The Institute of Space and Astronautical Science
Report No. 613, September 1984

An Experimental Study of Spray Thruster

By

Takao Dol, Seiichi YAsupbA and Ryojiro AKIBA
(June 15, 1984)

Summary: The forced evaporation of liquid is employed to produce working fluid for a
thermal thruster system called “Spray Thruster.” The experimental model of spray thruster
has been tested in the wide range of the mass flow rate using Ethyl Ether, Pentane and
Furan. The spray thruster is operated well in a vacuum environment without any energy
additions. The exhaust stream consists of vapor containing droplets, the mass fraction of
which is in the range from 0.8 to 0.9. The Isp reaches 28 seconds at the propellant tank
temperature of 20°C for Ethyl Ether. The analysis of the nozzle flow shows that an equilib-
tium flow model and partially frozen flow model explain properly the measured thrust per-
formance in the small and large mass flow rate operations, respectively. The effects of
chemical properties of propellant, nozzle scale, propellant tank temperature and structural
mass of the system on the thrust performance have been investigated in detail to obtain the
fundamental design aspects.

Key Words: Spray thruster, Evaporation process, Relaxation phenomena, Equilibrium
flow model (EFM), Partially frozen flow model (PFFM)

NOTATION
A: nozzle cross sectional area
A,: nozzle cross sectional area at throat
a: sonic speed
a,: coefficient in Q,
b,: coefficient in Q,
O discharge coefficient
C,,: drag coefficient of particle (droplet)
Cp: thrust coefficient
C,: heat capacity of liquid (droplet) phase
C,.: heat capacity of gas (vapor) phase
C,: discharge coefficient in a Venturi flow meter
C*; characteristic velocity (C*=A,P,/m)
C;: coefficient in Q,
D,: throat diameter
E,: total enthalpy
F: thrust
g: gravitational acceleration
h,: enthalpy of gas (vapor) phase
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enthalpy of liquid (droplet) phase

effective specific impulse

specific impulse

mass fraction of liquid phase

mass fraction of liquid phase in an evaporation chamber
axial length of evaporation chamber
characteristic length of evaporation chamber (L*=V,/A,)
equilibrium Mach number

partially frozen Mach number

particle (droplet) material density

mass flow rate

evaporating mass flow rate per unit area

Nuselt number

pressure

Prandtle number

saturstion vapor pressure

tank pressure

differential pressure

latent heat of evaporation (function of temperature)
gas constant

Reynolds number defined by Eq. (A1-9)

throat Reynolds number

radius of particle

allowable tensile stress

temperature

temperature in an evaporation chamber
temperature at critical point

temperature at freezing point

temperature in a propellant storage tank
velocity

characteristic velocity (U,=+'RT,)

droplet frozen velocity

characteristic velocity of auxiliary thruster system
volume of evaporation chamber

total mass of a rocket system

Weber number defined by Eq. (3-59)

propellant mass of auxiliary thruster system
payload mass

structural mass of auxiliary thruster system
structural mass of propellant storage tank

axial nozzle length of supersonic portion

axial coordinate

inner radius of evaporation chamber

inner radius of nozzle wall at initial line for computation of PFFM
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Y,: throat radius

Y: radial coordinate

7: specific heat ratio

e: areal expansion ratio

Nsrt thrust efficiency of spray thruster

Kg: coefficient of heat transfer by conduction in gas phase

Kyt coefficient of heat transfer by conduction within a droplet

7% viscosity of gas (vapor)

y: frequency of chugging

o: density

Ow: density of tank wall material

g surface tension

Tyt time constant of breakup

T,: time constant of heat transfer by conduction

Tyt time constant of heat transfer by convection

Tt time constant of momentum transfer

T,: time constant of mass transfer

D: evaporating mass flow rate per unit volume
subscript

0: state in an evaporation chamber

e: equilibrium flow

ex: nozzle exit

f: partially frozen flow

L: liquid state

max: maximum value

p: particle (droplet) phase

s: saturation equilibrium

t: state in a storage tank
superscript

* non-dimensional value

1. INTRODUCTION

Evaporation is driven mainly by the difference between the vapor pressure and the
saturation pressure. Therefore exposing liquid into a vacuum environment results in
strong evaporation, and the vapor-liquid or vapor-solid mixture is produced. The
subliming solid rocket [/,2] and vaporizing liquid rocket [3, 4] utilize the evapora-
tion process to produce gaseous working fluids. These thrusters are attractive as aux-
iliary propulsion systems due to the mechanical simplicity, low structural mass of the
systems and storability of the propellants. They need, however, external heat sources
to maintain the initial thrust magnitude. Their applicability is generally limited to
the millinewton thrust range.

