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Development of a Biowaste Resistojet

CarL R. HaiBace* anp Ronap Y. Yosaipat
The Marquardt Company, Van Nuys, Calif.

The 10-mlb-thrust, concentric-tubes resistojet is being developed for use with biowaste
propellants. The selection of a suitable material for the thruster heater parts is discussed;

platinum-209;, iridium is the present choice.

Emphasis is placed on the problems of carbon

deposition with propellant mixtures containing methane and of carbonyl attack by CO,.
The biowaste resistojets have been strengthened to withstand launch vibration and accelera~
tion loads, and the Mark II model has a trumpet-shaped nozzle with an expansion ratio of 400.
Thrusting performance for methane, carbon dioxide, water, hydrogen, and typical biowaste

propellant mixtures is presented.

Introduction

TUDIES of manned space stations show that some waste

products (e. g., CH,, CO,, H;0, and H,) from the life
support systems will be available for use as rocket propellants
for attitude-control and station-keeping propulsion. The
biowaste propulsion system becomes part of a mass-con-
servative attitude-control system utilizing control moment
gyros.! This paper presents a status report on a program?
to develop 10-mlb-thrust resistojets for this purpose, using
the life-test-proven® concentric-tubes resistojet concept
shown schematically in Fig. 1. It consists basically of an
electric-resistance-heated, 3-pass heat exchanger and a noz-
zle for accelerating the heated gas. The electrical flow is
through the outer case, nozzle, and inner heating elements;
85% of the ohmie heating takes place in the inner heating
element. This design offers the following advantages rela-
tive to a single-tube-type resistojet: high thermal efficiency
for low power consumption, final gas temperature close to
maximum wall temperature for high specific impulse, mini-
mized creep stresses with zero hoop-creep stress in the hottest
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inner element for long life, and a higher-voltage, lower-current
power characteristic, which is desirable. The biopropellants
can include mixtures which range through oxidizing, reducing
and carburizing atmospheres. Thruster design changes
relative to the life-tested thruster include heater material
and adaptation of the structure for launch vibration-accelera-
tion load handling capability.

Heater Material Selection

The concentric-tubes resistojet in the thin-walled, high-
efficiency configuration requires the use of ductile metal
heater elements. The structural geometry in this design
concept is not compatible with the brittleness and poor shock
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Fig. 1 Evacuated concentric-tubes resistojet concept.
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resistance of ceramic materials. Whereas metal coatings
are possible, inspection of assembled heaters is difficult, and
the reliability for lifetimes of thousands of hours would be
low. Metals which protect themselves against oxidation by
generating oxide coatings must be avoided, because the oxide
film will flake under cyclic thermal mechanical stresses and
will be incompatible with the atmospheres whose chemistry
is cycling (oxidizing to reducing to carburizing, etc.). A
heater material selection study for a high-temperature bio-
waste resistojet logically suggests the noble metals. A defi-
nite selection is difficult because of the lack of corrosion data
for candidate materials with the various biopropellant chem-
istries.

Corrosion resistance is a primary selection criterion. Other
considerations include sufficient creep strength at high tem-
perature to withstand thermal-mechanical stresses, sufficient
cold mechanical strength to withstand the launch vibration
and acceleration loads, and fabricability. An electrical re-
sistivity which is high and which increases with temperature
is desirable. A low emissivity is desirable to reduce radial
heat transfer by radiation.

Maximum heater temperatures are most likely dictated by
required corrosion resistance and creep strength. Creep
stress in the inner heater element due to thermal expansion
is kept below 50 psi by an expansion bellows. Vibration-
acceleration induced stresses are most severe in the innermost
heater element when inertia forces are along the thrust axis.
An adequate modulus of elasticity and yield strength are
required for these stresses. Assuming acceptance testing
will be required before launch, yield strength must be suffi-
cient in the annealed condition. KEase of fabrication is de-
sirable. However, experience with the life-tested rhenium
resistojet and with the biowaste resistojet suggests fabrica-
bility is a “take what you get” factor. If a material of suit-
able strength and corrosion resistance can be found, ways to
form and join it will be found.

