECONDS

Fig. 7 (contd)

JPL Technical Memorandum 33-604



4.5-Q4

4.0-04

3.5-04

3.0-04

1.5-04

OMASDOF | MEF>< | M->JIE0r M

1.0-04

5.0-08

o, 20. 40,

JPL Technical Memorandum 33-604

.
TIMEs MILL | SECONDS

Fig. 7 (contd)

80.

100,

29



oMy O I MArCo9I— F>«-0-

30

7.~04

6.~-04

(h)

T
4
Z
V4
A
Z
Z
A
4
V4
VA
. 7
VA
L
V4
L
VA
£
7~
VA
VA
A
4
A
Z
-
pA
V4
40, eu, 80, 100, 120,

TIMEs MILL | SECONDS
Fig. 7 (contd)

JPL Technical Memorandum 33-604



ML ==><=-N0 MICHHIMIY TIMDI>IO

(i)

0. «©

TI&.HILLISECWS
Fig. 7 (contd)

JPL Technical Memorandum 33-604

31



32

>=NV I MJICHVLMDY DMDI>IO

(@)

14,

10.

Fig. 8.

18, 20 23, 3. 38, 40,

TIMEs MILL | SECONOS

MM!71 roll valve parameters as a function of time: (a) chamber
pressure, (b)total mass, nozzle, (c) total mass, chamber,
(d) total mass, valve, (e) nozzle flow rate, (f) chamber flow

rate, (g) valve flow
pressure derivative

rate, (h) total impulse, (i) chamber
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Fig. 9. MM'64 pitch/yaw valve parameters as a function of time:

(a) chamber pressure, (b) total mass, nozzle, (c) total
mass, chamber, (d) total mass, valve, (e) nozzle flow
rate, (f) chamber flow rate, (g) valve flow rate, (h) total
impulse, (i) chamber pressure derivative
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MM'164 roll valve parameters as a function of time: (a) chamber
pressure, (b) total mass, nozzle, (c) total mass, chamber,

(d) total mass, valve, (e) nozzle flow rate, (f) chamber flow
rate, (g) valve flow rate, (h) total impulse, (i) chamber
pressure derivative
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