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'DEVELOPMENT OF A LIQUID-FED WATER RESISTOJET

. W. Earl Morren and James R. Stone
National Aeronautics and Space Administration
Lewis Research Center
Cleveland, Ohio 44135

Abstract

A concept for a forced-flow once-through water
vaporizer for application to resistojet thrusters
was evaluated as an element of a laboratory model
thruster and tested to investigate its operating
characteristics. The vaporizer design concept
employs flow swirling to attach the liquid flow to
the boiler chamber wall, providing for separation
of the two fluid phases. This vaporizer was modi-
fied with a nozzle and a centrally-located heater
to facilitate vaporization, superheating, and
expansion of the propellant, allowing it to func-
tion as a resistojet. Performance was measured
at thrust levels ranging from 170 to 360 mN and
at power levels ranging from 443 W to 904 W. Max-
imum measured specific impulse was 192 sec.

Introduction

This paper describes the progress of a pro-
gram to develop a resistojet system capable of
operation on water propellant. Multipropellant
resistojets, for which water is a candidate pro-
pellant, have been baselined as the low-thrust
propulsion system option for the Space Station.!
Water resistojets have also been baselined for
orbit maintenance duty on the man-tended Indus-
trial Space Facility scheduled for faunch in the
early 1990's.2

The use of water as a resistojet propeliant
for manned or man-tended platforms has a number of
attractive features. Scavenged waste water which
might otherwise have to be returned to Earth could
be used to provide impulse for drag make-up or -
orbit control. Space systems which operate on
water economies could store Tiquid water easily in
small, low-pressure tanks, electrolyze this water
for use in hydrogen/oxygen rockets to perform
high-thrust propulsion tasks, and use water from
the same storage tanks to feed water resistojets
for low-thrust propulsion. Furthermore, the
benign chemistry of water and steam makes it well-
suited to manned systems, where toxicity and con-
tamination are of great importance.

Water was one of the candidate propellants
for a biowaste resistojet system investigated as
part of the Manned Orbital Research Laboratory
(MORL) program conducted during the early 1970's.
Preliminary evaluation of basic components includ-
ing thrusters, steam geperator, compressors, and
pumps was undertaken.?»* The MORL program and the
associated biowaste resistojet technology work was
terminated in the early 1970's.

Recently, a program was initiated to develop
technology for a water vaporizer capable of pro-
viding steam to the multipropellant resistojet
currently baselined in the Space Station propul-
sion system. The water vaporizer designed under
the MORL program was investigated, but rejected in
favor of a new design which is discussed in this
paper. During this technology program, it was
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determined that a simple, integrated vaporizer/
superheater could be built that would serve as a
one-piece thruster. Laboratory model versions of
this thruster were designed, constructed, and
tested to verify the design concept and investi-
gate its operational characteristics. For appli-
cation to Space Station, where both gaseous and
liquid propeliants might be used, a separate vapo-
rizer based on this technology might be of inter-
est. This paper will discuss the basic boiling
theory used to arrive at this design, present a
detailed description of the design, present the
results of performance mapping, and discuss the
characteristics of a l1iquid-fed water resistojet
propulsion system.

Theory

The boiler required for application to water
resistojets is the forced-flow, once-through type,
in contrast to the simpler and more common pot-
type boilers. To integrate with a continuous-flow
propulsion system, the subcooted liquid is con-
verted into superheated vapor in a single pass
through the boiler. Extensive liquid boiling
research was conducted in the 1960's and early
1970's as summarized by Stone, et al.2 For the
reader's convenience, some basic considerations
important to the design of forced-flow once-
through boilers are repeated in this section as
presented in Ref. 5. However, this information
has been condensed significantly to include only
that which is germane to water resistojet design.

Background

During the boiling of a liquid flowing
through a channel, several heat transfer regimes
are encountered. A typical case is illustrated
in Fig. 1. The 1iquid to be vaporized enters the
channel and is heated in the 1iquid phase to the
point where bubble nucleation first occurs.
Nucleate boiling continues until enough vapor is
generated that the resulting increase in velocity
is sufficient to suppress nucleation. Beyond this
point, heat is added to a thin liquid film and
vaporization occurs at the liquid-vapor interface.
Throughout these boiling regimes, liquid is being
entrained in the vapor core. Despite any redepo-
sition of liquid from the core to the film, at
some point there is no longer sufficient 1iquid to
wet the wall. The liquid film breaks down with a
large reduction in heat transfer coefficient,
often more than an order of magnitude. This tran-
sition has variously been termed "boiling crisis,"
"departure from nucleate boiling," and "burnout,"
as well as other names. This film breakdown is
generally followed by a transitional regime wherein
a considerable amount of liquid remains on the
wall. Eventually, only a few liquid droplets
remain on the wall, and most of the heat added
through the wall goes into heating the vapor. It
then becomes difficult to vaporize the remaining
droplets.



To design a forced-flow boiler,
sary to predict the heat transfer and pressure
drop characteristics of each of these regimes.
This problem is complicated by the.wide.variety '

of possible two-phase flow regimes and .by variols

thermodynamic nonequilibria, such as subcooled
boiling and 1iquid droplets in superheated vapor.
It is also very important that the boiler not
interact with other components of the flow system
to produce instabilities. The following sections
describe these problem areas in more detail.

