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FOREWORD

This 15 the final report submaitted on Contract NAS5-2108
entitled, "Hybrid (Hydrazine) Resistojet Development ! The program
originated in the Auxiliary Propulsion Branch of the NASA/Goddard
Space Flight Center. Mr, Robert A, Callens was the Technical
Officer for the NASA/Goddard Space Flight Center. The Project
Director at Avco Corporation was Mr. T. K. Pugrmire, Other
participants in the program were W. Davis, T. O'Connor, R, Olson,
and R Shaw

(.x)



1 Summary

This report discusses work performed under NASA Contract
NASH-21080, ""Hybrid (Hydrazine) Resistojet Development " The ex-
perimental evaluation of several hydrazine thrusters which were i1gnited
by electrical heaters within the thrust chamber indicated that lngh specific
impulse (~240 sec.) could be achieved during steady state operation with-
out power addition, except for that required for igmition purposes Restart
capability was demonstrated with the various thrusters investigated

Pulsed operation of preprototype thrusters indicated that the
specific impulse obtained for pulses on the order of 1 sec duration de-
creased much more rapidly than that observed with nomainal 5 lbs catalytic
hydrazine thrusters. A limited amount of experimental data for pulse
widths of less than 0.1 sec , however, demonstrated that performance
comparable to that of catalytic engines can be achieved at duty cycles
greater than one percent.



II Conclusions

The experimental data gathered during this study indicate the
feasibility of developing a hydrazine thruster in which propellant
decomposition 1s initiated by thermal energy stored within the thruster
components or by an electrical heater which would be employed in the
initial start-up of the unit Specific 1mpulses well 1n excess of 200 sec
can easily be obtained over a wide range of thrust levels Experimental
evidence demonstrates that this type of performance can be achieved
even at a thrust level of 5-10 mullipounds simply by reduction of heat
losses from the thruster

Operation of a hydrazine resistojet thruster at specific impulses
on the order of 75 percent of steady state values can be achieved for
short pulses The length of the pulse for which this type of performance
can be achieved 1s governed by the ease with which energy can be trans-
ferred from thruster components to the propellant



111 Analysis

Hydrazine 1s an unstable chemical compound as 1s demonstrated
by its standard free energy (AF°., g=38. 02 kecal/mole){l) which makes
it suitable as a monopropellant The decomposition of hydrazine may
be written as

3

4
N, Hy 3 NHs + % N, -AH=33 8 k cal/mole (1)

or

N, M, RH, + N, -AH=22 75 k cal/mole  (2)
In actual practice, however, the decomposition occurs 1n accordance with
stoichiometric equation

N2H4~——~%(!—X)NH3+ 2XH,+ L(1+2X)N, (3)

where the guantity, x, reflects the amount of deviation from the most
energetic chemical reaction (eq 1) Experimentally, it has been found
that this fraction, x, 1s a function of the temperature at which the re-
action occurs (2),

The actual decomposition of hydrazine occurs by a series of steps
which are considerably more complex than the overall stoichiometric
relationships (eqs 1-3). For example, Eberstein and Glassman{3), 1n
evaluating their expermmental homogeneous reaction rate data gathered
over the temperature range of 750 to 10009K, proposed the following de-
composition .

Imitiation Reaction.

—_— - 1D .
NaH, +M RNH,+ ™M K= 10 exp( :g,:_:oo (4)
Propagation Reactions
12
My + NH, ——~ NH_ 4+ N K= 10" exp(-7000
Ny My z Hx 25 P( = (5)
Ny Hy & Mo N+ Hy + H + M K= \O\aexp(-EOIOOO
RT
i3
N, Hy+ H —— NHg + NH; K= 10 exp(-'fggg 7

Branching Reactions

Ny Hog M e NH S+ N+ M K= oo "’exp(-ta,ooo

= / &
14
NaH, + NH—— NH, +N My K= 10" exp (-iogTOO) (9)



Termaination Reactions

12 S

NH, + Ny Hy —= NH;+Na+ By K= 10 (10)
V2

Ny Hz + Ny Mg ——> 2 NHz+ Ny K= 10 (11)
1S

NyHz+ H ——3 N, + 2 Hy K= \0O (12)
125

NH -+ NRg Ny W, K= \O (13)

At low temperatures, the predominant propagation reactions are
those described by eguations 5 and 7 making the final products formed
in the termination reactions mostly ammoma and nitrogen However,
at higher temperatures, the propagation reaction which produces nitrogen
and hydrogen (eq 6) and the associated termaination step {(eq 12) become
more important leading to larger and larger amounts of hydrogen in
the final products. Notice that the reaction scheme above does not in-
volve the homogeneous decomposition of ammoma

NRz—— S Na+ 2+, (14)
which has been found to be slow(2)

d [NH ] - 'S 84 79,5 keal/mole

rraniii i e | [N ] [M] (15)

which implies that 1n a volume typical of the thrusters considered in
this program that a residence tirne of 3 x 10-2 sec at a temperature of
3000°R would result in only a 5 percent ammonia decomposition.

The overall kinetics which were obtained by Eberstein and Glass-

i[“z He ] = =K [_NzH4] [_M:]
dt (16)
1s second order due to the low hydrazine pressures at which these ex-

periments were performed. FHowever, at high pressures the decomposition
of hydrazine is found to be a unimolecular reaction expressed as

g{ INaHe] = -K [NgH,] (17)

with the transition occurring at pressures in the vicinity of one atmosphere.

(3)

man

¥

1



Since a hydrazine thruster would operate with chamber pressures
in excess of atmospheric, the kinetics of hydrazine decomposition are
taken to be first order. The amount of ammonia present in the products of
the homogeneous decomposition must, however, be taken to be a function
of temperature as shown in Fig. 1 which includes the experimental data of
Gray et al, McHale et al{3) and Michel and Wagner(z) It can easily
be seen that the amount of ammoma present in hydrazine decomposition
products corresponds to x =0 5 in the stoichiometric equation

NgHy == £ (1) NHg+ 2X Hg o+ L (10 2X) N, (18)

for all temperatures less than 2500°R which correspond to the adiabatic
flame temperature at x = 0 5

As has been cited previously, the further decomposition of ammoma
by dissociation 18 a slow homogeneous reaction and would not be expected
to alter the composition of hydrazine decomposition products. It 1s well
known, however, that many metals act as catalysts for the heterogeneous
decomposition of ammoma (7) The list of catalyftic metallic surfaces
includes iron, molybdenum, tungsten, rhenium, ruthenium, osmium,
copper, cobalt, mckel, rhodium and platinum In general, the decomposition
rate per unit area of exposed surface i1s given by

- X Y
%= kel 2 Tnu] [n) @9

with the exponents x and y varying with material The values of the
exponents typically vary from both x and y being zero for tungsten and
molybdenum to x = 0.7 and y = 1 4 for rhemum. Typical activation energies
(E) requared for the process are generally in the range of 40+5 k cal/mole
and the frequency factor, A, 1s on the order of 1027 Comparison of the
catalytic decomposition rate {equation 10) with the homogeneous reaction
rate (equation 15) yields

rA
Y _ 10 exp(-42,500/RT) (20)

i 10°° exp (- 79,500/ RT)

10" exp ( 37,000/ RT) (21)

£

which clearly demonstrates that, at the temperatures expected within the
hydrazine thruster, the heterogeneous decomposition may be considerably
more important than homogeneous gas phase reactions.

The amount of hydrazine which can be reacted within a given volume
may be easily obtained from data reported in the literature and analysis
Kinetic data at pressures in excess of atmospher ic pressure and at
temperatures greater than 1000°K are 1llustrated in Fig 2 The data ob-
tained by McHale et al (3) are applicable over the temperature ra.nge of 975
to 1540°K while the curve obtained from Eberstein and Glassman(®) 1s 2



AMPMOMNIA DISSOCIATION FRACTION

}

FIG

.|

O
0
Q
3
°5
r'd
O
OO)O
Oc
ooo ¥
¢ -
@OWVO %
OQMV mu
Qi
X
D.\_ o
- <ky b3
1k
0
O
i 0
Homn o
=
»on0d
S, D o
2 a o 3 P G

ARIVIDOSSKA THIN NOLLOvHS ¢ X



\
\
6 \
\ MCHALE et |al (%
\ / EBERSTEIN et ol (?)
4 \
\
\
2 \
\\
x © \
.g; d_l.:..‘.\.‘f.l-_h.:]. ="K[N3H‘.]
dt
-2
-4 \
N
-8
4 o -1
2 |
o 8 2 18

FiG 2 HYDRAZINE DECOMPOSITION KINETICS

20 A’



correlation of original data and results published in the literature.
Since the latter curve can be applied over a wider temperature range,
it will be employed in the subsequent discussions

A material balance for hydrazine contained in any volume may be
written as

ﬁw(wl-wu)r. -V (22)

where 1t 18 assumed that the fluid within the volume 1s completely mixed
witn a mass fraction equal to that of the fluid leaving the volume through
the exat nozzle The reaction rate of the propellant is given by farst
order kinetics as

= -kpw, exp( E/RT') (23)

with Pbelng the average concentration within the system. Combining
these two relationships, we get

W -
— - = KQ! EKP(—E/RT) (24)
Wo o
with the average density obtained from the equation of state
F) = BPM (25)

RT

The mass flow leaving the system 1s simply

_ Ha,
W = PANJS‘GM( 2 )“*‘ (26)
RT 1 ¥+l

Hence, .