The working fluid is pure vapor in the subliming solid rocket and the vaporizing
liquid rocket. The vapor stream in the nozzle has been investigated by many research-
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ers [5, 6, 7]. It has been shown that nucleation and condensation occur in super-
sonic flow region and that small droplets appear in the flow field. Since the droplet
diameter is generally smaller than 0.1 um [5], the existence of these small particles
seldom influence the thrust performance.

Relaxation phenomena between gaseous and condensed phases are momentum
transfer, convective heat transfer, and mass transfer. Conductive heat transfer also
exists within a droplet. Momentum and heat transfers have been the subject of many
studies [8], especially in the case of the nozzle flow of metallized solid propellant
rocket motors [9, 10, 11]. Since the particles which appear in such a flow field are
oxidized metal particles, typically Al.:O; (Alumina), mass transfer between the
phases is negligible. The combined mechanism of mass, momentum and energy
transfer in multi-phase flow has been studied by few investigators.

Various relaxation phenomena including mass transfer have been treated in detail
by Marble [/2]. According to his analysis, the time constant of mass transfer is
much smaller than those of the other relaxation processes. Since the mass transfer is
driven by the difference between vapor pressure and saturation pressure, it means
that saturation equilibrium is established in such a mixture flow field. Glenn [13, /4]
numerically investigated the radial source flow of droplets expanding into vacuum.
His computation showed that the evaporation process provided a sonic surface
through which supersonic flow was attained. According to a practical point of
view, the expansion phenomena of liquid into vacuum become important in such
problems as propellant leakage from the tank and unusual behavior of liquid pro-
pellant rocket motor after misfiring in a space environment. However only qualita-
tive works have been carried out experimentally by Mikatarion and Anderson [/5].
Up to now, no positive application of liquid expansion into vacuum has been pro-
posed.

In the present study, a proposal is made for a thruster system which produces
thrust by accelerating a mixture of vapor and condensed phase through a nozzle.
The principal advantages of this thruster are considered to be the wide range of
the thrust level and the simplicity of the system. The thrust level is two or three or-
ders of magnitude greater than those of the subliming solid rocket and the vaporizing
liquid rocket. The present thruster system is very simple, because it does not need
an external heat source nor a vapor-liquid separation mechanism. The simplification
of the system brings higher reliability, mass and cost reductions. The present thruster
can be called “Spray thruster,” since it exhausts vapor-liquid or solid mixture like
spray. The liquid propellant is injected directly into the thrust chamber, and then
atomizes and evaporates. So the thrust chamber is named “Evaporation chamber.”
Since the latent heat of evaporation is transfered from the enthalpy of the injected
liquid, the temperature of the liquid propellant stored in the tank remains constant.
The working fluid is a mixture of vapor and droplets, the diameter of which is con-
sidered to be greater than 1 ym. Hence, the thrust production mechanism in the spray
thruster is rather complicated due to various relaxation phenomena between vapor
and liquid phases.

Let us consider the thermodynamic process of thrust production in order to under-
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An Experimental Study of Spray Thruster 5

stand the characteristics of the spray thruster more clearly. A P-V diagram and T-S
diagram for a typical thermodynamic substance are shown in Fig. 1-1 and Fig. 1-2.
The solid line on the left side of the critical point is named the “saturation liquid
line,” and the solid line on the right side is named the “saturation vapor line.” The
broken line represents the constant liquid mass fraction. The expansion process
of working fluid in the vaporizing liquid rocket is expressed by the path from state
C to state D. Since the state of liquid stored in the tank corresponds to state A, an
external heat source is necessary for the change from state A to state C. In the
spray thruster, the expansion process is described from state A to state B. Both the
path from state A to state C and the path from state A to state B are in the wet re-
gion. The shadowed domain indicates the magnitude of thrust. It is seen that the
large difference between the spray thruster and the vaporizing liquid rocket opera-
tions is the magnitude of the liquid mass fraction. Effects of relaxation phenomena

CRITICAL POINT ’ CRITICAL POINT

Fig. 1-1. T-S diagram. Fig. 1-2. P-V diagram.