Electrical resistivity and its temperature-dependence are
important. For a given ohmic-heating distribution, the
innermost heater tube can be relatively thicker if its resistiv-
ity increases with temperature. A material with a higher
resistivity will permit thicker tubes for the same voltage-
current characteristic. Thus, greater corrosion rates would
be allowed for materials with higher resistance or with posi-
tive temperature sensitivity. Differencesin electrical resistiv-
ity need, therefore, to be normalized in terms of geometry if
fair comparisons are to be made.

Although many candidate materials have been considered,
development efforts have concentrated on the noble metals.
The first three biowaste resistojets fabricated had heater and
nozzle parts made of platinum-209, rhodium alloy. This
alloy has sufficient mechanical strength and excellent oxida-
tion resistance, but suffers severe corrosion in the presence of
CO..

A Dbell-jar experiment has been used to evaluate sample
heater tubés. Three samples are tested simultaneously.
The tubes are heated electrically and are exposed to vacuum
on the outside. Typical propellants at 2 to 3 atm pressure
are passed through the tubes. Proper chemistry, tempera-
ture, and flow rate are simulated to evaluate corrosion mech-
anisms while exposing the tube to a hydrostatic bursting
creep stress, In effect, these tests simulate the combined
environments of the innermost and outer heater tubes of the
resistojet simultaneously. Tube samples tested are typically
0.040-in.-i.d. by 0.007-in. wall thickness, simulating the inner-
most element geometry. Pt-20Rh tube samples were found
to fail due to leakage after 500 to 600 hr exposure to CO, with
wall temperatures from 2700 to 2900°R. Rhodium car-
bonyls formed and depleted the rhodium from the alloy
leaving large voids in the tube walls. Thoria dispersion
strengthened platinum was also considered. Although this
material did not suffer from earbonyl corrosion, it was found
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to lack both sufficient mechanical strength and suitable
quality for the present generation of resistojet thrusters.
Dispersion-strengthened platinum alloys should be developed
further for the next generation. Alloys are recommended to
achieve high yield strength and modulus with small additions
of dispersant to achieve greater creep strength.

Platinum-iridium alloy has been chosen for heater-nozzle
parts in the biowaste resistojet. Relative to Pt-Rh, this
alloy offers higher mechanical strength and higher resistivity;
however, it is more difficult to form and machine. Oxidation
resistance is reduced with the addition of iridium in platinum.
Relative to pure platinum and Pt-Rh alloys, oxidation rates
in air increase an order of magnitude for 109 Ir in platinum.
Fortunately, biowaste mixtures do not contain appreciable
amounts of oxygen. Decomposition of oxygen-bearing com-
pounds is only partially complete with the relatively short
stay times in the resistojet.

Carbonyl corrosion of Pt-30 Ir has been evaluated in the
bell jar. A tube sample was exposed to CO, for 706 hr with
a wall temperature of 2800°R. Post-test examination re-
vealed that there was neither significant ecarbonyl corrosion
nor loss of material by oxidation.

Propellant Chemistry Considerations

The biowaste resistojet was operated with mixtures of CO,
and methane. Run times were several hours. For an
equimolar mixture and mixtures lean in methane, thrust
remained constant. Thrust decreased slowly with methane-
rich mixtures, more rapidly as the amount of methane in-
creased. The thrust reduction was attributed to nozzle
throat size reduction as the result of carbon deposition. The
rates of thrust decrease were 0, 0.25, 1.1 and 18.5%,/hr for
CO,/CH, weight ratios of 2.75 (equimolar), 2.50, 2.0, and 0
(pure methane), respectively. An obvious conclusion is that
the more methane in the mixture the more rapid is carbon
deposition. However, tests with sample heater tubes in the
bell jar indicate that carbon deposition phenomena are quite
complex and inconsistent.

Propellant stay times in the thruster are very short: 30,
2, and 0.5 msec in passes 1, 2 and 3, respectively (see Fig. 1).
Temperatures are not significant until pass 2 is reached ; thus,
an effective stay time from a kinetics point of view is of the
order of 2 msec. Tables 1 and 2 present kinetic solution data
for methane and for the equimolar CO,-CH4 mixture. These
solutions are for a gas at relatively high temperature (2600°R)
in a noncatalytic environment. These data show that the
amount of solid carbon formed by thermal decomposition at
2600°R in a few msec is essentially insignificant with mole
fractions of the order of 1075, 2600°R is representative of
the effective gas temperature in the thruster. Thermal
decomposition of methane can become significant at tem-
peratures above 3000°R. Carbon formed in the bulk gas
can subsequently deposit on thruster heater surfaces leaving
an amorphous carbon coating. Of greater significance, how-
ever, is the formation of pyrolytic carbon on the heater walls.
Pyrolytic carbon deposits are the result of an ordered deposit
of carbon molecules and occur when carbon bearing molecules
are adsorbed on a surface and subsequently decomposed
leaving carbon molecules behind.