W | = k exp (- E/RT)
" (ggﬁ) (EE™ @)

Since by defimtion

= ¥ 28
A (28)
2
and (SXRT) " {29)
M

L% K exp (~E/RT) (30)

w T & {(_‘?2;1}%




Notice that the quantity I’ /a 1s a characteristic ''residence time' in
the system Equation 30 may be rearranged to give the following
relationship for the ratio of outlet a.nd inlet propellant concentrations

AUS-!)
[ ‘6—\-\]

Wo — (31)

= %
W, [gﬁ]ux) + _;__. kexp (-E/RT)

From the first order rate expression, we may define a half lafe for the
reactant at any average temperature since

dw _ -E
o - wexp (K (32)
dt
or upon integrating in the case of a constant temperature system
h’\(ﬂ): —-k[exp(_ E_) + (33)
W, RY

The time at whach the concentration decreased to one-half of its 1mitial
value 18 then

i = Q.693
kexp({=E_. ) (34)
P()
which may be substituted into equation 31 to give Yl
( 2 \2w-)
Wa i
w———— T -
W, (....a_ z(t-\) 4+ 0GR ( A )
B Aty

The quantity (f.k /3 t1/2) represents a dimensionless time for the system
Large dimensionless times imply a large fraction of propellant 1s de-
composed, This can best be accomplished by increasing the temperature
of the system since

L.* L‘x ex
3L, - T =)

with the exponential 1ncreasing much more rapidly than T Y2

(35)

The ratio of outlet to inlet mass fractions predicted by equation 31
are presented in Fig 3 Over the range of mass fraction ratios less than
0.25 the conversion is well represented by

693

{ Kk L¥ e,xp E )} = 0493 (36)
W
Remembering that
— 2
a = { S’SRT} (37)
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and 1f 1t 15 assumed that the average molecular weight of the combustion
products 1s 15. 2 (corresponding to 95 percent conversion), the following
relationship i1s obtained

Wo § LK ey -
w‘{ =‘r’=~ P ‘F’:T)} e (38)

At a characteristic length of 1 ff. and a temperature of 2000°R, 1t 1s
found from Fig. 4. that

- B\ _ 3
K exp ( =)= | S8X10 (39)
695

L * k e 3 = 29SS
EL P( RT

and
{40}

Thereby indicating that the ratio of outlet to inlet mass fractions for this
particular case 1s 0 242, Since the reaction rate increases exponentially
with temperature, increasing the temperature within the volume to 2500°R
decreases the mass fraction ratio to a value of 4 2 x 10-3 for L¥ equal to
1ft. Increasing the characteristic length to 10 would further reduce the
mass fraction ratio, 1 ¢ , increase the conversion of propellant to reaction
products as shown in Fig 4.

Since the concept of a thermally igmted hydrazine resistojet
also has the capability of using power addition to enhance the performance
of the system, analyses were conducted to evaluate the magnitude of the
increase which could be obtained by means of simple energy balance
relationships.

The chemacal power input to such a thruster i1s given by

T‘
Rugrg = m ( abg + jcp d'r) (41)

For adiabatic operation of the thruster, the power in the exhaust
gases 15 equal to the chermcal power input

@HEM- 'mvw 5 C-P dv (42)

which allows the adlabatlc flame temperature to be established for any
inlet temperature T; since

Ta T,
E w‘j CedT = ahg +J CodT (43)
L i o

for any set of reaction products

11
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The decomposition reaction of hydrazine 1s given by

N, H 4 0-xYNRy; +2X H, + L (e2x)N
M —> 2 ) % 2, 3( ) 2, (44)

where X 15 the fraction of ammonia dissociated. The energy released in
this exothermic reaction of hhiquad hydrazine to gaseous products(s) 18

AH,.”E.K = 1503 + 825 X BTU/ LB N W, (45)

This 15 equivalent to the energy release of 33 k cal/g-mole reported in
the literature(?) for the gas phase reaction with 25 percent of the amnmonia
dissociated.

Also, the ad1ab‘at1c flame temperature at various ammonia dissociation
fractions was determained by using theﬁmodynamlc data for the various chemical
species as listed in the JANAF tables ) and are illustrated in Fig 5 1in the
form of power addition per unit mass flow (watts-sec /[ Alb) as a function
of temperature with dissociation fraction as a parameter The adiabatic flame
temperature can be determined directly from Fig. 5 since this case corres-
ponds zero power addition The amount of ammonia dissociation as re-
ported in the literature'”’ ~? )1s also included in Fig. 5 1In the case where
the reaction zone 1is adiabatic and the decomposition cccurs homogeneously,
these data indicate that the stoichiometry of the reaction 1s

NZH% ~—— 077 NH33+ 084 st-«- G 61 Nz_g (46)

and the adiabatic flame temperature 18 2400°R In practice, however,
the amount of dissociation will be less than that indicated by equation 46
(X=0 42) since there will be some energy losses from any actual system,
and heterogeneous reactions are expected to play some part in the de-
composition

The performance enhancement which can be obtained can be
determined from the variation in specific impulse with temperature The

specific impulse of a hydrazine thruster was determned analytically from
the relationship

T = |RRT __!_)[l_ Es)““'] (47)
SP hg! (‘6-\ ( P

13
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with the molecular weight (M) being a function of the ammoma dissociation
fraction and the specific heat ratio as a function of the amount of ammonia
present in the decomposition products as presented in Ref 10 The
specific impulse for a thruster having an area ratio of 80 1 1s shown in

Fig 6 for various gas temperatures. The theoretical performance
curves demonstrate that for a completely adiabatic system the specafic
impulse would be in the rate of 250 sec. for x = 0 42 (homogeneous
hydrazine decomposifion) to 262 sec for x = 0.0 (heterogeneous hydrazine
decomposition).

The performance curves can be used to demonstrate the importance
of further ammonia decomposition on the efficiency of power addition in
increasing specific impulse of a thruster. For example, consider a unmit
where the decomposition of hydrazine occurred in an adiabatic homogeneous
manner {X=0 42) Following the decomposition the thermal losses were
such to produce a reduction of the gas temperaturs to 1800°F and, hence,
vield a specific impulse of 220 seconds rather than the theoretfical value of
250 seconds If the impulse 1s to be increased by power addition to 260
seconds and there 1s no further ammonma decomposition, the total power
addition 1s 0 55 watts/ (#lb,,/sec}) However, 1f in the power addition pro-
cess all the remaimng ammonia decomposes the power requirement 18
increased to a theoretical value of 0.92 watts/(4lb,,/sec). This simple
exercise clearly demonstrates the advisability of limiting the amount of

ammonia decomposition within the thruster 1f power addition 1s contemplat-
ed,

The increase in thrust which 1s achieved through power addition
1s shown in Fig, 7 The preparation of this 1llustration 1t was assumed
that the thruster was capable of operation at a specific impulse of 180 sec
and a thrust level of 10 millipounds with no power addition, and that the amount
of ammonia 1n the exhaust was given by the ammomnma ""digsociation' fraction
as a function of temperature A second power addition curve i1s also pre-
sented which depicts the enhancement achieved with no change 1n composition.
In the region where thrust increases hinearly with power addition, a 1 milli-
pound thrust enhancement requires 18 5 watts of power for variable com-
position while the constant composition curve indicates that 14 5 watts of
power are necessary to produce the same result

These analyses clearly demonstrate the feasibilaty of the hybrid
hydrazine resistojet concept Reasonable performance would be expected
with a device which could operate at a specafic impulse of 200 sec. at a thrust
level of 20 mallipounds  This would be achieved with a thrust thermal
efficiency on the order of 65 percent at a temperature in the vicinity of
1700°R. Kinetics indicate that with a thruster in which propellant and re-
action products were well mixed that 95 percent of the propellant would be
reacted 1n a characteristic length of 10 ft.

15
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IV Thruster Evaluation

During the course of this study, several thruster configurations
were employed to evaluate propellant injection schemes, the effects of
power addition and to obtain thruster performance data.

A) Laboratory Thrusters

The devices employed in the earlier phases of the program were
relatively simple umts as shown schematically in Fags 8-10. Basically,
these early thrusters consisted of a quartz tube mounted between a
nozzle assembly and base plate assembly A heater coil of molybdenum
or rhemum wire was employed as the means of raising the temperature
of the thruster to levels sufficient to provide energy for propellant
1gnition. Several variations in the method of propellant injection were
exarmined with this basic unit. These injection schemes are illustrated
in Faigs, 8-10.