Stability .

. The problem of boiler instabiiity is quite . -
serious in systems using forced-flow once-through
boilers. Such instability leads to poor perform-
ance of the system and can even lead to failure.’
Lowdermilk, et al,® found that flow oscillations
couid cause a large decrease in heat flux:at the
boiling crisis. The instability could be prevented
by restricting the flow upstream of the boiler sec-
tion, thereby decoupling or isolating the boiler
from the upstream liquid leg, which can also con-
tain vapor or gas voids. In this regard, they
found that a compressible volume upstream of the
boiling section had a destabilizing effect. _Simi-
lar results were reported by Aladyev, et al.
Jeglic8 noted three types of instabiiity that may
occur in two-phase flow: interfacial, flow excur-
sion, and oscillation. One important class of -
oscillation instability is that due to dynamic
coupling of the boiler feed system and the sub--
cooled boiling region. .Jeglic and Graced observed
flow oscillations in subcooled boiling. These
oscillations were strongly dependent on the ther-
modynamic conditions existing in the boiler.

Flow Patterns

A multitude of flow patterns is possibie for
two phases flowing concurrently, as is the case in
a boiler. This makes it difficult to develop
reliable correlations of two-phase pressure drop,
heat transfer coefficient, and boiling crisis.

Some of the flow patterns-typically encountered
are shown in Fig. 2. These are only a few; others.
are plug, wave, dispersed, fog, spray-annular,
froth, and rivulet. Most flow pattern studies
have been with adiabatic, two-component sys- :
tems,10-16 ajthough some data exists for diabatic
conditions.!7-24 “These results are generally pre-
sented in terms of flow pattern maps similar to

. that of Baker.!0 .

Heat Transfer

- Although there have been numerous studies of.
boiling heat transfer, there is still no generally
applicable means of prediction available, espe-
cially for high-density-ratio fluids such as low
pressure water. This. is especially true of the
subcooled boiling regime, where nonequilibrium
effects are important, although the subcooled .
boiling heat transfer correlations25-28 give rea-
sonable design.approximations in.many-cases.: Some.
correlations have been proposed for net-quality
(i.e., the steam.quality obtained from an-overall
fluid heat balance assuming thermodgnamic equi]ib—
rium) boil1ng heat transfer.?2

Typica] var1at1ons of the boi]ing heat trans-,
fer coefficient and quality with axial distance
through a boiler are shown in Fig. 3. The heat

At s neces— » ~transfer coefficient is normalized to the all-

liquid value. Boiling heat transfer coefficients
are much higher than the liquid values prior to
the boiling crisis-and then decrease rapidly with

‘distance, eventually reaching a value on the order

of a gas heat transfer coefficient. Three heat
transfer regimes are defined in Fig. 3: the sub-
cooled regime, from the inception of boiling to
zero heat-balance quality; net-quality boiling
prior to the crisis; and the post-crisis regime.

Liquid Film Breakdown

Boiling Crisis:

When there is no longer sufficient liquid on
the heated wall to maintain a continuous liquid
film, the 1iquid film breaks down and a drastic
reduction in heat transfer coefficient occurs.
This transition will be referred to as "boiling
crisis" in this paper. Although the boiling cri-
sis has been the subject of numerous experiments,
analyses, and correlations, there remains much-
uncertainty in predicting the boiling crisis for .-
any particular system. Much of this uncertainty
can be attributed to flow system characteristics
and 1nstab111t1es : ‘

The 1mportance of postpon1ng boiling cr1sis
poses special problems for operation in low-gravity
environments, since insuring liquid-solid adhesion
requires some local application of -an attractive
force (i.e., acceleration or liquid surface ten-
sion). Thé need to maintain proper solid-liquid.
contact can be avoided, however, if the liquid is
heated radiatively. “As an example of the poten-
tial for radiative heating of liquid water,:Fig. 4.
shows an infrared -absorption spectrum for a 0.1 mm
thick 1iquid water film as well as Planck's spec--
tral distribution of emissive power for a black
source at a temperature of 1000 K. From this
plot, it is clear that nearly all of the incident
radiation not reflected at the liquid-vapor inter-
face will be absorbed by a thin film of liquid for
source temperatures on the order of 1000 K. -

Drying of Vapor

In conventional stationary power plants,
erally no attempt is made to vaporize all the
incoming 1iquid. Instead, the vapor and liquid
are separated, and the remaining liquid is recir-
culated. However, compact systems, such as those
for space-use, are usually designed to vaporize
all the incoming liquid. This is the “once-
through boiler" concept. In order :to dry the
vapor, the two-phase mixture is often swirled
within the boiler, thus centrifuging the liquid
to the heated wall, where it can be vaporized.

