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ABSTRACT

The pnlsed propulsive performance of low-thrust . saction jets, iypical
of those used for small spacecraft attitude control, is analyzed and com-~
pared with the results of laboratory experiments. Five gases, hydrogen,
nitrogen, ammonia, Freon-1{2, and F'reon-14, are investigated using a
48 to | expansion ratio nozzle. The transient processes which dominate the
short-pulse or limit-cycle mode of thruster operation are formulated, These
relztionships show good correlation with the data, The apparatus, proce~
dures, and tecliniques required to obtain accurate test results for a low-~
thrust, dynamic mode of operation are described. Impulse bit size, gas
consumption, and specific impulse are characterized in terms of thruster
geometry, gas properties, and command pulse width to provide a basis for
optimmum system design. A simplified method for caiculating dynamic impulse
bit size, dynamic gas consumgtion, and pulscd specific impulse as a funciion
of command pulse widtk is developed, Finally, the effective performance of
the gases tested is evaluated by a technique which includes the influence of

tank and propellant weights, as well as specific impuise.
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. NOMENCLATURE
3
) A =  area %
- NV z
a, = Aoa*(Z/ v} /ZVc ;%5
a, = (war/zr ey + n]0r/2N-D g
t c 5
3
ax =  acoustic velocity g
B =  equivalent orifice~to-nozzle area ratio g
11 |
] i} f:g 2 1/2 1 2(\1-1):a1
z=\y) (T =
. C d = nozzle discharge coefficient :
Cf =  thrust coefficient
Ct =  thrust correlation factor
C, =  exhaust velocity coeificient
D =  diameter
F = thrust level
g =  proportionality constant in Newton's second law 1
1 =  specific impulse
) Iez‘ = effective system specific impulse
. Itot .= total impulse
k =  polytropic exponent
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NOMENCLATURE (coniinued)

empirical decay time iulegration factor

choked nozzle flow factor

erpirical rise time integration factor

Mach number
molecular weight

Knudsen mumber
Reynolds number

pressure
universal gas constant
temperature

volume

specific volume
weight flow rate

weight

pressure ratio transformation = [1 - (PCIP')]UZ

1/2
[ t- (P, /Ps)]
ratio of specific heats

nozzle expansion ratio

efficiency
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( NOMENCLATURE {continued)
e = time
P =  density
o =  standard deviation = 0, 7631 X 1072 1b-sec or working stress
T = dimensionless time factor = a29
SUBSCRIPTS
a =  ambient
c = ckamber or command
‘ d = decay
X e =  nozzle exit
i =  final
) 1 = thermal
i =  initial
n =  nozzle
o =  orifice
( p =  polytropic
r = reservoir or rise
B =  steady state
- . t = throat




I. INTRODUCTION

The propulsive performance of various gases with a low expansion
ratio (1. 68 to 1) nozzle was reported in Refs. 1 - 3. In this document,
propulsive performance and design r~lationships for cold gas jet re..ction
svstems which might be used in small space vehicle attitude-~control applica-~
ﬁon are analytically derived and are correlated with the results of vacuum
experiments using hydrogen, wnitrogen, ammonia, Freon-12, and Freon-14
in a high expansion ratio (48 to 1) nozzle. These relationships, previously
unavailable in systematic form, provide the analytical tools needed to design
low thrust, pulsed, cold gas propulsion systems. A simplified means of
calculating dynamic impulse bit size, gas consumption, and specific impulse
is developed for use in preliminary (&esi.'gn. ) ‘

A schematic diagram of the experimental apparatus is shown in -
Fig. 1. Pressure and thrust histories and the weight of consumed gas were
measured 56 that specific impulse could be determined as a function of
command pulse width. A complete description of the experimental program

is presented following a discussion of the amalytical approach,
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PRESSURE TRANSDUCER
LVOT POSITION TRANS-
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Fig. 1. Sc“ematic of Experimental Apparatus .
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II. ANALYTICAL APPROACH

A, PRESSURE TRANSIENTS

The reaction jet performance is based on a dynamical analysis of the
thrust chamber pressure history. In general, the chamber pressure hifm;y
is composed of the steady-state and transient (startup and shuﬁdt;wn) 'p}itses
illustrated in Fig. 2. In the following analysis, it is shown tha.'t the tragsient
phase causes performance nonlinearities. Design relationships for Qre:iiéting
and optimizing these nonlinearities are developed. ' R :

During startup, the flow rate through the solenoid supply valve orifice
w, excéeds that through the discharge nozzle W_, causing the, chamber

pressure P _to build up. The exact expression for the compresszble zsentropm

pressure buildup was given in Ref, 2 as . * o

-

apP_ 1/zfé \2H p Wy i/Y. t/z R
—_E C cl i
55 = 2P (—'L"_ 1)) K‘ﬁ:) - ('gs-) o zazr-v

r

For steady-state operation dP, /dg = 0; and P_/P =P, /P, (i 'I'hir taﬁo is a
design variable {typically on the order of 0. 99) axd is dete:mmed hy the

selection of Aj and A,. T * .