ON-OFF VALVE INJECTOR
LIQUID PROPELLANT

_ . — > _E>‘ VAPOR
R \\A Ko DROPLETS

1 ) L J L

STORAGE TANK EVAPORATION NOZZLE
CHAMBER
Fig. 1-3. Conceptual model of spray thruster.
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on the thrust performance, then, become important in the spray thruster due to the
large mass fraction of the liquid phase. Itis also clearly shown that the liquid phase
cannot evaporate completely through the isentropic expansion process.

Figure 1-3 shows a conceptual model of a spray thruster. The propellant fed from
the pressurized tank is splashed through the injector into an evaporation chamber,
in which some amount of liquid is evaporated. The temperature in the chamber is
lower than in the tank, because the latent heat of evaporation is transfered from the
enthalpy of the injected liquid phase. Since the time constant of evaporation process
is generally very small, the chamber pressure is equal to the saturation vapor pres-
sure. Therefore the thrust of spray thruster is approximately expressed by

FZPS(TO)'AU (1_1)

where F is the thrust, P,(T,) is the saturation vapor pressure corresponding to the
evaporation chamber temperature T, and A4, is the throat cross sectional area. The
above equation is useful to evaluate liquid property, operational temperature and
throat cross sectional area under a given thrust magnitude.

In order to clarify the characteristics of spray thruster performance, an experi-
mental study has been carried out in Chapter 2. Based on the experimental results,
the nozzle flows in the spray thruster have been theoretically investigated in Chap-
ter 3. Two limiting models, “Equilibrium flow model” and “Partially frozen flow
model” are examined in detail. In Chapter 4, the experimental results are compared
with simulation results of the flow models, and the thrust performance characteris-
tics are discussed. The effect of design parameter is also examined using the two the-

oretical flow models.

2. EXPERIMENTAL STUDY OF SPRAY THRUSTER

Thrust performance of spray thruster is experimentally studied in this chapter.
Spray thrusters have conventional configurations, which are composed of an electro-
magnetic valve, injector, evaporation chamber and convergent-divergent nozzle.
Operational characteristics are investigated in the wide range of propellant mass flow
rate. The thrust range of the present thruster is on the order of 1 N.

2—1. Properties of Liquid Propellant

Since a spray thruster utilizes the evaporation process of liquid to produce thrust,
any liquids with vapor pressure are available as the propellant in principle. How-
ever it is necessary to consider the suitable properties of liquid in order to provide
reasonable thrust level and specific impulse. The following features will be preferable.

Large heat capacity and small latent heat;

Latent heat of evaporation is transfered from enthalpy of the liquid phase, so that
a large heat capacity and small latent heat are necessary in order not to decrease the
working fluid temperature.
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Low freezing point,

Thrust is very small when the working fluid temperature is close to the freezing
point because the vapor pressure is very low in this range. In the preliminary experi-
ment with use of 80°C water, an ice plug was formed at the exit of the nozzle and
blocked the vapor flow. Therefore a low freezing point is also a necessary condition
for high thrust performance and smooth operation.

Proper vapor pressure;

It is also necessary to select a liquid with a reasonable magnitude of vapor pres-
sure, since the vapor pressure is one of the principal factors to determine the thrust
level as indicated in Eq. (1-1).

Properties of various kinds of liquids are shown in Table 2-1. It is seen that latent
heat of evaporation tends to increase with decreasing the molecular weight in gen-
eral. Propane has been noticed to be an excellent propellant for the vaporizing liquid
rocket due to the low latent heat of evaporation and low molecular weight [3]. It