Injector configurations "A" consists of a simple porous plug
mounted i1n the base plate with the thrust chamber being completely
empty This configurations would be expected to have a muimimum thermal
inertia

Configuration "B' thrusters were essentially identical to con-
figuration "A" with the exception that porous ceramic rod (0 187 in dia
x 1 01in. long) was placed in the thrust chamber The heater coil in
this configuration was 1n close contact with the rod of calcia stabilized
zirconila

In the configuration "C' thruster, the ceramic rod was mounted
1n the base plate and propellant flowed through the calcia stabilized
zircoma by means of a 0.030 in dia. passage located on the axis of the
rod The ceramic rod had an external diameter of 0 187 in. and a length
0of 1. 00 in. The passage on the axis of the rod extended to approxumately
0 090 1n. from the downstream end of the rod where 1t was sealed by
ceramic cement,

The last coniiguration (configuration "D'') was nearly adentical
to "G except that 2 0.025 1n o d. by 0 015 1n. 1 d. tube was inserted
into the ceramic rod for a distance of 0.8 in  from the upstream end there~
by moving the point at which propellant enters the thrust chamber away from
the thruster base plate,

A Iimated amount of exploratory data was gathered with the configurations
M"A™ and "B'" while a larger effort was expended in evaluating configurations "C"
and "DV  Primary stability comparisons were made at zero power addition
following the imitiation of decomposition. The comparisons were made over
a range of flow rates of 10~5 to 5x10-51lb/sec (corresponding to a thrust level
of 2 to 10 millhipounds at a specific umpulse of 200 sec ) In all cases, the

18



61

F1E 8 CON FIGURATION ‘A" LABORATORY THAUS 7TER

TEFLON SEAL

e fHET =R CO/L.

OéOOOOOO

LPOROUS i -
¢NTECTOR \
N
/o~
. = pd
> & 7
FUOPELLANT / ~ ;
FEED

O 0O 0O O o O O

—N

/

QUART Z TUEE

- BASE FPLATE

\

AO ZZLE

VACU UM




02

FOROUS CERANMIC ROO

/
ofo o _ o o o
ooooou%
\__,f/“"

OTHAER WASE  IDENTICAL 70 CONA/GLrRaA7roOA A

oy
-
I

—_— g -
FROAELLANT
FELL

o

V/ !

IS, 9 CONES/GURATION 1B LABORAT ORY Tht/CL/STEAS



12

POROUS CERAMIC

TEFLON SEAL
—— MOLYBDENUM HEATER COIL

VACLLD M

G © 0

_/////////7///////////////%L N
7 | S

PROPELLANT -
FEED

\‘—QUARTE TVRBE
NOZZLE BOX ASSEMBLY —

BASE PLATE

FIG 10 CONFIGURATION —C" LABORATORY THRUSTER



combination of the orifice/porous injector {(configuration "C') was
superior to configurations ""A' and "B' with respect to stable operation
and decomposition efficiency as measured by characteristic velocity
Samples of nozzle box and injection pressure responses for all con-
figurations are shown in Figs. 11,12 and 13 at various mass flow rates
at zero power input All configurations utilized the same exat nozzle
and inlet fixture. The nozzle diameter was 0 017 in. which 1s a
reasonable selection for a 10 millipound thruster In all cases, con-
giderable conductive losses can be expected due to the intimate contact
of the inlet and nozzle blocks with large heat sinks. These losses
should be the same for all configurations so that good comparisons
between competitive configurations may be made

It 15 1immediately obvious that the configuration "A' 1s
extremely unstable at all conditions. The addition of the zirconia
flame stabilizer greatly improved performance as can be seen by
the pressure responses for configuration "B'. When the performance
of confaguration "C' and "B'" are compared, it 1s noted that the de-
composition process for "C' 1s shightly more stable than "B' and at the
lghest flow rate, the characteristic velocity 1s 20% higher for the "'C'
configuration

The large pressure fluctuations for the "A" configuration were
primarily caused by flow variations through the porous injector. Once
the thermal decomposition was 1nitiated and the power turned off, the
hydrazine was observed reacting on the exposed surface of the porous
injector The reaction zone was a small area which was appreciably
hotter than the mean temperature of the element. In addition to non-
umiform surface temperature, the hot spot was observed to move around
the injector, tracing a circle. Ths phenomenon was accompanied by
rapad fluctuations in the temperature of the thruster heater wire pre-
sumably caused by hydrazine passing through the porous element without
reacting, and then decomposing on the wire, It can be assumed that some
fuel was passed through the nozzle without decomposing at all as evidenced
by the low mean pressures

A reasonable explanation of the cause of these instabilities 1s as
follows. When hydrazine vapor is entering the thruster at the burnming
velocity, we may write

pSA=wm (48)

where the average density may be taken as that at the normal boiling
point of the propellant (238°F).

B=bBM (49)
e RT
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For a burmng velocity of 185 cm/sec(ll), and a mass flow rate of 5x10-5
1b/sec, the minimum diameter of a cylindrical porous element 1s

D= 4AmRT (50)
™ 5. PM

or

D=0 156 1n,

Notice that if the gas temperature 1s increased to 1250°F wath the corres-
ponding decrease in density, the mimimum diameter 1s decreased to a
value of 0.024 in,

Since a porous element similar to that used in configuration "A"
and "B'" thrusters cannot be expected to produce a uniform velocity
stream, decomposition of the propellant would occur on those regions of
the surface where the velocity i1s less than the burnming velocity. These
regions would tend to be localized hot spots due to heat transfer from the
reaction zone to the porous element. However, as the temperature in-
creases a critical value 1s reached when the local velocity 1s greater than
the burning velocity and then the flame lifts off the surface. Furthermore,
it 18 evident that an increase 1n the temperature of porous element would
result in fluctuations in the mass flow through the system if the pressure
drop across the element remains constant, This effect 15 caused strictly
through the increase in viscosity with increasing temperature Hence,
we may conclude that when the size of the porous element 15 close to
that given by equation 50 than an unstable situation may result, e.g. the
large scale pressure fluctuations observed with the configuration "A"
prototype thruster. Smaller scale fluctuations are expected with con-
figuration "B'" since the ceramaic stabilizer would tend to dampen the
pressure fluctuations

Stability and performance considerations indicated that configurations
"G oand "D (which was not evaluated in the experiments cited above) to
be most satisfactory and further evaluation of these devices was merited
Steady state operation of the configuration "C" thruster was exarnined over a
flow rate range of 10-5 to 5 x 10-5 Ib/sec; experiments were performed in
both the powered and unpowered modes of operation These experiments
were conducted with the thruster exhausting into vacuum with no provision
for direct measurement of thrust, hence, the basic performance parameter
employed in these evaluations was the characteristic velocity of the exhaust
stream

C'= gPA, (51)

mn
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where the pressure, Py, 1s that measured in the thrust chamber, A¢
1s the nozzle throat area, and m 1s the mass flow through the system

Propellant was supplied to the thruster by the hydrazine feed
system shown schmetically in Fig., 14, The basic components of the
feed system were a propellant tank having a capacity of 1000 m] which could be
pressurized with inert gas to 180 psig, a flow metering system, a flow
regulating valve, and a solenoid control valve. The flow metering device
consisted of an orifice having a nominal diameter of 0 0043 in., which
was mstrumental with a differential pressure transducer {(Dynisco Model
DPT 69CB-10) which had a linear output over the range of 0-5 psad A
schematic diagram of the propellant feed system 1s shownin Fig. 14 A
series of calibration experiments were performed with the system by
allowing hydrazine to flow through the orifice for periods ranging from
180 to 240 sec. The total mass flow was collected in a beaker and weighed
on an analytical balance having an accuracy of +0.0005 grams. The re-
sulting mass flow rate was correlated with the mallivolt output of the
pressure transducer as shown in Fig. 15 The data are well correlated
by the equation

e Va -

m=375x10 ( E_ ) L8, /SEC (52)

with all data falling within 5% of thus relationship

Performance data were gathered with a configuration ""C" thruster
in both powered and unpowered operation over the flow rate range of
1 5-5.0x10~-5 lb,,/sec. These data are summarized in Figs. 16-18
in the form of characteristic velocity as a function of propellant flow rate
with power applied to the heater coils as a parameter. Data obtained at
a flow rate of 5 x 10"51bm/sec are also presented in Fig 19 with characteristic
velocity, specific impulse, and thrust as a function of power to the heater
coils. The thrust was calculated from the experimental data using an
assumed thrust coefficient of 1 65. It 1s seen from these results that a 50
watt power input increases the thrust level from 7 2 x 10"31bf at zero
power input to a level of 8 5 x 10‘31bf This corresponds to a power re-
guirermnent of 38.4 watts per millipound of thrust. When the experimental
value 1s compared with the theoretical thrust increase (Fig 7), it 1s found
that the power addition process has an efficiency on the order of 50 percent
when the variable composition thrust enhancement curve 15 used as a base
A comparison of the calculated specific impulse with the theoretical pre-
dictions at an assumed ammoma dissociation fraction corresponding to
the exit gas temperature indicates a gas temperature at the nozzle of
approximately 900°R whereas a completely adiabatic system would produce
gas at 2400°R. The thermal efficiency of the system is also on the order
of 50 percent,
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FIG 18 CONFIGURATION €' THRUSTER DATA
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A cursory examination of this system indicates that the thermal
efficiency of the entire system would be expected to be quate low. For
example, energy released by decomposition within the porous ceramac
cylinder can be conducted into the base plate or may be lost by radiation
from the external surface of the porous ceramaic to the surroundings
through the transparent quartz tube. Furthermore, considerable
energy may be lost through heat transfer fromthe decomposition pro-
ducts as they flow through the nozzle box assembly. It would be fortutous
if the system utilized in these preliminary experiments had a thermal
efficiency much greater than 0 3-0,4. If a similar estimate 15 made of
the efficiency of energy addition by means of the heater coils, it is
immediately obvious that at least 50 percent of the power 1s lost by
radiation to the surroundings.