gen-

This swirl has generally been obtained by
means of inserts, by coiling a tube, or by a com--
bination of inserts and tube coiling. These
approaches-have resulted in varying degrees of’
improvement, as in the mercury boiler.development
programs.3/-40 - These swirl techniques improve
overall performance, but they increase pressure -
drop and tend to promote rivulet flow with its
assoctated problems, such:as.vapor superheat with
liquid sti1l present.37-41 Part of the problem -
may be due to the shear of high-velocity vapor on
the 1iquid, causing the liquid film to be torn
apart. Another method of drying is the crossflow
heat: exchanger, wherein the two-phase flow passes
through a bank of heated tubes on which the liquid
impinges and is vaporized. 2



A more novel approach to producing dry vapor
is to rotate the boiler, as shown schematically in
Fig. 5. A rotating boiler has many.obvious advan-
tages.43-44 It is insensitive to gravity field
and orientation. The liquid-vapor interface is
rather sharp and stable, yielding a steady flow of
both vapor and liquid. Because of the centrifugal
action in the vapor space, the exit vapor should
have low moisture content (high quality). Heat
fluxes considerably higher than for pool .boiling
in the presence of standard gravitational acceler-
ation should be attainable. The use of a rotating
boiler, however, requires moving parts and rotat-
ing seals. The cyclone boiler concept (Fig. 6)
represents an attempt to exploit the benefits of
the rotating boiler without the need for moving
parts. The liquid or two-phase feed mixture flows
into the boiler chamber tangentially in such a
manner that a vortex flow pattern is established,
and vaporizes due to the pressure drop across the
inlet as well as heat applied through the chamber
wall. The 1iquid is centrifuged to the wall, and
s then driven toward the apex of the cone by sec-
ondary flow effects4d augmented by surface tension
and, for some cases, gravity, while the vapor
exits from the top.

Apparatus and Procedure

Vaporizer/Thruster Design

The design concept for a liquid-fed water
resistojet evolved from an initial goal of provid-
ing a water vaporizer to supply steam to a sepa-
rate resistojet. The first concept pursued was
based on the cyclone vaporizer discussed pre-
viously (Fig. 6) and is shown in Fig. 7. Liquid
was injected tangentially into a boiler chamber
through a 0.023 cm diameter hole. The boiler
chamber consisted of a 2.3 cm diameter by 8.4 cm
long cylinder terminated at the liquid inlet end
by a flat cap, and at the opposite end by a cone
of 30° included angle. Heat was added to the lig-
uid through the boiler chamber wail to effect
vaporization. This device proved to be trouble-
some to operate because the liquid film would not
adhere to the wall, and wall temperatures tended
to rise several hundred degrees above saturation
level. This caused significant reductions in heat
transfer efficiency. Even when stable operation
was achieved in the presence of reasonable wall
temperatures, the exhaust products were never of
100% quality (i.e., some liquid droplets remained
entrained in the flow stream). This was probably
due to inadequate flow swirling in the boiler
chamber.

The experiences with the first water vapor-
izer design prompted the installation of a coiled
wire along the inside of the boiler chamber wall
to direct the incoming 1iquid along a spiralled
path. This change insured that the radial accel-
erations induced by the curved flow path could be
maintained along the length of the boiler chamber
wall. Concurrently, it was decided that higher- .
quality steam could be obtained if the heater were
relocated to the center of the boiler chamber.
There, it could operate at temperatures well in
excess of saturation levels, radiate the heat
required for vaporization to the liquid on the
boiler wall, and superheat the vapor as it escaped
the boiler chamber. The coiled heater was wound
around the superheater tube. The superheater tube
contained an insert which increased the Reynolds

Ang, all using a single heater.

number of the flow over that of a simple hollow
tube. A flow-spiralling wire within the flow pas-
sage of the superheater served to throw any stray
liquid droplets entering the superheater toward
the outer side of the annulus (nearest the heater)
to aid in completing vaporization. This device
produced superheated vapor with boiler chamber

-wall temperatures near the saturation level. The

unique features of this design concept were that
it employed radiative coupling between the heater
and liquid for vaporization and convective cou-
pling between the heater and vapor for superheat-
The radiative
coupling was made possible by the fact that lig-
uid water films as thin as 0.1 mm absorb over

90 percent of the incident radiation not reflected
at the liquid surface for source temperatures of
about 1000 K.

Since vaporization and superheating were
shown to be feasible with a single unit, it was
decided to attach a nozzle to the outlet of the
superheater so that the exhaust products could be
expanded to produce thrust. At this point, the
water vaporizer became a water resistojet. A fur-
ther refinement included the addition of six ther-
mocouples embedded in the wall of the superheater
to serve as diagnostic tools as well as inputs to
a power controller. Figure 8 shows a sectional
drawing of the water resistojet.

The laboratory model water resistojet compo-
nents, including boiler chamber, superheater, end
cap, and nozzle, were fabricated from stainless
steel. The heater cable consisted of a nichrome
center conductor wire, a layer of magnesium insu-
lation, and an Inconel sheath which was swaged to
compact the magnesia insulation around the heater
wire. The heater operated at temperatures of
~1000 K.