Intermediate reactions and their kinetics ean be significant
and must be considered. Heater surface reactions are de-
pendent on local molecular velocities which provide a steady
supply of reactants. Gas-stream-directed velocity is much
smaller than the molecular velocities. The directed velocity
does determine the stay time important in defining the degree
of reactions oceurring in the bulk of the gas stream. The
directed veloeity can affect gas-to-wall reactions if diffusion
processes are controlling; however, these are considered to
be of second order. Directed velocity can have an influence
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Table 1 Degree of methane dissociation to solid carbon
at 2600°R and 2 atm

Mixture
lec- .
Eé?rlr)lzed nﬁ;f Mole fractions
msec weight CH., H, Solid carbon
1.262 15.48 0.9064 0.0657 0.79 X 10
4.596 15.01 0.8423 0.1159 0.76 X 10—
12.05 14.70 0.7848 0.1600 0.326 X 10~*

through surface erosion and by transporting reaction products
to downstream locations.

Catalytic activity of heater surfaces affects initial surface
reaction rates. Pyrolytic carbon deposition by decomposition
of adsorbed methane molecules, for example, should proceed
at a more rapid rate with a material having a high catalytic
activity. However, once a molecular layer of carbon is laid
down, carbon deposition should proceed at the same rate for
all heater materials, regardless of catalytic activity. Here,
the decomposition is considered to be the result of gas look-
ing at a carbon surface.

Carbon deposition should be avoided, because long-term
accumulation would present a failure mode. Moreover,
thrust would be affected by nozzle throat deposits, unless
supply pressure were adjusted, and carbon deposits would
increase heater surface emissivity, shifting thermal perfor-
mance to lower efficiency. Carbon deposits can be removed
by operating the resistojet with oxygen-bearing gases. This
introduces an operational complexity which should be avoided.

Bell-jar tests of heater-tube samples are being conducted to
evaluate carbon formation in terms of propellant mixture
composition and tube-wall temperature T. Sufficient data
have been obtained with a CO,/CH, weight ratio of unity to
establish a carbon-formation threshold temperature. Figure
2 shows average pyrolytic carbon deposition rate vs T,.
Both Hastelloy X and platinum-20 rhodium tubes were used.
Three data points establish the threshold 7. to be 1960°R
for the particular mixture. Deposition rate increases rapidly
with T, above the threshold value. The thickest carbon
deposit observed was 0.007-in. for the highest temperature
Pt-20Rh point. The curve fit is conservative to indicate a
maximum expected deposition rate. Although not con-
clusive, the Pt-20Rh data points suggest that carbon deposi-
tion rates are slower for the more catalytically active material.

It was initially believed that no carbon would form with a
mixture having a CO, to CH, weight ratio of 3.0. TFive tubes
were tested with this mixture at temperatures up to 2880°R.
Complete blockage from carbon deposition ocecurred within
48 hr for all five tubes. - Most severe carbon deposits occurred
in regions of lowered 7, rather than at the maximum tem-
perature locations. In the region of high T, small (order of
1 mil) coatings of pyrolytic carbon were noted. At cooler
locations, both pyrolytic and amorphous carbon were found.
A kinetically possible explanation?® for the unexpected carbon
deposits is that CO, reacts with the carbon surface to form an
oxide surface structure. A unimolecular layer of CO is
bonded to the carbon surface and thus activates the surface.
A surface catalysis reaction occurs involving the chemisorp-
tion of methane on the activated carbon with the production
of ethylene. Almost immediately, the ethylene decomposes
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Fig. 2 Carbon deposition rate.

and deposits carbon at the surface site left free of oxygen by
the evolution of water. The overall reaction equation for
this is (CO)* 4+ CH; -~ H,O + 2C 4+ H, The asterisk
denotes the bonded carbon monoxide molecule which forms
as follows: CO, + C— (CO)* + CO.