Equatic .. (1) cannot be.solved direcily 'but may be. aimplfﬁed ming

o
-

_ one of three assumptions: (i) the thruster nozsle flow u zero dnrmg shrtup, ]
(2) both nozzles ave always c’hoked (37 the flow ‘through tﬁe orifxce occurs

at constant density. For the case where the ﬂxrmter aozzie ﬂow is aunmed

_-9;"
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Fig, 2. Typical Pulse Pressure History
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to be negligible during startup (assumption 1), Eq. (1) becomes

: 172
ap_ tizf(p Nty (p\YHON
Td =231Pr(y'_ )) T)-r- - _P_

(2)
r
Integrating Eq. (2) between .the appropriate limits results in
1/2 2 v/ {y-14)
2)(\""1)/\’ 1/2
P /P ={t-lit.{t-ys - [(y - 1)/\(] Br (3)
If both nozzles.are assumed always chgked {assumption 2}, then Eq, “(1)
becomes : \ . - N :
\ :
- ) , - : I’.:A "'l:‘bi.
dP_/d® = 2a,(A P /A - P) _ (4)
which integrates to - - %
- 2 2T o 5
Pc/ps = Ao{At + [1 - Yy - (Ao/At)]e e {5)
Assuming constant density orifice flow (assumption 3), Eq. (f) hgg;gmejé -
ap jae=2a,P [t - @ /]2 2ap. T < T
c 1% c'Tr ’ 2°¢c -

-5-
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Equation (6) can be integrated directly to obtain

%
Cml 1/2 vy
2B, =2y - B - (B” + 4) | (1)
1/2

L
=27 = Ing< y" - By+ 1)+

|
@2+t (P By+ ) ly,

To soclve Eq. (7) explicitly for Pc/Ps’ it is assumed  that B2 is > 4, so

2

- 2 -2 -
P /P =1-(y +B) e T+2B(yo+B)e T.B (8)

A comparison of the results obtained with Eqs. (3), (5), and (8) and meas-
ured data indicated better correlation over a wider range of variables when
using Eq. (8). In addition, Eq. (3) is somewhat unwieldy to use, and Eq. {5)

is valid only for AO /At >1 (or B> 2).

®
An approximate approach would have been to assume that

{1 - ‘Pc/Pr’]m ,,,[1 " (PCIZPr)]

so Eq. (6) integrates to

P
c —
P "(B+2) 2BP

2B { - [1 - (B ¥ Z)Pa]e-(B-i-Z)-r
8

P
b

* -
As the equivalent orifice-to-nozzle area ratio B ~ i, the orifice area - .
restricts the gas flow (like a throttling orifice) so Pc never reaches Pr. To

avoid this condition, B is usually sized > 2.
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In Fig. 3, nordimensional solutions of Eq. (8) are presented for

Y, = 0 86to 1.0, B=1,0to 10.0, and v = 0. 005 to 1. 0. Good correlation
between the analysis and the data for five gases {both at sea level and in
vacuum) is noted. These results indicate that the time required to reach
steady-state operation (Pc/ Ps = 1) is significantly reduced by designing the
jet reaction chamber with a small chamber voiume (Vc) and a high (B > 2)
orifice-to-nozzle area ratio.