The laboratory model version of this design
concept employed some features intended to ease
changes in the 1iquid injector channel, heater
size or configuration, and other internal details.
The boiler chamber was formed from two pleces:
the chamber wall and end cap. The liquid injector
channel was located in the end face of the chamber
wall, which was clamped to the inner face of the
end cap by means of two large flanges. The end
cap served as a mounting stage for the solenoid
valve/flow restrictor assembly and the heater/
superheater/nozzle assembly. Figures 9(a) and (b)
show photographs of the water resistojet fully
assembled and disassembled, respectively.

Feed System

The water feed system used to supply the
water resistojet is shown schematically in
Fig. 10. The basic components are the stainless
steel propellant reservoir, a regulated supply of
nitrogen pressurant, a graduated sight glass for
mass flow measurement, and a shut-off valve
between the reservoir and the sight glass. This
system allowed the water resistojet to be supplied
with 1iquid at a relatively constant inlet pres-
sure. The mass flow rate through the system was
controlled by the pressure difference across the
flow restrictor at the inlet to the water resisto-
jet. The chamber pressure within the resistojet
varied significantly under transient conditions,
efther as a result of a deliberate change in oper-
ating conditions, unintended flow or power




perturbations, or instabilities caused by an
improper matching of input power and mass flow
rate. Initially, this caused the mass flow rate
into the water resistojet to vary sufficiently to
send the thruster into an unstable operating .
regime if the input power ‘and feed pressure were
held constant. - This problem was eliminated by
adding a commercialliy-available flow restrictor to
the inlet of the later resistojet. This flow
restrictor was capable of producing highly local-
ized pressure drops of up to 1.6 MPa at flow a
rate of 0.2 g/sec. This flow rate correspond to

a boiler chamber pressure of ~0.5 MPa in the labo-
ratory model water resistojet. Thus even a

10 percent change in bofler chamber pressure would
result in an inlet pressure drop change of-only

3 percent, with a corresponding mass flow rate
change of about 1.5 percent. A solenoid valve
located directly upstream of the flow restrictor
provided for propellant shut-off. The proximity
of the solenoid valve and flow restrictor to the
injector channel minimized the 1iquid volume down-
stream of the valve. It was necessary to evacu-
ate this volume each time the thruster was shut
down before the thrust level dropped to zero.

The water used for all tests was distilled
to remove impurities that might be deposited on
thruster or feed system surfaces. Mass flow rate
measurements were obtained using of a graduated
sight glass. This method failed to expose fluctu-
ations in flow rate which occurred over relatively
short periods (<1 min) due to the batch-process
nature of the measurement. However, calibrations
proved the accuracy and precision to be better
than 1 percent for constant-flow conditions.

Thruster Characterization

The ability to throttle the water resistojet
was a primary design goal of this program. There-
fore, it was necessary to demonstrate the operat-
ing capabilities of this design over as wide a
range of thrust levels and power levels as possi-
ble. Data were obtained for thrust, mass flow
rate, heater voltage and current, feed pressure,
and three heater temperatures for a variety of
operating conditions. Feed pressure was measured
just upstream of the solenoid valve located at the
thruster inlet (Fig. 8). Three heater tempera-
tures were monitored during performance character-
fzation: the first was approximately 0.64 cm from
the inlet end of the superheater, and the remain-
ing two were located ~2.5 and 5.1 cm downstream of
the first (Fig. 8). These temperature measure-
ments were used to diagnose causes of instability
and as inputs to a pulsed dc power controller.
Additional thermocouples were installed on the
cylindrical section of the boiler chamber wall,
but could not be monitored during thrust measure-
ments due to lTimitations on telemetry imposed by
the thrust stand. ) ‘

A typical operating session began with a
brief (<1 min) preheat of the heater to a tempera-
ture of ~800 K. The power level at which this
preheat occurred was higher than the anticipated
equitibrium value due to peculiarities in the
transtent characteristics of the water resistojet.
These characteristics will be discussed in detatl
later in this paper. With the heater preheated,
the solenoid valve was opened to initiate flow.
After the thrust level had stabilized, the power
level was reduced to a value which yielded steady

operation and minimized heater temperatures. Mass
flow rate, thrust, and heater temperature data
were recorded only after all monitored parameters
had stabilized.: .

Test Cell

Thruster characterization tests were con-

‘ducted in a vacuum facility measuring 1.1 m in

diameter by 4.6 m long, and equipped with a mech-
anical blower backed by a rotary piston vacuum
pump. This facility was capable of maintaining
tank pressures below 27 Pa (0.2 torr) during oper-
ation of the water resistojet at maximum thrust
levels. The minimum achievable tank pressure was
about 1 Pa (0.01 torr).

Thrust was measured using a calibrated dis-
placement type thrust stand. The estimated -
uncertainty of the measured thrust values was
<1 percent. This thrust stand has been described
in detail in Ref. 46.

Power was supplied to the water resistojet |
heater by a dc power supply capable of delivering
up to 100 V and 100 A. This power supply was \
operated in a voltage-limited mode curing all
tests. A pulsed dc power controller employing a
heater temperature feedback loop was designed,
constructed, and integrated with the water resis-
tojet, although time constraints did not permit a
thorough characterization of this system.