Visual observation of the thruster through the transparent
quartz walls was conducted during all these experiments It was ob-
served that at low propellant flow rates the decomposition of propellant
occurred primarily in the region close to the thruster base plate, As
the flow rate 1s 1ncreased the reaction zone became more extensive and
extended further in the downstream direction.

In spite of the deficiencies noted above, the configuration '"C"
thruster demonstrated restart capabilities without power application
For example, with the thruster operating at steady state, the propellant
valve was closed for periods ranging from 30 to 200 sec. Upon reopen-~
ing the valve, propellant ignition was found to occur The difficulty en-
countered in the restart was dependent on the length of the off period and
the magnitude of the propellant flow rate as 15 shown by the experimental
records obtained in these investigations (Figs. 20-33) At low flow rates,
rise times in the range of 5 sec. were achieved for off times on the order
of 70 sec.

In several instances, there was evidence of partial flooding of
the thruster (Figs.27,28) Immediately upon opening the propellant
valve, the nozzle pressure was found to rise sharply for a period less
than 1 sec. For the next 10 to 15 sec., the propellant flow rate was in
excess of the final steady state flow rate, and there 1s an abrupt change in
the slope of the pressure rise curve. After this period, steady state
operation was achieved.

Attempts were made to obtain sirmlar data with this configuration
thruster mounted entirely within the vacuum system as a means of in-
creasing thruster efficiency by elimination of convective losses from the
thrust chamber external surfaces The problems encountered were as
follows
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(1) Propellant leakage at the base of the porous zirconia
injector, thereby allowing a portim of the propellant to be
immtroduced into the thruster on the external surfaces of the
zirconia. This produced fluctuations in the pressure in the
thruster nozzle. The area of this leakage 15 designated as
area "A" in Fig. 34 of this report.

{(11) During operation temperatures, the thruster achieved levels
sufficient to cause decomposition of the O-ring seals, particularly
that seal at the nozzle end of the thrust chamber The area of

this problem 1s designated as area "B' in Fig. 34,

(x21) Increased temperature levels during vacuum operation
produced fai:lures in the metal-to-ceramic seals required at
the points where the heater coils pass through the quartz outer
shell of the prototype. The area of this problem 1s designated
as area "C'" in Fig. 34.

B) Preprototype Thruster

As a result of these problems, a second laboratory thruster was
fabricated utilizing a metallic external (molybdenum) shell and with
elimination of as many seals as possible, In fabricating this device
which was denoted as a "preprototype thruster, ' insulation was placed
between the thruster chamber and the external shell, a configuration '"D"
injector system was incorporated to move the reaction zone away from the
thruster base plate, and the device was made sufficiently rugged so as to
make 1t possible for the umt to be disassembled and reassembled without
fear of damage A drawing of this device 18 presenied in Fig 35 The
stainless steel injection tube employed 1n this device was a commercially
available hypodermac tube (0.025 1n o.d. x 0 015 in. 1.d.) having an in-
ternal diameter less than the quenching distance of hydrazine (0.045 in )
as reported by Gerstein,

Experimental performance data (characteristic velocity) were
imitially obtained with the preprototype thruster over the range of
1x10-5 to 5 x 10~5 1b/sec propellant flow rates to provide a direct
comparison between this unit and the laboratory devices utilized pre-
viously These results are 1llustrated in Figs. 36 and 37 waith the per-
formance shown as characteristic velocity, C%, as a function of power
addition at a propellant flow rate of b x 10-5 1b/sec It 1s 1mmediately
obvious that the new prototype gives a considerably better performance
than the previous prototype. For example, in the unpowered mode of
operation, the new thruster had a characterististic velocity of 3400 ft/sec
as compared to' 2900 ft/sec with the older device, It 1s also interesting
to note that the characteristic velocity during unpowered operation with
the new thruster is greater than that obtained with the old device even
wath the addition of 50 watts of power. During unpowered operation, the
new prototype would have a specific impulse of 172 sec and a delivered

49
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thrust of 8 7 x 10'3 1bf with an assumed thrust coefficient of 1 65 Hence,
a thrust level of 10 millipounds could be obtained by increasing the pro-
pellant flow to a value of 5 71 x 107 Ibm/ sec

During powered operation, a power addition of 41 watts resulted in
an increase 1n the characteristic velocity from 3400 ft/sec to a value of
3750 ft/sec, and the specific impulse to a value of 192 sec from 172 sec
obtained during unpowered operation

Additional data were obtained during unpowered operation at flow
rates over the range of 1 5 x 10-5 to 10 x 10-5 1b/sec as shown 1n Fig 38
in the form of characteristic velocity as a function of propellant flow rate
The characteristic velocity was found to 1ncrease monotonically over the
entire flow range investigated varying from approximately 2000 ft/sec
to 4000 ft/sec at 10 x 10-> Ib/sec at feed rates of 1 5 x 10-° and 10 x 10-2
lb/sec, respectively This behavior is characteristic of a system waith
heat losses which are dependent on the propellant flow rate as can be
demonstrated by the following analysis. A material balance on the thruster
may be written 1n terms of molar flow rates as
n-n= .V (53)

=]

where ry, 18 the molar generation rate per unit volurme (V)}, For the
chemaical reaction

R —— VP (54)
The molar generation is related to the reaction rate of the reactant:
(o= F =y (55)

For a first order reacfion

r= KLCel= k[Cql exp(-B/RT) . (56)
with the concentration of the reactants given by
Ca = M ' (57)
RT
with the mole fraction (XR) 1s defined as
X, = _Tr =128 7 (58)
N+ Ny 1=4y+2y

where the quantity y 1s the fraction of reactants converted to products
The i1nput and output molar flow rates are also related for any fraction

b4
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of propellant converted to products since

(i-y+ DY) (60)
Therefore,
yro-nn, = (-nry )
yn, =rcV (62)
where
0 [l-\s ?ﬁ»s] = exp(-&/RT) (63)

An energy balance on the thruster may be wrrtten in terms of mass flow

rates as
{H H}+ h‘\H{-AH } hc,, {H H} {H—‘r:\,,,) (64)

where the term, ‘1—-“' ( Y, - H) represents the energy losses or addition to
the system, Let tihg

Ho=H, (65)
mL{AH}-;- y_t H H} {H H}

or
H {H He} hAw{Hw"‘H} {66)

-aHe

Substituting equation (62) into the above expression yields
ry - { M- Ha} _ hAw { HW—H} (67)
nl. "'&Hr 'f"nCP "'AH"

where

with M; being the molecular weight of the inlet flow to the systern Therefore

VM, _.{H- }_ hf_\_u{“*““} ©9)
m AU, mG { -aHr
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which upon substitution of equation (63) for the reaction rate, r

yields
PV M, { -4 }kexp( ) {H"‘ ] hAW {Hw-H} (70)
RTw (1094 VRT) L&t ] aCp | -afis

It 15 also noted that the mass flow through the system can be related to
the pressure and nozzle exit area since

)]
w = PA gxM( 2 )’%‘ (71)
RT ¥+
where the molecular weight of the exit gases 1s
M= M, (72)
-4+ DY

which implies

PVM, _ v (s-p+ugy™

WRT Ay j(_z_ )%‘, Q¥ RT )
L3 My
A speed of sound Q, may be defined as
Q, = {gxm}’m (74)
™M,
Hence, equation (70) may be written as
Kexpl-E/RT) 11—y _ H-WH,  hAw {ﬁ\:.:ﬂ}
Au a { S \ yry N wmCp L ~aRe (7>
k.1
or by use of equation {66)
V K e""’("gl?f) y (-9+uy)*= (76)

Au . (“‘5—-5-1-) HT-1) - lj

which relates the fraction of the inlet flow converted to reaction products
and the characteristic length of the thruster since

L= YA“ , (77}
N

The effects of heat losses from the system {(Hw < H) can be best seen from
equation (75)

¥ Kewp (FE/RT) =Y = H-He | hA, {H—H } (78)
et 1 . e
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which may be written as

fone) MhenCTem) (o8) | _\+ bAw (Mo )m

H-He) q (%)%} (\hgdrwag))""-- WG A H- e

or

FM1 o8 L 4 bA [H—-Hw)
(\-3+"139)"‘*- G | H=H,

As the losses increase, the characteristic temperature of the system
decreases and f{T) becomes smaller Hence the quantity

[w[(g)] = _1=J " (81)
(i=9+1Y) '
must increase. Since f(y) decreases monitonically with increasing values
of the fraction of propellant decomposed, increasing heat losses implies
a lower conversion of the feed to reaction pro\ducts.