From Eq. (8), the rise time, or the time required for the pressure

in the thrust chamber to reach steady state (PCIP. = i}, is expressed by
6_=(-B/atn [B,(yc' + B)] - (9

During shutdown, the orifice valve is closed and the gas accumuiate;l
in the chamber discharges through the nozzle. The instantaneous chamber

pressure during an isentropic shutdown is given by

- (1-v) /2y, (3y-1)/2
dP_/dg = 2ya, (P ) TV /Y ) Y ‘ o

Integrating Eq. {10), the pressure ratio at time @ becomes -

P /P, = [1 - a,(t - y)8 2y/{1-%) &Y

. oo ‘x~

with the results as given in Fig. 4.
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If the decay time 84 is defined as the time -equired to dischargs from

- T ek
Ps to Pa’ then from Eq, (i1)

8y = [P Y2V 41y Ly (12)

It can be seen that 9, is a function of the gas properties and of V. /A
{chamber characteristic length).
The correlation between the ideal isentropic decay and the experi-
7mental results is not quite as good for the ''slow' (low sonic speed) gases,

guch as the Freons, as for the '"fast' gases, e.g., H, or NH,. These fast

2
gases discharge so rapidly that the time in which heat transfer anc other
non-~isentropic imperfect gas effects can occur is restricted. The behavior
of the more complex, heavy Freon molecules indicates that the decay
transient for these gases follows a polytropic process.

In a polytropic expansion, deviations from isentropic perfect gas
behavior are acnounted for by adjusting the ratio of specific heats y through

a polytropic efficiency o to obtain a polytropic exponent k. This relationship

becween k and y in terms of np is given by

k=y/[y+qp(1\-y)] (13)

Kk a
In a vacuum, Pa/Ps w5 asswned equal to 1077,

«10-
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The thermal expansion efficiency Ny is the square root of actual drop in gas

temperature to the ideal temperature change and is related to polytropic

efficiency by

g( [(\,.1)/\,],,?‘1 ﬂ 1/2

.,‘ /P )fY -1)y -1 J

(14)

Values of g were determined from the test results, and the corresponding
values of k and ny were calculated. The results are listed in Table { for (he
gases tested (except H, which is so fast that its decay is well described by an
isentropic decay). Better correlation is obtained by use of the polytropic

exponents in the decay iransient, as shown in Fig. 4.

B. SYSTEM CHARACTERISTICS

The thrust and nozzle flow transients are readily deternnned from the
chamber pressure history. The dynamic nnpulsc bit size (total unpulse per
pulse) and the dynamic gas consumption {gas consumed per pulse) are -

obtained by integrating the rise transient, the stexdy-state value (1i3 > e ),

AT R PR

and the decay transient of thrust and of gas flow. The thrust correl@hon\,

factors and nozzle discharge coefficients listed in Table { {and diggus:e& V
under Performance Losses) were used in the transicnt anaiya‘il 1o calcnhte

impulse bit size and gas consumption, as functions of com.mmd pu‘lse 8

G

(defined as the time the valve is open) for the five gaaes shown in Fig:. 5 “
and 6. Referring to Fig, 5, the dxfference ‘between the theoretmal axu{ tha

13

] measured val'ies is due to the assumprion of an 1gemropzc decay. it wag

found (Ref. 3} that the correlation is improved if a polycropic expa:nsioﬁ ‘ C }

3 ' T elle
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efficiency of about 85% is assumed when calculating impulse bit size and
amount of gas ronsumed. However, specific imnpulse is not affected by the
assurpption of isentropic decay, and the polytropic approach is unnecessary
fo:i- this calculation. Note that in the region of small command pulses

ZBC < Sr), both impulse and consumption ave noniinear functions of ~ommand

-puise. This nonlinearity, or deviation from the :deal square pulse-wave

{instantaneous rise and decay), is produced by the rise and decay transients
Equations {8) and {11) provide the designer with relationships beiwéen
the variables so that design tradeoffs may be evaluated. For minimuwm gas
coz?sﬁmptian at aany given command pulse, the transients should be mini-
miz:ed or possibly designed to eifectively complement each other; i.e., the
ideal square pulse wave iz approached if the integral of the chamber pressure
over the decay time can be designed to compensate effectively for the initial
fgifference between the product of the steady-state chamber pressure and the
}'ipe timg- and the integral of the chamber pressure over the rise time, 1. e.,

%) 0
j; d Pcde should approach Pser - _]; ' Pcde for an ideal square pulse wave.