Results and Discussion

Water Resistojet Performance

The use of water as a resistojet propellant .
differs significantly from gas, primarily due to
the requirement that the fluid undergo a phase
change before useful thrust can be obtained.
Steam table data%/ show that ~0.52 MJ/kg are
required to bring the 1iquid from a storage tem-
perature of 290 K to saturation temperature at a
boiler chamber pressure of 0.4 MPa. Vaporization
of liquid water at that pressure requires an
dditional 2.13 MJ/kg. Although the energy
requirements for preheating and vaporization are
fndividually sensitive to ambient pressure, their
sum is highly insensitive to pressure. Figure 11
shows that for the ratio of electric power to
mass flow rate ranging from 3.5 to 5.0 M3/kg, the
fraction of input electric power required to pre-
heat and vaporize the propellant (the-shaded
region) varies from 76 to 53 percent.. From this,
it 1s clear that the water resistojet must expend
a large quantity of power for preconditioning of
the propellant over its entire operating range.
Still more power must be expended to superheat
the vapor, since expansion of saturated vapor to
a hard vacuum would tikely result in condensation
in the nozzle. The.sum of the fractions of input
electric power dissipated by superheating of the
propellant and thermal losses is shown by the
unshaded region in Fig., 11.

Figure 12 .shows the distribution of {input
electric power utilization within the water resis-
tojet for an operating point in the middle of the
demonstrated range of the test thruster. The
requirements for preheating and vaporizing of the
propellant represent nearly 60 percent of the
total power consumed, while superheating of the




steam accounted -for.only about 20 percent.. The
remaining input power was dissipated in thermal
losses, both radiative and conductive. The dis-
tribution of power shown in Fig. 12 was obtained
by choosing an average set of operating condi-
tions: 270 mN thrust, 180 sec specific impulse,
a mass flow rate of 150 mg/sec, and a power level
of 680 W. The incoming 1iquid was at 290 K. The
input powers required for preheating and vaporiz-
ing are readily calculated using steam table data,
given the mass flow rate. Calculation of the
input electric power expended in superheating the
water vapor involves estimating the difference
between the stagnation enthalpy of the propellant
(immediately upstream of the nozzle) and the
enthaipy of the saturated vapor, then multiplying
by the mass flow rate. The stagnation enthalpy
can be estimated by:

h, « —B-¢ M
2mnp oz

Where =t 1s thrust, Igp fs specific
impulse, m is mass flow rate, ge 1is standard
gravitational acceleration, and npoz 1Is the noz-
zle specific impulse efficiency (defined as the
ratio of the actual specific impulse to that
obtainable from an ideal nozzle with identical
stagnation conditions). The quantity given by
Eq. (1) is also the integral of the constant-
pressure specific heat, Cp, over the temperature
range from 0 K to the stagnation temperature, Tq:

TO
h, = c (T dT e}
(] 0 p

The enthaipy given by Eg. (2) is tabulated as a
function of temperature in_standard tables of
thermodynamic properties,*® so the fluid stagna-
tion temperature may be obtained readily. Deter-:
mination of saturation conditions can be made by
direct measurement of either boiler chamber pres-
sure or the temperature of the liquid in the
boiler chamber. Having established the satura-
tion and stagnation temperatures, the enthalpy
rise from saturation level to stagnation tempera-
ture can be obtained from standard steam tables.
The power required for superheat is then:

Pe -t [h(To) - hg(Tsat)]_ (3

super-
heat

The nozzle specific impulse efficiency used ‘in

Eq. (1) must be assumed. The minimum value for
the water resistojet was probably 0.92, since a
value lower than that would have driven the esti--
mated propellant stagnation temperature to a level
inconsistent with heater temperatures measured
near the exit of the superheater. Increasing the
assumed nozzle efficiency reduces the estimated
stagnation temperature of the.steam and thus the
estimated superheat power. This increases the
estimate of thermal losses, which are obtained by
subtracting the sum of preheat, vaporizing, and
superheat powers from the total power input. The-
uncertainty in the estimate of the superheat power
fraction, and, therefore, the thermal loss frac-
tion, is =3 percent.
by the cross-hatched region separating the super-

This uncertainty is represented

heat and thermal loss slices in Fig. 12. It
should be noted that a nozzle efficiency of 0.92
is higher than published data.for resistojet ,
thruster nozzles,49.30 so the actual losses for
the operating point represented by Fig. 12 are
probably closer to the lower end of the range
shown. The relationship between the fractions of
input power expended in superheating and losses
effects the specific impulse. Higher specific
impulse requires higher stagnation temperature,
which in turn requires a greater amount of super-
heat.- This assumes no significant change in noz-
zle efficiency occurs over the operating range.
This assumption appears reasonable since the
throat Reynolds numbers for the water resistojet
ranged from 5200 to 11 000 and Refs. 49 and 50
indicate that nozzle efficiencies remain relatively
constant over that range of Reynolds numbers.