(80)

Equation(80) may also be employed to demonstrate that in a system
which experiences heat losses, increasing the flow through the system can
result in a greater amount of propellant decomposition thereby producing
an increase in the characteristic temperature of the system. For simplicity,
consider the system to have a constant wall temperature The non-dimensional
heat loss term in equation (80) may be written as

how(H-H) - Av _ % = =G Ax (82)
MG (H-Ho) A pu(R-R) As

where Cp 1s the Stanton number and As 15 the cross-sectional area for fluid
flow through the system By defimtion

~ Nu
C.= 83
"~ Re Pr (83)

with

" n
Nu: K Re pf‘ (84)

with the exponents n and m being less than unity The heat losses may
then be expressed as

haw(R-Ha) — Au K (84)
WG (H = Ho) Ag R BT
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Since the Reynolds number is directly proportional to mass flow rate
through the system

Re= Puble = mDe (86)
AL A A:;.
For lamminar flow through the system (1.e. n=0 50, m=0 33), equation (80)
may be written as

(el -y X -

) = | KAy Pe (mDe) (87)
(\—5"'_03) Ag /uA?

This implies that increasing the mass flow decreases the dimensionless

heat losses and results in an increase 1n characteristic temperature and
the fraction of propellant converted to reaction products

The characteristic velocity data were utilized to calculate specific
impulse and thrust using an assumed value of 1 65 for the thrust coefficient
The results of the computations are shown in Fig. 39 Specific impulse
1s found to vary from 120 sec at 2 x 10-5 1bmp/sec flow rate to 210 sec at
8 x10-5 lby,/sec. The thrust level developed by the thruster varied from
2 4x10-3 1bsto 16 8 x 10-3 lbs over the same flow range This i1s also a
considerable increase in performance over that obtained with the con-
faguration "C'" thruster as shown in Tables I and II

Data obtained by Schreib and Pugmn'e(e) with a configuration "C"
thruster are included in Table I, whereas, the performance histed in Table II
for this type of device 1s a composite of the two sets of data

A similar series of experiments were conducted to investigate
thruster performance with power addition to the thruster heater coil using
propelilant flow rates of 2 x 10-5 to 5 x 10-5 lbm/sec, and power inputs of
20 to 80 watts. The results of these tests are i1llustrated in Figs. 40-42
At a flow rate of 4 x 105 Ibm/sec, power addition amounting to 80 watts
was found to produce a 33 percent increase in thruster performance Thas
18 equivalent to a power requirement of 34 watts for each millipound of
thrust enhancement Compar:ison of this result with predicted thrust en-
hancement curves indicates that the power addition process varies from
43 percent efficiency if constant chemical composition 1s assumed to be 55
percent efficient if the composition of the reaction products 1s considered
variable

The heater current and voltage measurements obtained during the
experimental determaination of the effects of power addition on thruster
performance can be employed to provide some indication as to the
average heater coil temperature Since the heater coil 15 cemented to
the internal surface of the alumina cylinder which forms the thrust charmber
walls, this average temperature may be a good representative value for
the thruster. The average temperature of the thrust chamber wall can be
calculated from the resistance of the heater coil since the resistance of the
molybdenum heater coil 18 linear in temperature The average heater coil
temperature was then employed to calculate a characteristic velocity of
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Comparison of Thruster Performance

Table I

Hydrazine Feed
Rate lbm/sec

Characteristic Velocity, ft/sec

Configuration ''c'' Thruster

Pre-prototype

Ref 7 Thruster
2 x10°°> 1900 2350
3 x10°° 2300 3025
4 x10-3 2650 3450
5 x 102 2900 2800 3700
6 x10-5 2900 3900
7 x10°° 3000 4000
8 x 1077 3100 4100
Table II
Comparison of Thruster Performance
Hydrazine Configuration ''¢'" Thruster Pre-protptype Thruster
Flow Rate Isp Thrust Isp Thrust
lbm/sec sec 1bg sec 1bs
2 x 107 97 19x10"> 120 2 4x 1073
3%10° 118 3 5x10° 155 4 6x10-3
4x10-5 136 5 4x10-3 177 71 x10-3
_5 -3 -3
5 x 10 143 7.2 x10 190 9.5 x 10
6 x 10-5 149 8.9 x 10-3 260 12 0 x 10~3
_5 -3 -3
7 x 10 154 10 8 x 10 206 14.4 x 10
-5 -3 23
8 x 10 159 12 7x10 218 16. 8 x 10
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the gas decomposition products The results are 1llustrated 1n Fig. 43
which gives a compazrison of experimental chatacteristic velocities

*
C*=gPAw (88)
m
and calculated values obtained from the theoretical relationship
— Y2,
*
C = 1) g¥RY (89)

R i}
¥ M ( 2 )'f:'?
T+
where T 1s the average thrust chamber wall temperature obtained from
resistance measurements and the specific heat ratio is that for hydrazine

decomposition products with 40 percent ammonia dissociation

A somewhat similar procedure was followed to establish average
thrust chamber wall temperature in conducting those experiments on
which the results listed in Table II of this report were based However,
in these tests the voltage to the heater coil was maintained below a level
of one volt with the power dissipated i1n the coil being less than one watt
On the basis of the effects of power addition illustrated in Fig 7, 1t 1s
evident that this low power dissipation should have little or no effect
on characteristic velocity The current and voltage to the coil at various
mass flow rates was processed in a manner simlar to that discussed
above to obtain average thrust chamber wall temperatures and then
characteristic velocities which could be compared with experimental data
(Fig 44).

The calculated characteristic velocity was found to be in good
agreement with the experimental data in the tests which were conducted
1n what 15 essentially the unpowered mode of operation (Fig. 44). The
maximum deviation between the calculated and experimental characteristic
velocities amounts to approximately 250 ft/sec at propellant flow rates
in the vicimity of 8 to 10 x 10-° ibm/sec, where the experimental results
are nearly constant at a value of 3920 ft/sec. The calculated values are
in much poorer agreement with experiment in the powered mode of
operation {Fig. 43) and the deviation was found to vary quite strongly
with propellant flow rate Closer examination of the r esults indicate
that, at the power addition levels considered, the average thrust chamber
wall temperature 1s only slightly dependent on flow rate, 1 e , the wall
temperature appears to be just a function of the power addition level

It 1s also of interest to consider how much the actual temperature
dastribution along the interior surface of the thrust chamber wall differs
from the mean value For the purposes of this discussion, the thrust
chamber wall 15 considered to be an exterior insulated homogeneous
hollow cylinder which 1s subjected to a uniform heat flux on its interior
surface Heat losses from the body were assumed to occur at the surfaces
at the two ends of the body The steady state temperature distribution in
such a body can be obtained from the solution of the partial differential
equation
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FIG. 44 COMPARISON OF CALCULATED AND EXPERIMENTA L CHARACTERISTIC
VELOCITIES , PREPROTOTVYPE THRUSTER, UNPOWERED OPERATION
4 St .
O _oF—g> ¢
(.j _—.(}""' A A = -’L\i =
5, R AP S
d o | B Tsk
@/ i
" Y7
2] A4
i
Q 3 0//
%
b
a /]
3, /
. O :
3 i /
7 o
g /
- 52 2_ Y
w -
b O C% gPA /in
g . .
% \  CALCULATED
T
Q
* |
Q A
o
o 1 2 3 4 5 6 7 8 9
HYDRAZINE FLOW RATE X 1©0° | 1B, /SEC.

|



3T .1, 8T -0
& rar 2zt (90)
subject to the boundary conditions
ol ;
—— = r=r,
ar © (91)
—k ﬂ - q‘. r— r._
-1y (92)
ol - O = L
YR =
k3L ANk zo00
z ?
z Pl

where the boundary condition at the mid-plane of the body reflects the
requirement that the temperature distribution by symmetrical The
solution to these equations 1s simply

. . 2 z 2
o Te)e S5 (5] (] 1o ()0 1) o

where the temperature, T (ro, 0), 1s the lowest temperature within
the body The temperature along the interior suriace of the hollow
cylinder 1s then

: 2
Te,Z)~ W, 0) = Qnt 2._11(\_1) (95)
2K (o-r7) L L

where

T dal e (e %)
R L . L (96)

The average temperature under uniform heating conditions may be
obtained by integrating equation {(96) to give

== ' * 97
T (r,2)- VT (n,0) = S_t—ﬁ‘__‘:__ Z(Z_)(\- _Z._) d(%) (o7)
' o 2k(d-nd) L\ L

_ . (98)
T (PL)-Z)“*T(F",O) = T 7 L

6 K (r-r?)
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The maximum temperature within the body occurs at the mid-plane
(2=1/2)

qn L
Z) -V o) = e (99)
4K (wh-v!