Table 2-1. Properties of liquid [30, 31, 32].
Name Molecular  Critical ~ Freezing  Boiling C,at25°C (Q; at 0°C
Weight Temp. (°C) Temp. (°C) Temp. ¢C) (J/(gK)) d/g)
Propane CgHj | 441 96.8  —187.7 —42.1 0.15 33
Butane C.H;, 58.12 152.0 —138.4 — 0.5 0.15 33
Pentane C;H;, 72.15 196.6 —130.0 36.1 0.14 20 at 36
Ethyl ether (C;H;),0 74.12 194.6 —116.3 34.5 0.13 23
Ammonia NHj 17.03 132.3 — 771.7 —33.3 0.26 72
Furan CH,O 68.07 213.8 — 85.6 31.4  0.096 23 at 23
Water H,0 18.0 374.1 0.0 100.0 0.24 143
Hydrazine N,H, 32.05 380.0 0.4 113.5 0.17 72 at 114
Methanol CH,O 32.04 240.0 — 93.9 65.2 0.15 69 at 15
Freon 11 CCLF 137.37 198.0 —111.0 23.8 0.050 11
Mercury Hg 200. 37 — — 38.9 356.6  0.0079 at 25 16 at 358
Table 2-2. Evaporation properties of liquid [30, 31, 32].
ETHYL ETHER PENTANE FURAN

a; cal/g 104. 41 118.31 107.27

b; cal/(gK) 0.0784 0.1168 0.0784

¢; cal/(gK?) —0. 0004 —0. 0008 —0. 0004

A 6.985 6.852 6.975

B 1090. 64 1064. 63 1060. 85

C —42.0 —41.2 —45.5

Qi=a+b;T+c,T?, cal/g
s=exp[4—B/(C+T)], mmHg
T: Temperature, K
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is, however, slightly difficult to handle Propane because it is in gaseous state at room
temperature.

In the present experiment, Ethyl Ether, Pentane and Furan are chosen, since all of
them are in liquid states at the standard condition and have relatively high vapor
pressure. The evaporation properties of these liquids are given in Table 2-2. Chemi-
cal and physical properties of Ethyl Ether and Pentane are similar. As for Furan,
the heat capacity is smaller than those of Ethyl Ether and Pentane.

2-2. Experimental Apparatus
2-2-1. A spray thruster

The experimental model of the spray thruster has a conventional configuration
which is composed of an electromagnetic valve, injector, evaporation chamber and
convergent-divergent nozzle. The schematic configuration of spray thruster is shown
ir. Fig. 2-1.

The electromagnetic valve manufactured by Sterer Eng. & Mfg. Co. is operated
in DC 24V. The response time for ON-OFF control is about 30 msec.

Two kinds of evaporation chambers were constructed. Both types are cylindrical.
The inner diameter of the chamber is 20 mm for type-1, and 30 mm for type-2. The
axial length of evaporation chamber can be varied by replacing spacers with various
axial length. The spacers are made of either Stainless Steel or Teflon. The Teflon
spacers have higher capability of thermal insulation, but any differences were not ob-
served in measurement data obtained in the use of Stainless Steel and Teflon spacers.

The injector fills the role of both regulation of mass flow rate and atomization of
propellant. The propellant was injected perpendicular to the thrust axis. This type of
injection was adopted to avoid a contribution of feed pressure to the thrust, which
could have been appreciable if the liquid had been injected in parallel to the thrust
axis. In the present experiment, it is preferable to eliminate the contribution of the
feed pressure in order to investigate the thrust production mechanism caused by the
evaporation of liquid propellant. The detailed configuration of the injector is shown

INLET
\(—F / 2

TEFLON SPACER
ﬁECTROMAGNET'C VALV/ EVAPORATION CHAMBER

Mie

1
B
®10|
i
$30

=
1 = \
A 1 NOZZLE(DURALUMIN)
45(Lc)
& INJECTOR(BRASS)

Fig. 2-1. Shematic configuration of spray thruster type-1.
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18¢
6

8¢

M16(P1)

i
g,

\ INJECTION ORIFICE A

Fig. 2-2. Injector configuration.

in Fig. 2-2. The injector has orifices of 0.5 mm diameter on its cylindrical surface.
The mass flow rate is varied in the wide range by replacing injectors with differing
numbers of orifices. The injector is made of Brass.

The divergent portion of the nozzle is of a conical 'shape with a half apex cone
angle of 15°. The throat diameter is specified to be 10 mm. The nozzle of type 1
is made of Duralumin, and type 2 is of 314 Stainless Steel.