Thermal losses due to radiation proved diffi-
cult to quantify due to limitations in the temper-
ature measurement telemetry on the thrust stand.
However, temperature surveys conducted in the
absence of thrust measurements indicated that the
outer surface of the boiler chamber typically
operated in the range of 30 K below or above the
saturation temperature for the boiler chamber pres-
sure (Fig. 8 for locations of external thermocou-
ples). The observed temperatures were generally.
lower near the liquid inlet, increasing toward the
point where the cylindrical and cone sections of
the chamber were joined. No temperature measure-
ments were made on the flanges, end cap, or mount-
ing bracket. An estimate of the radiative losses
was made by assuming the entire botler chamber
wall and both flanges were operating at saturation
temperature (about 420 K), the temperature of the
nozzle region was 900 K, and the end cap tempera-
ture was midway between these two values. It was
further assumed that the portion of the heater
cable located outside the boiler chamber operated
at 1000 K. Emittance values for the slightly oxi-
dized boiler chamber wall and flanges were taken
at 0.4, while the more heavily oxidized end cap
and nozzle regions were taken to be black. Con-
ductive losses were estimated by assuming the
mounting bracket temperature fell from saturation
value to room temperature over its 2.5 cm length.
Losses through the propellant feed tube were
neglected due to the large thermal capacity of
the incoming 1iquid acting as a coolant. Applica-
tion of these assumptions resulted in estimates of
1 and 10 percent of the total input electric power
for the conductive and radiative losses, respec-
tively. Still, the sum of these.values is well
below those shown in Fig. 12, suggesting that noz-
Zle efficiencies used in that figure were too high
and/or the assumed outer surface temperatures and
emittances were higher than estimated. Outer sur-
face temperatures could have been higher than
estimated if the walls of the boiler chamber were
not completely coated with 1iquid on their inner
surface. This would increase the radiative gain
of that surface, increasing radiation losses.
Further measurements of external temperatures and
emittances are required to reduce the uncertainty.

Figure 13 illustrates the relation between
measured specific impulse and the ratio of input
electric power to mass flow rate for the water
resistojet. Also shown are isograms for the over-
all efficiency of the water resistojet. This
efficiency was obtained by dividing the measured
thrust power by the input electric power. The



sensible energy of the incoming liquid was
neglected in this calculation since no useful :: -
thrust could be obtained from the propetlant-in
its standard state. The overall efficiency.of the:
water resistojet ranged from 31 to 38 percent, and
tended to increase with the ratio of input power
to mass flow. This trend makes sense because about
50 to 75 percent of the power expended at a given
flow rate goes to preheating and vaporizing the
liquid. Thus any marginal increase in power at-
that mass flow rate would go toward increased
superheating, which would lead to higher specific
impuise. The overall efficiency should increase
under such conditions because efficiency varies
with the square of specific impulse and inversely
with input electric power. This assumes that
increases in thermal losses are negligible, and
that nozzle losses remain relatively constant:
(using the same argument given above regarding
nozzle efficiency). In order for thermal losses
to remain constant, the fraction of the boiler
chamber wall wetted by 1iquid should not change
with the ratio of power to mass flow rate.

Two of the points shown in Fig. 13 appear to
fall out of the relatively tight grouping of the
remaining nine points. The reasons for these dis-
crepancies are not clear from the available data..
More thorough thermal mapping will be required to -
identify the causes. Another characteristic which
merits further investigation is the presence of -
hysteresis in thruster performance. The equilib-
rium heater temperatures observed when approaching
an operating point from a higher temperature were
often as much as 100 to 200 K higher than if the
thruster were brought to equilibrium from-a cold
start or lower-temperature operating point.

Figure 14 shows that the ratio of input elec-
tric power to thrust remained very nearly constant
over the entire operating range at a value of
~2.5 W/mN.- The line shown in this figure does not
represent constant mass flow rate or specific
jmpulse. These parameters increased by 89 and
17 percent, respectively, over the operating range.
Rather, it is simply the locus-of observed thrust
and power combinations over the entire operating-
range.

For a given thrust level, operation at input
power levels significantly below the line in
Fig. 14 result in a condition of unstable thrust
and mass flow rate. The extent to which the water
resistojet could be run stably below the line can-
not be quantified with the available data. The
most 1ikely cause of instability at low power lev-
els is thought to be incomplete vaporization of
the 1iquid within the boiler chamber, leading to
migration of 1iquid droplets into the superheater.
This would cause the superheater temperature to
fall, further reducing the radiative heat transfer
to the liquid on the boiler chamber wall as well as
the quality of the steam-entering the superheater.
Since the superheater operates at temperatures = °
much higher than saturation values; it cannot act
as an efficient boiler. Liquid droplets which *
enter the superheater can, therefore, migrate to
the nozzlie and cause sporadic thrust output or
nozzle clogging. ' - : C

For a given thrust level, increasing the
input power above the 1ine in Fig. 14 increases
the heater temperature. A.desirable heater tem-"~
perature limit for long 1ife, based on the heater

_manufacturer's recommendation, would bé 1000 K. -
“Heater' temperatures above 1000 K-could be tolerat-

ed if the heater materials were changed to plati-
num or some very high-temperature nickel-alloy. -
Little effort was made to operate the thruster at
power levels greater than those required for sta-
bility, since the minimum heater temperatures
required for stability were often equal to-or
greater than the target of 1000 K. Heater temper-
atures tended to-be higher than desired because -
the heater was constrained to fit inside an exist-.
ing boiler chamber, and the surface area could not
be chosen to radiate the necessary power levels at
lower temperatures. 'This problem has been addres-
sed {n the design of a new laboratory model water
resistojet which includes a three-fold increase in
heater surface area over the existing thruster.