Thereby indicating that
T(nm) - T{r,,o

= 0667 (100)
_)— r‘,,o)
or 2 (
? = T(f‘ O+ A T r'l., =
(7, 2) = % )+ 2 L) o

The maximum temperature which can occur within the thrust chamber walls
during unpowered operation is the adiabatic flame temperature of hydrazine
decomposition products. Assurmng 40 percent ammoma dissociation in the
reaction products, this indicates that the maximum value of T (e, L/2)

1s 2100°R. A reasonable assumption as to the temperature at H

the end of the thrust chamber walls 15 700°R which would imply that the
average temperature could vary between 67 percent and 78 percent of the
maxaimum temperature of the tube wall

The exact relationship between average wall temperature and exhaust
gas temperature has not been established. However, the experimental
data indicates that the average wall temperature gives a reasonable estumate
of the ternperature of hydrazine decomposition products when the thruster
1s operated in the unpowered mode.

In the higher portions of the propellant feed range investigated, flow
instabilities were observed Typical experimental data obtained which
demonstrates this phenomenon are presented 1n Fig. 45for the thruster
operated in the unpowered mode. Notice that as the flow rate is increased io
value of 3 x 10-5 lby/sec, short duration pulses are observed in the trans-
ducer which momtors the pressure in the propellant feed line immediately
upstream of the thruster. No fluctuations are observed, however, in the
propellant flow rate or thruster chamber pressure. As the hyvdrazine feed
1s increased, however, the inlet line pressure fluctuations becorne con-
tinuous 1n nature and at high flow rates somewhat random variations in the
mean value of the inlet pressure are also observed. At the same time,
increasing the mean flow rate results in fluctuations in propellant flow and
in the chamber pressure. The maximum pressure fluctuations observed
in these experiments amount to approximately +3 percent of the mean
nozzle pressure while the mass flow rate fluctuations were on the order of
+5 percent
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These 1nstabilities can be explained as follows Consider
the porous zircoma and feed tube to be a homogeneous body which
has a uniformly distributed volumetric heat release rate (Q) in that
portion of body downstream of the end of feed tube as shown schematically
in Fig. 46. Furthermore, let us assume that there are no losses from
the sides of the body or from the downstream end while the upstream end
of the tube 1s maintained at a constant temperature, T The temperature
distribution in that portion of the body downstream of the feed tube, 1.e.
region ], in Fig. 46, 1s given as (13)

<0

T—-T;:_jC_)__L?' I-—(}s_)z §E (‘D COS[gZh-\-\)ﬂ'X]exp (’zmr-\)z‘h~ cH:) (102)
2k L (‘Zm-l) L2

n=o

which at steady state yields

7= AU o
2K .

The heat which 18 transferred from the reaction zone to the remaimng
portion of the body 1s simply

q - QL. (104)

This energy s absorbed by the propellant in the upstream area of the
body in the process of vaporization or

QL,= Yh{Cp(Tb-To)-mHv] (105)

It 15 evident that at some flow rate the energy transferred down the tube

18 less than that required to vaporize the propellant since the maximum
temperature which can be obtained in reaction region 1s the adiabatic flame
temperature of the decomposition reaction. The maximum flow for which
all the fluid 18 vaporized 1s then

Colmo-To)+ak, = QL= 2K (Tw—To)
™ { P( ° ) v} Q ‘ o {106)
or

- ZK(TOS ""-Tb) -
M L‘ \Cp (Tb" Q)"\"AH\;}

(107)
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At flow rates 1n excess of fnm, the flmad will be only partially vaporized
before it enters the reaction zone, while at lower flow rates, the pro-
pellant will be completely vaporized. Employing a thermal conductivity
of 0 004 cal/cm-K-sec and the adiabatic flame temperature corresponding
to an ammoma dissociation fraction of 0 40, the flow rate calculated from
Equation (107) 15 2.0 x 1075 1b_/sec

At low flow rates, we would expect the propellant flow to be
completely vaporized in the upstream portion of the tube and hence,
would have the characteristics of a gaseous feed system while at hagh
flows it would behave as a liquad i1njection systemn This agrees well
with what 15 observed experimentally as 1s shown by the following dis-
cussion At low flows, the propellant feed 1s directly proportional to
the inlet pressure immediately downstream of the propellant control valve
as shown in Fig 47, whereas at higher flow rates, the mass flow 15 non-
inear in the inlet pressure These data were also correlated with an ex-
pression of the form

fn= F P (108)

where the quantity F depends upon the ratio of inlet pressure to
thruster chamber pressure

=
Va2, P’_ ’fy o 1?‘ }&
e GE)(B) (-(B)7) |
‘(_.._2 )z'ﬁ'fn (_‘%)"& %( G S8 (10)
gl

for & =1 30

These expressions are essentially the relationships which define the
compressible gas flow through an orifice The correlation of the mass
flow withethe inlet pressure 1s presented in Fi1g 48 At low flows, 1t
18 seen that
= KF P
m . (111)

A

as would be expected with a gaseous feed system while at high flow rates,
the deviation in the observed flow from that obtained by extrapolation of
the linear portion of the curve increases with increasing flow rate This
deviation 1s believed to be the result of the propellant entering the reaction
zone 1n a partially vaporized condition The instabilities inherent in a
two-phase flow system are well documented(1%: 15) and 1t 15 believed that
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this 1s the cause of the pressure fluctuations observed in the preprototype
thruster,

There 15 additional data which also supports this conclusion During
operation of the preprototype thruster in the powered mode, it was observed
that at any operating point where there were instabilities, increasing the
power input to the heater coil decreases the magmitude of the fluctuations.
Typical recorder traces which demonstrate this effect are shown in Fig 49
Obviously, some portion of the power applied to the coil 15 transferred
to the zirconia and in turn results in an increase in the propellant flow rate
at which two-phase flow first occurs

A second series of experiments were conducted with the preprototype
thruster on a thrust and impulse measuring system The thrust and 1mpulse
measuring system consists of a '"frictionless' inertial table whose angular
velocity 1s measured by a rate gyro The table 1s suspended on a multi-
filament steel cable. The wire 15 mounted to the inner race of a thrust
bearing A servo-torque motor slaves the bearing position to the table
position as a function of the error signal generated by the misalignment of
a polarized light source (on the table) and sensor (on the bearing mount)
Thus, the torque due to the angular deflection of the support wire may
be maintained at a value less than that equivalent to 1 % 10-6 1b force act-
ng at a two foot radius. An artist's representation of the thrust measur -
ng system and its associated vacuum system are illustrated in Fag. 50

The application of Newton's second law to the table results in the

following equation
n

( Fr)n = J8 (112}

n=y
where

F=external tangential force (impulse thrust)
R=radius of tangential component of F
J=moment of inertia of the table

S=rate of change of angular velocity
This measurement system may accommodate any number of torques,
generally, a single torque 1s considered However, couples, as a pair of

yaw thrusters, may be studied individualy or as a couple.

For impulse measurements of a single thruster, equation (12) 1s
integrated once .

te .. (113)
detz I=4(5-9)

ke
t,

76



—r - - b — - -
- ] ' |- : |
]
BRTEARLE 3 (AT el SR Y T oo sy iy oy T e AT (el ,1_‘“1 e e U L LTS 1 e L
i i A Fl TR AR ar SHESARE o] ] DO R IR ] T
i R A ey i R ui,"ﬁ‘g'] it et L ”'lt*“‘ X ﬂlik L
i o ELOW RINTE ot L ] e e !11 o o S g e
EG i T PO RS R 1 1 A VR AR IR Nl iy o
HikhLE T RS TR ,—'Il P R L ‘nuii.
A A AN Ry Ha s T T SRR IE
gl FRSOT L8, [SECIAT 3e0eM Lk 0 L o B T LA r
‘ ] 7L mErLecTION e S PSP b RS
| i tHifst ot OV VAW R A m..a.;.m.l. .a.{..._..:._i.u.u..‘.u:_:. ‘J-uaa.u.uua U N uJ.ur.LJ./[,JL’ P do
uawpeg ¢ N f F l l
Y
vty e b ~n I + / -—
; e {:‘3;.‘ ' & TNLET PRESSURE %
it 10 Te B My /ATM /
i F! i |,l.f' [ r-_-: . “2e0 v fCM y /‘#/ﬂ/ﬂ
| B L g!,ﬂ ulu. ittt =7 vt e
! 4021, bred bt Mk Ut s e At Al A PPy " " a
Sty ! q d W z
NI ‘ﬁlﬁi jfu”'[iﬂ{ R ) ;
Ml r“ = v '
‘) i A.;lc_l._..m_d_ — ¢ - - T IS
i
v ” ] i e P S
1
T T pos vy
i n;fr-,g :.F.{ _p,loi.'-z:r..a pnessuﬁu—: ; ’
; T ,..|.. E_‘....._\:?_C.Mr AT
i | LN ,' s '