The water that forms offers a potential carbon stripping
reaction, given by HyO + C & CO 4+ H,. One of the tubes
examined had a pyrolytic carbon deposit thickness which
increased rapidly in the direction of flow and then decreased.
A longitudinal section of the tube revealed a venturilike
channel remained. The carbon-stripping reaction may have
caused this. The venturi effect has been observed by Clark*
with pure methane, and he suggests another possible mech-
anism for this phenomenon.

Thruster Design

Two configurations of the 10-mlb thrust biowaste resistojet,
Mark I and Mark II, have been fabricated. Mark I heater
elements were fabricated in Pt-20Rh alloy. Noazzle geometry
is identical to the life thruster and is nonoptimum for the
biowaste propellants, having a nozzle exit-to-throat area
ratio € of only 32. Nozzle Reynolds numbers are higher with
biopropellants than with hydrogen, suggesting that a higher
€ be used.

Figure 3 shows exterior views of the Mark II thruster,
which weighs 0.6 1b and has heater and nozzle parts made of
Pt-20 Ir alloy. Design features are best described with
reference to Fig. 1. The Mark II thruster has improved
structural strength to withstand launch vibration and ac-
celeration environments. Thermal energy distribution has
been improved by increasing the pass 2 channel flow area and
by tapering the wall thickness of the innermost heater ele-
ment. A trumpet-shaped exit nozzle provides improved
performance with the highly viscous nozzle flow, as well as
increased structural rigidity between the inner heater element
and outer case. Geometrically, ¢ ~ 400. The trumpet-
shape effects a rapidly increasing divergence angle to an
included angle of 70°. The effective area ratio is ~100.
Nozzle throat entrance radius is relatively sharp per the
recommendation of Rae.* Some radius is desired to minimize
throat size changes due to erosion.

A thermal dam is used in gas pass 1 to minimize longitudinal
heat conduction from the hot heater tubes. The dam consists

Table 2 Degree of reaction of an equimolar mixture of CO; and CH; at 2660°R and 2 atm

Elapsed Mixture Mole fractions
time, molecular Solid
msec weight CH, CO, CO HO H, carbon
1.0 29.56 0.4638 0.4845 0.0078 0.0078 0.0219 0.27 X 10-8
4.1 28.87 0.4271 0.4649 0.0158 0.0158 0.0515 0.70 X 10~®
10.0 28.39 0.4007 0.4518 0.0209 0.0209 0.0734 0.27 X 10~
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Fig. 3 10-mlb-Mark II resistojet.

of a thinner wall section for a short distance to increase ther-
mal conduction resistance. Ohmic heating increases in the
thinned section and is a tradeoff consideration in sizing the
dam. The thermal dam results in reduced temperature at
the expansion bellows permitting projection of the bellows
further into the thruster heater cavity. This reduces overall
length considerably and improves the strength of the thruster.
Instrumentation is included in the Mark IT design to measure
the resistance of the innermost heater element. This will
provide a power control signal and permit operation of the
thruster closer to maximum design temperature.

Three Mark II thrusters have been fabricated. One will
be subjected to vibration and acceleration loads after hot-
firing to simulate an acceptance test prior to launch. The
other two will be used to document thrusting performance on
various biopropellants.

Thruster Performance

Figure 4 shows expected power requirements and specific
impulses vs chamber gas temperature T, entering an assumed
optimum expansion nozzle, i. e., a nozzle with a geometry
which maximizes the product of nozzle viscous expansion,

600

r / ‘\M‘HZ
S
L
't‘n"_ 400 / e . 80 CHg/20 Hp
w
g / // CHq
Z 300 */ - T B [V
Q H20
5 e %/_// 34 CH4/66 003
5 200 - B e — e -
@ P /¢ | __—co,
/é — T T |
100 P | . ‘
150
\ /_F\Hz
125 5 ; NH3
w LIQUID H20
g 0 A ! //8:)Qcm/zzo Hy
= - cH
= / // .
=
E 751 ,,,,,74,,,, o
;—J; // 34 CH4/66 COp
E 50 f ! / _..<7<coz
25 / ]
. i

0
400 800 1200 1600 2000 2400 2800 3200
GAS TEMPERATURE, °R

Fig. 4 Performance of 10-mlb resistojets-P, = 2 atm.