Increasing input power above that shown in
Fig. 14 can also lead to excessive wall tempera-
tures. Such a condition is undesirable more from
a thermal loss standpoint than from any material
property limitations or stability considerations.
Operating conditions where large fractions of the
boiler chamber wall are.dry lead to radiation
transfer from the heater to the wall, causing high
wall temperatures and increased-radiative losses
from the thruster. A vaporizer concept which
relies on conduction from the heat -source surface
to the liquid would be sensitive to high surface
temperatures. However, -boiling heat transfer in a
radiatvely-coupled vaporizer does not require
intimate contact between the. 1iquid and wall.: The
radiatively-coupled swirled-flow water resistojet
proved highly tolerant of excessive wall tempera-
tures. For example, a situation was observed dur-
ing one operating session when stable operation was
achieved at very low thrust levels (about 90 mN)
with portions of the boiler wall at temperatures
in excess of 900 K. Recovery from this condition
was a simple matter of increasing the flow rate
while holding input power constant. One possibil-
fty for maintaining a low boiler chamber wall tem-
perature is to utilize the liquid feed 1ine as a
heat:sink by coiling it around the outside of the
boller chamber. 1In this manner, waste heat could:
be used to perform some of the preheating of the
propellant before it enters the boiler chamber.
Care must be taken, however, to avoid localized
overheating, which could cause bolling in the feed
1ine and induce flow instabilities for the -entire
system.

Water Resistojet Transient Characteristics

A system intended for intermittent operation
over a range of conditions must have predictable
startup, shutdown, and quasi-steady state tran-
sient characteristics. The tests of the water
resistojet discussed in this paper were conducted
without: the benefit .of any automated power con-
trol. Thus power levels were varied manually by
changing the heater voltage in response to read-
ings from a.series of thermocouples located on the
heater. This presented particular problems upon
startup. The mass flow rate immediately after
opening of the solenoid valve -was: that correspond-
ing to a pressure drop across the inlet flow
restrictor equal to the absolute feed pressure.

As ‘the incoming fluid vaporized the boiler cham-
ber pressure increased, -causing the mass flow .

- rate to.drop until. it stabilized when the boiler

chamber pressure stabilized. The fact that large
variations in mass flow rate were experienced dur-
ing startup indicates the need for careful power



modulation. This was difficult to perform man-
uvally, since it required the operator to estimate
the initial power requirement as-well as the rate
at which the power.level needed to be reduced to:
avoid excessive . thruster.temperatures. Conse-
quently, completely smooth:startups using manual
power control were a rare occurrence. The solu-
tion to this startup problem was to use an auto-
mated power controller capable of maintaining a
proper balance between power and mass flow rate.
A device was designed that serses the heater tem-
perature and adjusts the duty cycle of a pulsed
dc output signal to maintain that temperature at
or near some preset reference value. Heater
temperature was chosen as the control parameter
because it was relatively easy to measure and
because it provides an indication of the minimum
power level required to sustain operation at given
mass flow rate. An insufficient power level will
result in a sharp drop in heater temperature;
first near the inlet to the superheater tube, then
over the entire heater length. One drawback to
this method of control is that is that no indica-
tion is given of the integrity of the liquid film
on the boiler chamber wall. That is, the power
with which the heater temperature controller
drives the heater may be sufficient to cause dry
spots to develop on the chamber wall, causing
higher radiative losses than are desirable. This
problem could be overcome, however, by program-
ming the reference temperature in the power con-
troller to vary according to the propellant feed
pressure, providing lower heater temperatures at
lower feed pressure (and mass flow rate) levels.
A laboratory model version of such a power con-
troller was constructed and integrated with the
water ‘resistojet. MWhile sufficient time was not
available to perform a thorough mapping, a brief
checkout of this system proved it capable of pro-
viding smooth startup transients.

. Changes in thrust level (quasi-steady state)
were significantly smoother and more predictable
than the initial startup, even without the bene-
fit of automatic power control. Reductions in
thrust level were accomplished by simultaneous
reductions in propellant feed pressure and heater
power in proportions which would maintain the
ratio of power and thrust given by Fig. 14. A
step reduction in feed pressure resulted in a step
reduction in mass flow rate, but thrust lagged by
several seconds due to the volume of liquid
present in the boiler chamber. As this 1iquid
volume was reduced due to the lower mass flow
rate, thrust began to decrease gradually. This
caused the pressure drop across the inlet, as well
as the mass flow rate, to increase. This situa-
tion tended to stabilize in 1 to 2 min. Higher
thrust levels were achieved by proportional
increases in power and feed pressure. The step
increase in feed pressure produced a gradual
increase in thrust level, which lagged the immedi-
ate response of the mass flow rate. As thrust
level increased, so did the boiler chamber pres-
sure. This caused the mass. flow rate to decrease,
which reduced the power requirement to maintain
stable operation. Thus, an increase in thrust
level was analogous to the startup transients dis-
cussed earlier.