4 ! JER ;:T‘ _1] 4T

f i 1 ImEE g =] = . L | e
| g M S s . L
ik SR R L ,|_;,_r-"__ . iuh."{ﬁg:"i
I , ] ™
i i A A I I T D ol ST T ;.J..u' 7‘ bbb o EEE
i P Tl -~
& < i I,
ij_.,:.z rﬁﬁﬁmf“ﬁ_& :"| e ’L:m-rv-rwf‘ F:T;"T]T"_\u,i!fjjini: :v‘ v!. r-n-r"s'rv-—--::-r'[:\a'ﬂ‘rzf{4 A 7 &
e i S el A R ! 1..H, vt "Iﬂ‘ L R R
i TEEhnle T [ [REE | [ T }Lr Bl , "1*- e, T
i e et T R W A A 4 04 . RO C R A
i HEH i R e e M e HitsHb[ el :Hll"“'II' Pl ey A iy t : 1 ilm 1t il )
o it il i'f" |'!|'r'.}-IL!-FT_ TH"‘ i |4 il ‘iL!?f “f"""—4 Y . by ylé}hilﬁ T DI
i e L e g T e e A r“l"l'!l; St e _.'JrL’“! g el [ M
3 e L e N e O R T N T fi
B k! -
i R SRR T I e e R EiN ! 3
iR g ot RS P Rl M R O W | i IR e i
4 S ek o R B =i:n‘: (I s i | S A G AL R N Rl i
i i i iy R R i Tetul AP A s A e efetar iy i
i B i E:' (E i) e ] R M !,‘;‘u: P R LR, LTS { f“gh‘ e i)
e sl R R O T [ R T T A M ;
HE HEH i A IR R i aiiil i s R i
i : R R i RE R RN MR R i i
il 'xuhl 8m’=3Ni\$1N3WﬂHLSNI NYWISET ‘ H . & Yenmenm ’?

Fig 49 Effact oi Power Addition on Thruater Inltabxht:e.s [th=6 0x10-51b m/eec) " 7



8L

(D) resr marrorm
(@) susPenston wire
@ ssrvo LicHT SourcE
(Oservo senvsor
(&)sERvO -FoLLOWER PLATFORM
(®roeque moror
(D)FLEX LEADS INSTRUMENTATION, FOWER
(&)conTROL, INSTRUMENTATION AND POWER
O rumusror assemsLy
(Drorc, Fomer AND SIGHAL CONDITIONING
@VACWM CHAMBER WALL

VACUIM PUMPING SYSTEM
(Drate ovro svsTem

CONTROL LIGHT SOURCE
(DcovTreL LieHr SENSOR
(@577 PrROPELLANT STORAGE Ani FEED SysTEM
(17 Terus ok AssemaLy
(B rurusroe #ssemsLy

Fig 50. Auxihary Propulsion Impulse and System Performance Measurement Facility



The gyro output 1s described by

8= «(E.) (114)

where
E mv = nullivolt output signal
k = proportionality constants

Substitution of equation (114) into equation (113) results in the working

equation for impulse measurements
t

T= ‘;::d{-,.—_- -EUS-(EW—EW)
%, r : ‘

The constant (Jk) 1s deterrmined by calibration tests. The table
1s calibrated by applying known torques to the table and monitoring the
gyro output during a calibration test. The applied force in equation (115)
1s constant so F may be brought outside the integral sign. Equation (116)
describes the calibration test

(115)

- JK Fay Eww (1]-6)
at

where subscript ¢ refers to calibration parameters

Er

<

Rearrangement of equation (116) results in the working equation for
evaluating (Jk) of equation (115)

C= JK= Rn (__e.‘.c_ ) — w7
AE /e

The total impulse delivered per flow valve pulse as calculated from
equation (15) includes all losses due to pressure dependent, specific 1im-
pulse, and nozzle viscous losses. If sufficient pulses are made, the total
variation in impulse bits will include the variation in the plenum pressure
within the deadband limits of the regulator,

It 1s noteworthy to point out some experimentally sigmficant
characteristics of equations(1l3}and(l17). All the parameters of equation
(117) are readily measurable and no compounding of inaccuracies result
from its application to the calibration testing. The time different (At),
and the millivolt difference { A mv), may be determined to within 5%
The mass of the test weight and the moment arm may be determined to
even greater accuracies. Thus, the evaluation of K should be within
1%. The application of equation (115) to the impulse mode of testing re-
sults in a direct measurement of impulse delivered as determaned by a
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voltage difference No further data analysis (as integration of force-
time responses) are required. Thus, good resolution of the desired
parameter, umpulse bit, 15 obtained, Due to the nature of the rate

gyro, frequency response 1s not a limiting factor The 1mpulse
measurement i1s dependent on resolving the difference in angular rate
before and after the application of the impulsive thrust, and not on

the ability of the gyro to faithfully tract the table velocity during the
application of the impulsiveforce Thus, good integrated impulse
resolution 1s obtained at the sacrifice of the detailed thrust-time history.

A schematic representation of a typical gyro output trace is
shown 1n Fig. 51. Chronologically, the following sequence of events
occur during a typical cycle of the gyro output signal At time g,
the thrust delivered by the thruster 1s causing the table to accelerate
in a counter-clockwise direction although the table 1s at rest. At time
t;, the table 1s moving at its maximum velocity and an auxaliary boom
on the thruster engages an elastic bumper which changes the motion
of the table from the counter-clockwise to the clockwise direction,
This 1s accomplished during the period tj to tp During the time be-
tween tp and t3, the table 1s being decelerated at a constant rate by the
thruster The table comes to rest at tume t3 and 1s accelerated towards
the bumper until tzme t4 Referring to equation (115), the thrust is
determined by the slope of the gyro output between times t; and t4. It
1s noted, howewver, that this representation is 1dealized 1n that the gyro
output 1s strictly a linear function of time In actual experiments, how-
ever, the ouitput 15 not exactly linear as 1s shown by the experimental
data 1llustrated in Fig. 52. These anomalies i1n the slope are caused
by extraneous phenomena within the vacuum tank such as recirculation
flow patterns, etc. Since most effects tend to produce a thrust decrement,
it can be argued that the most logical slope of the gyro output curve to use
in calculation of thrust 1s the maximum slope. For the example 1llustrated
in Fig. 52, tlis. amounts to a thrust obtained from the maximum slope which
1s 9 percent higher than that would be obtained from the average slope.

Steady state data obtained with the preprototype thruster are
1llustrated in Fig. 53. Data were reduced using both the maximum and
average slope of the gyro output curve. It 1s seen that the deviation
between the fwo methods amounts to approximately 9 percent. In order
to provade a conservative evaluation of thruster performance, the average
slope method has been adopted for representation of the experimental data

Characteristic velocity and thrust coefficients obtained from ex-
perimental data are depicted in Fig. 54. Characteristic velocity 1s in
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Fig. 52 Typical Experimental Thrust Data
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FIG 54 PREPROTOTYPE THRUSTER PERFORMANCE , STEADY STATE OPERATION
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close agreement with sirmlar data discussed previously Thrust
coefficients were determined from the definition

- ¥
PA;

Cr (118)
where the thrust employed was that obtained from the average slope of
wire table gyro output curve The thrust coefficient was found to remain
relatively constant with a mean value of 1 55 over the entire range of
propellant flow rates investigated If the maximum slope of the gyro
output curve were used to determane thrust, the average thrust coefficient
would be increased to a value of 1 70.

A simmlar series of experiments were performed with a second
preprototype thruster which had the porous insulator indicated in Fig 35
replaced with a solid refractory insulator (lava) such that the characteristic
length of the thrust chamber was identical for the two devices. During
operation of this umt on the thrust table, improvements were made to the
propellant feed system which made 1t possible to increase the propellant
supply pressure from the previous maximum value of 80 psid to 180 psid
Hence, thrust data could be obtained over a wider range of propellant flow
rates (3 x 10-3 to 25 x 10-5 lb/sec). Steady state thruster performance
obtained with this umt 1s 1llustrated in Figs 55,56 Thrust was found to vary
from 5 rllipounds at the mimmum flow rate to 59 milhpounds at the high-
est propellant flow investigated using the average slope of gyro output
signal The corresponding specific impulse increased monitonically
from a value of 160 sec., to 238 sec when propellant feed from 3 x 10-3 1b/sec
Comparison of the performance of the two preprototype thrusters indicate s
that, as expected, the porous nsulator was more effective in reducing energy
losses from the thruster since the lava insulator has the higher thermal con-
ductivity

Pulsed mode operational data were obtained with the preprototype
thruster contaiming the lava insulator for duty cycles varying from 1 to 50
percent duty cycle with a 1 sec thrust period These investigations
were performed with the unit operating in both the unpowered and powered
modes The experiments were performed with this unit since it was ex-
pected that 1t would have a response time which would be considerably shorter
than that of the preprototype containing the porous insulator. In the original
preprototype, steady state nozzle pressure 1s achieved only after both the
thrust chamber and the volume occupied by the porous insulator reach their
steady state values, whereas, with the solid insulator only the thrust chamber
needs to be brought up to pressure to attain steady state