J. SPACECRAFT

THEORETICAL Isp = 720\/2/MW

Y=133. 0 H2
Q 133, & 90 Hy /100,

700 131, ¢ 758C0,/24 2 Hy ]
132, O NH3
126, &3 90 CO/10 Hy

600 1.26, O 815 C0,/9.2 Hy/9.3 Hp0 —
1.20. OH20
116, & €02

112, @ 34 CH4/66 COp UNREACTED —

IDEAL 500 U N
FROZEN \
FLOW

i 110. # CHq UNREACTED
N 119. 4 80 CH4/20 Hy UNREACTED
SPECIFIC 400 - BN 123, .CH4.REACTED —
IMPULSE 300 EtZJ
- |sp -SEC L \N .
\\~\
200 o - -
CHAMBER TEMPERATURE = 3000°R(1667°K) ~ -
CHAMBER PRESSURE = 1 70 2 ATM. ™~
1005 4 6 810 20 20 60

MOLECULAR WEIGHT - MW

Fig. 5 Ideal frozen flow specific impulse correlation.

and divergence efficiencies for a specific T, and propellant.
The electric power requirements shown apply specifically to
this resistojet heater concept, with appropriate heater effi-
ciencies applied. For liquid propellants, a pre-evaporator is
required; therefore, the power requirements shown for liquid
water in Fig. 4 include losses for an electric pre-evaporator.
A pre-evaporator suitable for operation in a zero-g environ-
ment is being developed for this resistojet. Thermal efficien-
cies in the high nineties have been demonstrated for a proto-
type evaporator. If steam is available, from a waste heat
evaporator, for example, the electric power requirement is re-
duced significantly. For steam received at 735°R, for in-
stance, the required-power curve would fall about % of the
way from the CO, to the 34CH,/66CO. curve.

Equilibrium chemistry is assumed for the Fig. 4 curves,
except for methane-bearing propellants. Nonreacted chem-
istry is assumed and is appropriate for the CH,, 80CH.,/20H,,
and 34CH,/66CO, curves. For the biowaste resistojet tem--
peratures, the degree of equilibrium decomposition of Hp,
H,0 and CO, is not significant with mole fractions of the
decomposition products less than 1073, The corresponding
Fig. 4 curves are, therefore, realistic. The NHj curves are
for equilibrium chemistry, which is not necessarily realistic.
Ammonia does decompose at biowaste temperatures, but the
degree of reaction is not certain. At the high temperature
end the NH; curves are considered to be close to realistic.

The resistojets being developed are capable of achieving
TJSs to 3000°R. A T, of 2700°R is recommended, however,
for long life. Thus, expected I,, ranges from 160 sec for
CO, to 570 sec for H;. While methane offers better than 300
sec at full operating temperature, this performance cannot
be practically utilized because of the carbon deposition prob-
lem. Assuming a threshold 7, of ~1960°R resulting in a
T, of 1800°R will apply to the propellants containing methane,
then an I, of 230 sec appears possible with methane. If
the resistojet is always to flow methane and T, is limited to
~2000°R, materials other than noble metal alloys can be
used. The present program is directed toward the develop-
ment of a thruster for all biopropellant possibilities.

Figure 5 presents a simplified correlation of ideal-frozen
fow-I,, vs propellant molecular weight MW at T, = 3000°R.
Theoretically, I, = (T,/MW)Y2 This relationship follows
from the limiting velocity corresponding to an infinite expan-
sion to vacuum and the assumption of perfect gas. The
specific heat ratio y is considered constant in the derivgt@on
of this proportionality. In Fig. 5, those cases not containing
methane correlate rather well as shown by a solid curve fit.
Although v is not constant for these cases (open symbols),
decreases consistently with increasing MW. Thisis reflected
by the systematic deviation away from a theoretical corrgla-
tion shown as a dashed line referenced to the hydrogen point.
Note that typical eases involving methane (solid symbols)
do not correlate well with the open symbol cases. Reacted
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Table 3 Mark I biowaste resistojet experimental
performance summary