. The dynamic {pulsed) specific impulse for five gases as a function of
Bc:(Fig. 7) was obitained by dividing the impulse bit by the weight of gas con-
surned. For vacuwn operation, specific impulse is essentially independent
of ébmmgmi pzlse dg%iyation* iunlike Itotand w) and is close to the steady-state

value. Figure 7 indicates good correlation between the analytical and experi-

PP T D
IIICIILAL Udata.s ~

rFor command pulses less than 20 msec, the data becomes nonrepeatai)ie
because of valve dyuamiic limitations ard increased experimental error,

.14-
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C. PERFORMANCE LOSSES

The tests in this st:ﬁ.dy were made using a 15-degree half-angle conical
aluminum néizle with a me;sured throat diameter D, of 0. 0188 in, and
an éxpansion rati_o of 48 to 1. The steady-state chamber pressure was
regﬁ{ated to 40 psia; the gas temperature {(downstream of th;e regulator) was
70°F, Tixe‘\ambient pressure in the vacuum chamber ranged from 300 to
1000 pu, depending on the thruster duty cycle.

The perfect gas isentropic flow relationships wese used to calculate
the ideal performance (e. g., characteristic velocity, nozzle exit pressure,
and temperature} listed in Table 1. The tabulated ideal specific impulse
does‘:not include the effects of nozzle divergence and of the vacuum
chamber pressure. Also listed in . able 1 are the nozzle throat Reynolds
number (Nrt fro?n‘ 10, 000 to 53, 000), the nozzle ex.it Reynolds number
(Nre-from 3,000 to 18, 000), and the nozzle exit Knuc{sen number (Nke from

"3). Note that all of the gases Bperate in the coninuum

0.4 X 1072 10 3.3% 10
flow regime (Nk < 10“2) and that boundary layer viscous effects are not par-
‘ ticularly severe (Nrt > 104). These effects may become important, however,

for operation with values of Nk and Nr t considerably beyond the limits

- indicated.
- The nozzle performance may be characterized by the discharge

cocfficicnt Cd (the ratio of actual weight flow to ideal isentropic weight flow)

and the exhaust velocity coefficient C"r (the ratio of the average effective
S e exhaust ve‘locity to the ideal isentrovic exhaust \}eiocity). ‘The ratio of the

actual thrust coefficient to the ideal thrust coefficient defines the thrust-

R ssennd d B2 NS bt YR, TR,
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éorrelation factor Ct, or

Ct = C£/Cf ideal = Cde (15)
It follows that (.‘.v is equal to the impulse efficiency, or
Cy = Cy/Cq = 1Ligea (16)

The values of C, and C, in Table 1 are based on thrust and flow
measurements taken in the Aerospace Guidance and Control Laboratory.
The discharge coefficient of the test nozzle averaged ahcut 0. 85 for all the
gases except NH, and Freon-12. The relatively high C,4 of nearly 1. 00 for
these two gases was attributed to the presence of fluid condensate in the
nozzle ‘flo;av. The thrust correlation factor was also slightly higher for the
condensabile NH3 and Freo.-12 gases, The average impulse efficiency (Cv)
was about 91%. T The efficiency of Freon-12 is slightly lower than average.
This is attributed to: heavy molecular weight, uncertainties in thermo-

dyramic properties, and very long transients. Values of Cv for NH, ranged

3
from 88 to 95%, depending on the amount of condensation.
A method of correlating the losses associated with small nozzles in

terms of throat Reynolds number and nozzle expansion ratio (Ref. 6) was

fTThis is also the average quoted in Refs, 4 and 5.

18«
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investigate«:}.9 Ne correlation could be obtained using the ;aresent data {a
similar lack of correlation of C;f and Cv in terms of Reynolds number was
reported in Ref. 7). The results indicate that the difference ‘between the
ideal isentropic thrust coefficient and the measured thrust coefﬁci;ent is a
constant of about 0. 3¢ {except for NHS) and is independent of the throat .
Reynolds number.

In addition, an analysis of the boundary layer (Ref. 8) wag made to
determine its effect on nozzle performance. The ekfectfve nozzle é_@amion
ratios were found to be up to 20% less than the geometric ratios (see Table 1)
with a consequent performance loss of about 3%. It was estirmated that -
viscoue losses and changes in the free-stream flow cond:tions mt,roducc‘d by
the boundary layer would result in about 3% additional los,sesa 'Ihe ‘total

losses, including divergehce and vacuum backpressure {but not cpnde_ns,;tioh),

are estimated to be abous 9%.