CONCLUSIONS

A resistojet capable of operation on water
propellant was designed and constructed in the form

of a laboratory model, and tested to investigate
its operational characteristics. The propellant
input is 1iquid water at room temperature. Tan-
gential injection of the liquid water into the
boiler chamber, as well as the use of a flow-
spiralling wire along the length of the boiler
chamber wall induce radial accelerations which
facilitate separation of the two fluid phases. A
single sheathed cable heater located centrally in
the boiler chamber provides the power required to
preheat, vaporize, and superheat the propellant
before it is expelled through the nozzle. The
heater typically operates at temperatures of

1000 K, and transfers heat to the liquid radia-
tively. The formation of a liquid film on the
boiler chamber wall allows it to operate at satu-
ration-level temperatures, while the internal-
ly-located superheater produces high-temperature
effluent.

The phenomena governing the operation of
resistojets using water propellant differ in sev-
eral significant ways from those of gas- or lig-
uid hydrazine-fed resistojets. Foremost among
these is the fact that water requires copious
amounts of energy to preheat to saturation temper-
ature and vaporize. This is the primary reason
for the low measured values of thrust power effi-
ciency relative to resistojets operating on other
propellants. Thus, it is clear that water is a
poor choice of propellant, unless other system
considerations override. Such considerations
would inciude synergism with other components of
a space system operating on a water economy, ease
of storage of the propellant, and ease of handling
and refueling in a manned system.

Typical gas-fed resistojets can operate with
no power input at all, while water resistojets
require at least enough to vaporize and slightly
superheat the propellant to prevent nozzle clog-
ging due to condensation. The ratio of electric
power to mass flow rate is bounded at the upper
Timit by materials capabilities within the
thruster, regardless of what propellant is used.
However, the water resistojet described in this
paper must operate at combinations of power and
mass flow rate that insure maximum wetting of the
boiler chamber walls in order to minimize thermal
losses.

Start-up transients differ from those of gas-
fed thrusters as well. Gas-fed thrusters are
capable of producing thrust immediately upon
initiation of mass flow, and the relationship
between mass flow rate and input power has no
effect on the stability of the startup. Water
resistojets require preheat time before initia-
tion of mass flow. Then an initial surge of power
greater than the desired equiiibrium value is
required to deal with an inrush of 1iquid brought
on by a relatively large pressure drop across the
inlet when the propellant shut-off valve is first
opened.

The water resistojet described herein has
been demonstrated to be operable over a range of
thrust levels from 170 to 360 mN and at input
electric power levels from 443 to 904 W. Specific
impulse ranged from 164 to 192 sec. The primary
{ssues that remain are the demonstration of an
automated power controller capable of maintaining
a constant heater temperature regardless of thrust
level and the definition of the operating



conditions and thermal shielding necessary to min-

imize thermal losses.

A larger version of the

water resistojet has been constructed which was
designed to operate at higher thrust and power

levels, yet maintain lower heater temperatures.
This thruster will be the basis for the genera-
tion of detailed thermal and performance maps
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TABLE 1.

~ WATER RESISTOJET PERFORMANCE DATA .

.786.

';1790

2240

Feed pressure, kPa . | .756 [ 773871 7744 | 1220 |7 1740|1670 | 1740 | 1720
Voltage, V 46,5: 48 0:[ 46.5°] 47.0 54.5 56.5.|" '58.0°| "58.5 |" 59.7 62.0. | 66.5
Current, A "9.58 | '9.87 | 9.53 9.65 | 11.30 [ 11.70 [ 12.00 | 12.70 | 12.20 }.12.70 | 13.60
Power, W - 445 474 443 |, 454 616 661 696 708 728 787 | 904
Mass flow rate, mg/secw Co.104 104 | 108l T 100 149 |... 169 163 165 164 | 167 191
Thrust, mN : 1700 174 |0 77 181 247 . 272 1. 280" 286 | © 295° 312 360
Spec1f1c impulse, sec .. 167 mn 167.] 183 169 21641 175 CWI7 1.0 183 | . 190 192
Power/thrust, W/mN 2.62 2.72 2.50 2.51 2.49 2.43 2.49 2.48 1 2.47 | 2.52 2.51
Power/mass flow, MJ/kg 4.28 4.56 4.10 4.49 4.13 3.91 4.27 4.29 4.44°( 4.7 4.74
Overall efficiency 0.312 } 0.307 | 0.327 | 0.358 | 0.332 | 0.331 | 0.346 | 0.350 | 0.364 | 0.370 | 0.375
Heater temperature, K - - . oL - ) )
Superheater inlet 875 918 851 1026 898 927 929 858 1098 | 97V 994
Superheater middle 1029 1051 981 1100 1047 1049 1067 1067 N7t | 1582 1181
Superheater exit 1079 1101 |. 1026 1126 1100 867 975 995 1074 1212 1242
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FIGURE 12. - POWER DISTRIBUTION FOR LIQUID-FED WATER RESISTOJET.
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