Propellant F, g (mlb) I, sec Po,w i
Air 4.39 (9.7) 158 53 0.54
H,0° 5.45 (12.0) 212 94.5 0.45
CO, 6.48 (14.3) 133 87 0.43
CH/* 2.63 (5.8) 232 71 0.38
CH/ 4.46 (9.85) 185 63 0.51
72 CO, 4 28 CH, 5.10 (11.25) 176 94.5 0.42
67 CO. + 33 CH, 5.07 (11.2) 182 94 0.43

a Qver-all total power efficiency, n == (F X Isp)/20.8 (P¢ + P;) where F =
thrust, g; Isp = specific impulse, sec; Pe = electric power, w; and P; = pro-
pellant power at inlet, w.

¥ Thruster supplied with steam at 775°R from pre-evaporator.

¢ Thrust slowly decreasing due to carbon deposition.

¢ Thrust constant at lower operating temperature.

methane falls low in I,,; whereas the unreacted methane and
methane mixtures fall high. This is the result of a particu-
larly high specific heat relative to other gases on a molecular
weight basis. For a given T, unreacted methane contains
more available energy than other gases at the same MW and
hence delivers a higher I,,. The reacted methane point is
low because of the large amount of dissociation energy lost in
the assumed frozen nozzle flow.

Thrusting tests are in progress on the Mark II biowaste
resistojet, but data are not yet available. The Mark I bio-
waste resistojet has been operated with several typical bio-
waste propellants. High-gas-temperature performance data
are summarized in Table 3. The Mark I thruster has a non-
optimum nozzle and falls below expected optimum thruster
performance. Over-all efficiencies listed in Table 3 are based
on total input power. The overall total power efficiency is
the useful axially-directed power leaving the thruster nozzle
ratioed to the sum of the electric and propellant power put
into the thruster.

Gas temperatures are not measured directly in the small
10-mlb resistojet. Rather, gas temperatures are estimated
from energy balance and mass continuity calculations. In
addition, an optical pyrometer reading is obtained for the
outside of the heater at the strut connector end by viewing
through the expansion bellows along the thruster axis. This
surface temperature can be correlated to gas temperature.
For the Table 3 data, T,’s are estimated to vary from 2400°
to 2900°R. The 9.85-mlb CH, data point is an exception,
with an estimated T', of 1600° to 1900°R. The thruster was
operated at the lower temperature to avoid carbon deposition.

Figure 6 compares Mark I resistojet data using the I, vs
MW correlation. An arbitrary theoretical I, curve is indi-
cated by a dashed line. The experimental data curve fits
show the same deviation trend from the theoretical as for the
ideal performance presented in Fig. 5. Note also, that the
methane data point, corresponding essentially to unreacted
flow, is relatively high, as predicted. This correlation tech-
nique offers the potential for determining whether methane is
being decomposed or not. Recall from Fig. 5 that reacted
methane performance falls below the theoretically expected
performance when plotted at the corrected molecular weight.
If a nonreacted molecular weight were assumed, the reacted
point would fall on the theoretically expected curve still in-
dicating clearly a reacted condition. To use this technique,
it is necessary to operate a thruster at the same temperature
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with propellants having different molecular weights (e.g.,
H,, Hy0, air, and CO,) to establish baseline curves.

Conclusions

Resistojets with sufficiently high efficiency can satisfy
attitude-control and drag-makeup propulsion requirements on
manned space stations utilizing biowaste propellants. The
10-mlb-thrust, concentric-tubes thruster described herein can
be scaled-up to match specific space-station requirements.
The need for corrosion resistance at high structural tempera-
ture requirements in biowaste chemistry environments has
directed attention to the noble metals for thruster heater
parts. Presently, Pt-20Ir alloy is being used, because Pt-
Rh alloy is susceptible to carbonyl corrosion in the presence
of CO;. The heater material also must have sufficient cold
strength in the annealed condition to withstand launch vibra-
tion and acceleration loads, and adequate creep strength for
thousands of hours of high-temperature operation.

The biowaste resistojet is expected to provide specific
impulses ranging from 160 sec with CO, to 570 sec with Ho,.
These values correspond to heater element temperatures
selected to provide a large temperature margin and assure
long thruster lifetime.
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