Isentropu: reaction jet expansions of NI-L3 and Freon - 12 are shown
on Mollier diagrams in Figs., 8 and 9. The ideal expansion en&»point of -
either gas is well into the two-phasge (hqmd-vapor) mixture :eg:on ao that
a metastable supersaturated condition would be expecteu to occu: mthe
nozzle., The NH, expansion not only crosses the saturahon hne ‘but aho“
crosses the triple line (solid- liq\ud ~vapor) mto a sohd-vapor regmn. -

Since mclplent condensa.tmn of steam is known to occur at the Wn

9The data in Ref. 6 was obtamed for only one gas; HZ’ and at Reynolﬁl

numbers generally less than 10, 000, ‘whereas the values of N for tlw ﬁve

gases tested in the present mveatiganon ranged from {0, 000@0 53, 009,

~ e
- < <
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liquid or Wilson line (Ref. 9), it is reasonabie to a.ssum:z that highly

. super-saturated conditions in the test gases cannot be sustained without
condensation oécurring. thus resulting in significant deviation from an ideal
cénatant-entroﬁy ekpansiqn process.

The problem of small nozzie condensation was f{irst observed in the
present study when NH3 and Freon-12 were tested at sea level (Rei. 1),
The existence of liquid condensate in the nozzle discharge was demonstrated
experimentally {Ref, 3) through hot-wire cSnductivity measurements and by
pl‘Lmtographing the fluii impingement pattern produced on a black matte target
downstream of the nozzle (Fig. 10). Attempts at direct observation of the
co;\dénsate droplets in a transparent nozzle through the Tyndall effect
tﬁackacatteripg of a light beam) were inconclusive, probably because the

‘ dr~oplets in the ngzzle were smaller than the wavelength of the light and
were moving at auhigh velocity (short residence time), The smal) size of
the nozzle also hampered direct optical viewing of the condensate.

The present theoretical treatment of nucleation and droplet growth
during condensation from vapor (i. e., the disappearance of vapor molecules
and ;:he formation and growth of fluid dropleis) appears unable tc produce
definitive quantitative results. One major difficulty concerns nucleation
kinetics cr the reactions (and'ra':es) by which vapor molecules combine to
form droplets (Refs, 10 - 16). The treatment of the influence of foreign
impurities, e. g., dust or ions, which provide heterogeneous nuclei and
promote condensation, presen'ts‘ additionai difficulties. In the present study,
the puls?d or dy;namic mode of operation introduces another transient con-

sideration. Even for steady-state opcration, the small nozzle size and the

w22~
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short :-rendence tima {Ref:. !5) mvolved (see Tai‘ﬂe 1") present theorefical

~:Q<. . ;

probiiﬁs cg;c;i:xxing scile effacts. . :,; R

? sx"‘_‘

k ng thc problem of detemumng the effe;:t éf flow condensation on

nozzk pttforxnaxice has been recogmzed for 40 yea,rs (Rei. 17), the experi-
menﬁl;orkmhomogeneoas nucleation aﬁd ccndensatxon is apparently meager,
partw;ﬂarly with reapect to pulsed flow in very small nozzles.‘ Most of the
prevmus experxmenhl work has been done using saturated water in large
nozzles {Refs. 9. and 16 - 29) or in cloud chambers (Ref. 21). The qualita-
tive mdzca.tions are that the actual flow is somewhat greater than would be
theoréhcauy expected. In the preunt smdy, the observed increase in Cq
for the NH3 a.mi Freon-12 was attrzbuted to the presence of fluid condensate.
Theoretical methods (Refs. 22 and 23) for calculatmg the condensation
lqsses were examined. These results indicate from 3 to 7% additional per-
formance loss for two-phase exl;ansioq due to: :n'ergy transfer betweenivapor
and droPIets (a part of which is lost by dispersiox;); t!;le appearance of super-
cooled statea and impact (shock) condensataon, and {posszbly) lack of time
for mterphase thermal equilibrium,
In summary, because the eiffects of condensing vapors on small nozzle

expansion processes are presently not well understood, additional

#Accurate measurements are usually difficult to obtain with small nozzles
(D, < 100 mils), e.g., measurement of A, may be in error by 10%. Also,
mi;:roscopic differences in construction could alter the nozzle flow

characteristics.
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study is required in order to establish accu-utz means of performance analysis

and characterization. .

D. TRANSIENT PERFORMANCE APPROXIMATIONS

When the rise and decay thrust and flow rate traunsients are integrated,

it is possible to define time integration factors so that

K.= 7o R X}

and

G Fm— o o oecum

Using these empzncal factors, dynamic :mpulse bit size, dynamxc gnc com-
sumption, and pulseq specific impulse can be obtained from the foﬂwmg

appreximate relationships.