Pulse data were gathered at nominal steady state thrust levels of
9 x 10-3 by and 17 5 x 10-3 1bs. In performung these experiments, the flow
regulating valve was adjusted to give the steady state flow rate required to
obtain the desired thrust level The flow regulating valve setting was main-
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tained in this position during the pulsed mode of operation Typaical
recorder traces obtained in these experiments are illustrated in
Figs. 57-59 Upon examination of these data several phenomena
become apparent, namely,

a) There 15 a considerable lag in the output of the mass flow
measuring system pressure transducer as demonstrated by the long
period required for mass flow signal to return to zero after the pro-
pellant valve 1s shut

b) The time required for the thrust to decay to zero s on the
order of 600 sec.

c} The maximum propellant flow rate during any pulse 1s 1n
excess of that obtained during steady state operation,

Therefore, specific impulse obtained at any duty cycle could be
obtained only after integration of the mass flow rate signal

T, = J,Fdt (119)
Lm dt

where

jpdt = J__...K ( Em\(z" Eww‘ (120)
t Y
Pulse mode operation data are illustrated in Figs. 60-62 for both
powered and unpowered modes of operation in normalized with respect to
parameters obtained at a 50 percent duty cycle. It 1s noted that at each
thrust level the specific impulse obtained decreased qute rapidly with
decreasing percent duty cycle to a value of 40-45 percent of the value ob-
tained at a 50 percent duty cycle This was accompanied by an increasing
integrated propellant flow rate and impulse bit as percent duty cycle was
decreased from 50 percent to 1 percent. The observed drop in specific
unpulse 18 considerably greater than smmilar data obtained with catalytic
hydrazine thrusters (16) For example, it 1s reported that with a
nomninal 5 pound thruster a degradation of specific impulse to 78 percent
and 71 percent of steady state were observed when operating at conditions
corresponding to 4 2 lbf and 2 5 lby with a 0 4 percent duty cycle

A Iimated amount of data were obtained with the preprototype

thruster ope rating with a pulse width of less than 1 sec. These results
are listed in Table III, below
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Table II1
Summary of Short Pulse Dala
Preprototype Thruster, Lava Insulator

Pulse Width % Duty Specafic Impulse Impulse Bat
sec, Cycle sec (Ibg - sec) x 103
oo 100 228 49 x 1072
0 10 10 200 21 x 1072
0.03 3 189 15 x 107>
-3
oo 100 238 59 x 10
0 10 1 180 4 x 1073

Although these data do not provide sufficient defimtion of performance with
short pulses, the degradation in specific impulse 18 considerably less

(Isp =0 75 Ispgg) at a 1 percent duty cycle than that observed with the 1 sec.
pulse.

It 1s believed that the reason for the discrepancy in the two sets of
data can be explained by means of the following hypothesis as to the sequence
of events occurring within the thruster after opening the propellant feed valve

1) At the time at which the propellant feed valve 1s opened, the
propellant feed tube within the thruster has a temperature greater than
the boiling point of the liquid propellant and the pressure within the thruster
18 low As propellant flows down the feed tube, 1t 1s partially vaporized and
the propellant flow rate is relatively low (when compared to that obtained
later in the operating period) since the pressure drop per unit mass flow 15
high for a two phase flow During this period, the temperature of the inlet
tube 1s continuously decreasing until 1t drops to a value below the boiling
point of the propellant In this part of the operating cycle, the specific 1im-
pulse obtamed 1s hypothesized to be close to that which would be achieved in
steady state operation

2) During the second portion of the thrust period, propellant enters
the thruster in the liquid state For given values of supply and thrust chamber
pressure, the propellant feed rate achieved for liquid flow 18 considerably
b1 gher than with a two phase mixture. Hence, there is a rap:d increase in
propellant flow to values greater than that achieved in either the first portion
of the pulse or during steady state operation The net effect of this high flow
rate 1s to partially flood the thruster which results 1n thrust being delhivered
at specific impulses characteristic of partially reacted hydrazine These
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hypotheses are supported by experimental pressure traces obtained
for long pulses (see Figs 26, 27 and 28) whach indicate that steady
state behavior would be achieved only with pulses much longer than
1 sec duration.

3) Following shutting of the propellant feed valve at the end of
the pulse, thrust and thrust chamber pressure decrease to a low value.
However, thrust continues to be delivered as a fluid contained within
the ullage volume between the valve seat and the thrust chamber vaporizes.
During this period, the temperature of the propellant feed tube increases to
attain values in excess of the propellant boilang point until the time at which
the flow valve 1s opened at the start of the next pulse.

This hypothetical sequence of events would explain the difference
between the observed behavior of the thruster when operated with short
pulses (less than O 10 sec.) and long pulses (1.0 sec.) However, it
must remain strictly conjecture since the experimental data cannot be
reduced to 1llustrate thrust as a function of time due to the lag in the mass
flow measuring system signal and the inability of the thrust measuring
system to accurately follow the variation of thrust with time

v Materials Compatibility

In the course of these investigations, several materials problem
areas carne to light, namely

a) The effects of hydrazine vapor and/or decomposition products
on stainless steel at high temperatures

b) The effects of liquid hydrazine storage in stainless steel
lines.

c) The anomalous behavior of stabilized zirconia when employed
as a flow distributor in the hydrazine resistojet.

These problem areas are discussed below.

(1) During operation of the preprototype thruster in the pulsed
mode, it was observed that 1t was impossible to remove the stainless steel
feed line from the porous zirconia tube. The thruster was disassembled
and the injector as Semﬁly was sectioned in the manner shown schematically
in Fig 63, and photo micrographs were taken of the various cross-sections
(Figs. 64-66). In the two photo micrographs, which include both the ceramac
and the metal tube (Fig. 61), degradation of the tube by hydrazine i1s readily
apparent with the amount of corrosion increasing with distance down the tube.
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At the downstream end of the tube, there 1s corrosion of some degree
throughout the entire tube wall, this degradation was accompanied by

a decrease in the inner diameter and an increase in the outer diameter

of the tube This deformation has occurred to such an extent that the

outer surface of the feed line has deformed in those regions where it 1s

in contact with the sourrounding porous ceramic. Downstream of the end .
of the feed tube the porous zirconia appears to be physically simlar to
virgin material (see Fig, 66) with the exception of small pieces of metal

in the passage down the axis of the ceramic It 1s not known whether these
particles were a direct result of chemical attack on the stainless steel or

were produced in the process of cross-séctioning the assembly Since
the pariticular dnit under discussion was used for a total run time in the

vicimty of 10 hours, it 15 apparent that corrosion of stainless steel by
hydrazine can be a serious problem

The mounted specimens shown in these photo micrographs and
a sample of the stainless steel feed line have been forwarded to the
NASA Goddard Space Flight Center for evaluation On the basis of
metallographic examination and microhardness test results, (A7) 14
was concluded that both the inside and outside surfaces of the stainless
steel feed tube were nitrided during operation of the thruster On the
basis of these investigations, it was recommended that Inconel or tantalum
should be employed in fabrication of the feed tube or that the feed tube
be plated to minimize mtriding with gold being the most likely candidate (17)

(2) Operation of the liquid hydrazine feed system 1in these in-
vestigations disclosed that there was a distinct possibility that liqmd
hydrazine 15 slowly decomposed on steel surfaces Evidence as to this
phenomenon 18 as follows It was observed throughout the program that
the response of the flow measuring was far removed from that which would
be expected with a pure ligud system as demonstrated by lags in transient
response of the differential pressure transducer across the flow metering
orifice The slow transient response of the system can only be explained
by compliance within the feed hines in the form of gas pockets, Direct
experimental evidence of gas generation within the system was obtained
from the necessity of periodic venting of the gas lines in the system How-
ever, after venting the lines it was observed that the compliance gradually
increased with time. .

{(3) Anomalous behavior of the stabilized zircomia flow distributor
was observed throughout the program. During steady state operation of
both laboratory and preprototype thrusters, the use of stabilized zirconia
was found to present little or no difficulty except when power addition at
high levels {60-80 watts) was attempted. At the high power levels, the
zircoma tube was found to be cracked upon disassembly of the thruster
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This behavior was attributed to increases in radial temperature gradient
in the thruster and hence, larger thermal stresses in the powered mode
of operation. During pulsed mode of operation, the zirconia was found
to crack with greater frequency probably due to high thermal stresses
generated by the sudden surges in propellant flow rate  Although this 1s
the most likely reason for the observed behavior, the possibility of
leaching of the calcia stabilizang agent by hydrazine should not be eliminat-
ed as the reason for the cracking. Experimental evaluation of a thruster
with a cracked zirconia tube indicated that the cracks did not seriously
effect thruster performance 1n that i1t produced only a 4 percent decrease
in characteristic velocity However, the distinct possibility of ceramac
particles lodging within the thruster nozzle throat with the accompanying
decrease in performance due to nozzle inefficiencies leads to the con-
clusions that a porous metal structured be considered 1n place of the
ceramic The most likely candidate materials for this flow distributor
are Inconel and tantalum  Although the presence of metal surfaces with
the thruster will produce some dissociation of ammoma and hence, will
result in lower specific impulses, it 1s felt that the dissociation can be
minimized by decreasing the residence time within the structure.
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