Impulse Bit Size : o

For GC = 6?0

xtx)t fA P (K 9 * K‘ d)(acjer) .
| ) . < (19)
For € 28, : o .
em CaR [y e - O ¢ Kd.eﬂ] A R
-25. ) -
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. Gas _unsumption

For © <&,
c r

n

Y w o= KnAtPQ(KrGr + Kded) (8./8.)
’ (20)
For 0 >0,
c= r

N
= -0
w KnAtps i_Krer + (ec r) + Kded]
where

< Kn.= choked nozzle flow factor

= ax [2/(y + ]ORN,

For the gases tested in this study, values of K =0 59 and
Kd = 0, 0685 were found to provide good correlation with the measured datal
Comparison of these approximate results with those obtained with the
iséntropic analysis, the polytropic analysis, and the data are shown in

Figs. 5 had ?-

Specific Impulse

The specific impulse is the ratio of Eq. (19) to Ea, {20), or simply

) foAtPCdG G

1= = = (21
JE AP a¢ " K

n

OI{a = 0. 13 was found o provide good correlation with an isentrapic decay,

wheress Kd = 0, 0685 correlated with she polytropic decay process,

w2
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t is noted from Eq. (21) that specific impulse is theoretically constant and

-

independent of command pulse Gc.

E. PERFORMANCE COMPARISON .

Although specific inpulse is the most important single rueasure of pi;o-
pulsive performance, other factors become important for system desiﬁu.

As pointed out in Ref. 24, consideravion should be given to the pfégeﬂintg -

density and associated tankage weight. This may be accomplished by cfefiﬁ-
ing effective system specific impulse as the ratio of delivered total impulie ’

to the combined propellant and minimum spherical tankage weight. Thus
1, =1/ [1 +1, SvP(p/o‘)t] S e

where

< - T s o

P = the propellant storage pressure (typically 3500 psia)

&

v = the propellant specific volume o 7 . sl

(p/5), = the ratic of tank density to working stress = 3,25 X LO'-; ft”

titanium with a safety factor of 2.

This techmque was apphed to the measured values of pecxfxc unp\&he

for the five gases tested. The results are listed in Table 1. The cond&nsa.ble )

- gases, NH, and Freon-12, were a«cumed stored as }iquids at their room '

temi;erature vapor pressures of 130 and 85 psia, respectwely. and Eq (18)

T was modxﬁed 10 aceaunt ior minimuam gage tanks, based on actual spzcecrait

~T

éeaqz,& It is m:msd ﬁmt un the basis of specific impulse, H, has the htgheet

A~

peri{::rﬂanee {?,!29 sec‘, w*here&x on the basis of effective aystem'_spe'_c,{fm o " .

TPy TR TR e L Ao TGOy P ¥ JOF
i
{

mﬁléﬁ, HZ»‘ms \he lswest pe%’ﬁ:rmance (! 13 sec) On the B&si; of eftéctive

- gty rﬁem e;wrz{w ung;.;mé, %ii{\ aa& *"h@ %ughgst periormancc(?‘ sec) a.nd Freon-iz

3 . . £ -_.‘ “ .

. xs &:omg;ztgme mm N., a:t—z@ :siz»\., ‘s%xwvé\r, 2 we:ght pena}ty for the beat of
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vaporization of NH, and Freon-12 was not included in the Table 1 perform-
'gtxg.e values, (In the laboratory this heat was provided by the heat capacity
ofthe ;ppgratus.) In the case of NH3, about 500 Btu/lb are required for
vg'porization. This heat would either have to be supplied from the heat
cap;city of the spacecrait or from an external source, depending on the

application. The final selection of one propellant over another would depend

on the results of a detailed design study for a specific mission.
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- s N Pe s )(_s' ¢ s B ) IS ::, o
Il EXPERIMENTAL PROGRAM . e
The experimental apparatus shown in Fzg. 1 mcludem &l reg&hftﬂ} éﬁ&i

.‘»‘

gas pneumatic system, a thrust stand, and an. electromc corﬁmanc{ aﬁd

x.u-.a

computer system. . ’ e

7 ‘s

The ~old-gas pneumatic system consxsts of a pressure venﬁ

mass consumptxon from | the phjs

T

:ca:l pzoperﬁ}s

feed line a.nd a cantxlever beam sprmg A %ea thrust mprq@c;@%

-{

N e

&o \. Y Tt ,;-%4&3 L
is d1spla.ced in an amount, proportmnal 0 the thrust mgnihd ﬁt&@ -
: gt

portional te the poutxon {thruat Ie-vel} w geuata.ted. Ctz&é@ﬂgﬁm

e -k »*xoﬁ%.zwwc’.-

fluid. A hlgh natural frequency of the ca,ntxlever beam and nazzle auembiy
= (,
(250 cps) is necessary to provide adequ’ate dy:qamic respox}se for the ;,th}rust

transients. - - : -
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Thrust Stand Assembly

Fig. 1L
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The natural frequency of the thrust measurement fixture was vgfificd
experimentally by two methods. The first was displacement of the beam by
a discharge of gas from the pneumatic system through the nozzle. The natural
frequencies of the £1xture, both with and without damping fiuid,wv"ere dzsplayed

on the oscilloscope and photographed. A photograph of the undamped osczlla-

N > i,

e ag SRS

s"zf

tion is shown in F;g, 12. - The agqond:gletbod wut ?qgi
“i 3 i

o A ?. -
b e R
noid valve in such:&‘s% 3 ﬁ‘rp
= ,lb N S .y v,«f ‘%;:.:
’u « “:'a’ﬁ ‘fa war
valve and 1mpmgé§.‘#§

5
ment of the fxxmrﬁg

pressure a;r sup
ﬁ‘%ﬁ.;zv?"}:‘ - ”‘7"

N »mmem,sgt; pw

e z‘%@g&u Tt e

i R -%ﬁwgﬁ, s
Mol 2~:
""u‘u"t « 53 ‘v. PR S -, £

such an external force, 'Ihe thruat sta.nd dynarmc

thrust and pressure traces in -Fig. 14, (A pressure trantducer w{ths

1200 cps acoustic frequency was used to momtor pressure. l L. A

of force; (2) onentmg the thrust stand so that the beam wan tubpctéd to a

{ g loading. Teat weights were then placed on the cantilever beam, m'fd A

Ct"

correlation of force versus eiertr.cal -output (deﬂection) was m:i{e. Bogg

methods were in exceiient a_gre_ement. o ‘ "’
A schematic of the command and computer system is shown in Fig. 15.

A preaét counter or clock was used to fix the repetiﬁon rate of ,thecomm&nd

3l
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.
b= 10 msec ELECTRICAL
COMMAND PULSE
o Fig. 14. Correlation of Thrust and Chamber Pressure
. for Hydrogen. (steady-~state thrust = 0, 0146 ib;
steady-state chamber pressure = 40 psia;

E command pulgse = 50 msec)
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pulses, and a digital counter recorded the number of cycles or pulses ;.pplied
to the solenoid valve. The output of the thrust transducer was ampl‘ified,
demodulated, and fed to the voltage-to-frequency converter. -The output of

the converter was fed into a reversible counter which was used to integrate
the thrust profile ana thus obtain the total impulse per pulse (impulse bit s‘ize).
The reversible counter computed the impulse bit includiné drift '{)r offset dur-
ing a time increment At. Then, the counter totalled the ipfééra;ed offset and
drift for an equal time increment At and obtained the difference between the
two values to provide a direct readout of total impulse. The teveraiblf
counter provided improved accuracy cver the’twp separate f:;:ténters;p'::;»

viously used {Ref. 3) for the same function by eliminating any erxjorwé due to

-
2%

differences in timing sensitivity between individual counters. .

The specific impulse was obtained by dividing the total impulse by the
gas consumed as measured over a large numbe_r, of command. gglgg_; £>1000).
The solenoid valve closing time was adjuste# to egual :the valve op;h:ixig. tn'ne
by valve driver circuitry modifications (Ref. 29‘); Trﬁer‘éfqge,’ this configura-
tion resulted in a valve open time equal to the electrical command pulse width,
with a 3. 5-msec delay relative to the comunand pulse. ”

To complete the experimental evaluation, the repeatability of impulse
bit size was verified, Two thourand 20-msec commah& pulses were applied

to the solenoid valve, and the total impulse of each pulse was ;ecoxdeﬁ,' The

distribution plot of thege data, Fig.

ode

ndicates the excellent reneatahility

f

14,

of impulse bit size. -

An estimated error analysis of the experimental configuration was made.

This analysis included the effects of mass mgéshremen£ errors, limited

-35. o N
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dynamic response of the thrust {ixture, calibration errors, and electronic
errors. The error estimate took into account the variation in experimental
measurement accuracy with command pulse width and with the propellant .
used. The average error for all propellants and command pulse width‘.;s is
approximately 5%, the typical spread of measured data points. Table 1
presents the estimated measurement error associated with each propellant

for command pulse durations of 20 and 200 mser. The predicted measurement
accuracy of 5% correlates well with the experimental data. In Fig., 7 for
example, 80% of the experimentally measured data lies within 5% of the |
theoretical predictions.

During the course of the experiments, .a leakage problem became
apparent when testing HZ' Because of the low molecular weight of HZ {see
Table 1), a leak of only i, 25 X !.0"‘6 1b of gas while obtaining a data point
would produce a 20% error in measured specific imipulse. ' The same guantity .
of leaking Nz would result in & 5% erroer in gpecific impulse. ..It was found
that the leak was caused by the U-ring used to seal the nozzle in the nuxgle
block and could have been prevented by carefil installation. ~

An additional problem was encountered during the H, e;cpg;ﬁmeni:&.
Significant variations in specific impuise were ob;ervf;é dx,;rin—g the initiil

tests. Subsequent investigation revealed that these variations were'dug to

the effects of gasecus contaminaticn occurring durizig the filling of thé';;;:;a-
pellan: tank. Normally, when the propellants were chanaed {z. £ chmgmg
from N2 1<) Hz), the cornplete pneurnatic system was evacuat&ad nsing &

vacuum pump to rem:ove residual gasec._ Then theﬁ propellant ta‘nk was filled




R N ) Sooo.

e

R >

-y .

e R i ke

with the new gas. However, ambient air in the 4-ft long fill hose had rot
been considered. Calcunlatione indicated that the error in s :cific impulse
intreduced by the contmmination of H2 with trapped air could be as large as
20% due to the change in the average gas molecular weight. This conclusion
was experimenta’ly ve_:fied, The propellant loading procedure was then
modified to include a vacuum purge of the propellant fill line as we ! as of

the pneurnatic system.

|
R
- . -
.
1 H
| -«
‘ B
|
| <
1E
- i
!
\ A §
. f
3
.
- i
; |
|
1 i
\ |
H
‘ i e
1 “ :
)
‘ S
) w38




o man N - " e

SRRy

ki
Yo
s, o ik

Yy

v,

IV, CONCLUSIONS C
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Accurate predictions of impuise bit size, gas consumption, and effective

%

g’nﬂv';”r‘?\t

specific impulse can be made using the gas uynamical relationships given for

at

3 5
Sy

the transient pressure histories. These relationships constitite an effective

analytical tool for optimizing system performance tur a given cuntiol
nirement.

Both the gas consumed and the impulse bit size are nonlinear functiong

. comma.d pulses for small pulses but become linear when steady-state

chamt  uiessure is reached. The nonlinearity, or deviation from the ideal
St oa,

square pulse-wave, is due to the rise and decay transients.” For minimum

gas consumption at a given command pulse, the transients can besimiﬁi{rhized
by proper design so that the rise transient effects are essentially offset by

the decay transient effects. A simplified approach to transient performaﬁce

determination given by Eqs, (19) through (21j can be used for preliminary

design purposes.

The pulsed vacuum specific impulse is essentially independent of
command pulse width and is close to the steady-state value., A loss of fvorm
5 to 10% in specific impulse was observed for command pulses less than

20 msec, This dagradation is attributed to the increasing dominance of

solenoid valve dynamics. Because of incieasing interest in small pulse-

width performance (<20 msec), additional study in this area is required in

order to characterize solenoid valve dynamic effects on performancs.
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This discharge coefficient of the nozzle tested averaged about 859 for
all the gases except NH3 and Freon-12. The average impulse efficiency was
about 91%. No correlarion of the nozzle losses could be obtained in terms of
Reynolds number. Thu results in'dicate a constant loss in idezl isentropic
thrust coefficient of approximately 0. 39 (except for condensing gases, NHg
and Freon-12). Additioral study is warranted on the subject of small nozzle
expansion processes and on the performance effects of condensing vapors.

On the basis of. specific impulse aione, Hz.shows the highest perform-
ance. If propellant and tank weights are considered, then NH, has the highest
effective system specific impulse. Since the NH, was assumed to be stored
as a liquid, the effect of the required heat of vaporization would have to be
considered in spacecraft design applications. The final selection of pro-~
pellant should be based on a detailed study of the specific mission require-

ments.
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