2-2-2. Vacuum system
The present experiment was carried out using a vacuum chamber, the diameter of

WATER JETPUMP
EJECTOR No.3 =

EJECTOR No.2

—=> EXHAUST STREAM
—— STEAM

—>— WATER

VACUUM CHAMBER

Fig. 2-3. Vacuum system.
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which is 1.5 m, and volume is 3.55 m?3. The vacuum chamber is connected to a steam
ejector system [/6], and the background pressure is maintained less than 530 Pa
throughout the thruster’s operational duration. The ejector system is composed of
three stage steam boosters and a water jet pump. The schematic of the vacuum sys-
tem is shown in Fig. 2-3.

The vacuum facility used in the present experiment belongs to Japan’s Institute
~of Space and Astronautical Science (ISAS).

2-2-3. Feed system

The liquid propellant was stored in a pressurized tank the diameter of which was
133 mm and height, 150 mm. The propellant tank and feed line were taped by elec-
tric heater. The propellant temperature was continuously monitored by using thermo-
couples and maintained at a fixed value by ON-OFF control in the heating circuit.

The liquid propellant was fed through a flowmeter to the thruster by N» (Nitrogen)
gas pressure. Since a reservoir was provided between the propellant tank and a N
gas bomb, fluctuation in mass flow rate caused by N, gas pressure was suppressed to
a negligible level.

2-2-4. Measurement system

Steady thrust, mass flow rate, pressure and temperature in the evaporation cham-
ber were measured in the present experiment. The schematic measurement system is
shown in Fig. 2-4.

HEATER

VACUWM TANK
FLOW METER

HEAT CONTROL

AMP.
1.CHAMBER PRES.
2.CHAMBER TEMP. VISi-
GRAPH
3.THRUST
A/D
4.TANK TEMP. TME
CONTROL l I I I
5FLOW RATE \
CPU PRINTER
PLOTTER

Fig. 2-4. Measurement system.
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(A) Thrust measurement

Thrust was measured by a load cell of Shinkoh CK6-2K. The spray thruster is
directly mounted on the load cell which stands perpendicularly on the measurement
table as shown in Fig. 2-5. It is necessary to be careful so as to keep the center of
gravity of the spray thruster on the center beam of the load cell in order to sup-
press the mechanical vibration.

Thrust magnitude was calibrated by suspending a kriown weight with a nylon string.
A 573 gw dummy weight was continuously applied to the load cell to check the load
cell-amplifier assembly. Thrust measurement error is estimated to be +1% by the
calibration.

KV_ SPRAY THRUSTER

\ \m PROPELLANT FEED PIPE
PRESSURE THANSDUCER-«\ \ \ I — NYLON STRING
\\ \ \ \‘ (suspending dummy weight)
\ |
3 i
\

i

/ Z_LOAD CELL  ELECTRIC HEATER —

/

THRUST MEASUREMENT TABLE

Fig. 2-5. Experimental apparatus in a vaccum chamber.

(B) Mass flow rate measurement

Two kinds of flow meters were used to measure the mass flow rate: A Venturi
flow meter for mass flow rate greater than 30 cc/sec, and a turbine flow meter for
the others.

The Venturi flow meter has an orifice of 6.1 mm diameter and cross sectional area
ratio of 5.97. The mass flow rate is computed by the following equation:

11 = C,.eAU\/:ZpP,., Ve —1 (2-1)

where P, is the differential pressure between the orifice and the duct. The e is the
cross sectional area ratio, A4, is the cross sectional arca of the orifice, C, is the dis-

charge coefficient, and p is the liquid density. Since the measurement accuracy of
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the Venturi flow meter is poor in the low mass flow rate range, a Dodwell P-22 tur-
bine flow meter is used for the mass flow rate range from 3 to 30 cc/sec.

Both flow meters were calibrated by flowing Ethyl Ether. The estimated errors
of the measurement are 5% for the Venturi flow meter and 4% for the turbine flow
meter.

(C) Pressure measurement

Evaporation chamber pressure was measured with Toyodakouki PD106 Piezoelec-
tric Pressure Transducer, the measurement range of which was from 0 to 0.098 MPa
absolute pressure.

It was calibrated by using Hg manometer to 1% accuracy.

(D) Temperature measurement

For temperature measurement, Copper-Constantan thermocouples of 0.25 mm di-
ameter were used. The liquid propellant temperature was measured at the inlet of
electromagnetic valve, and the temperature in the evaporation chamber by putting a
thermocouple on the center axis of the spray thruster.

Calibration of thermocouple-amplifier assembly was carried out by immersion of
the thermocouples in a fixed temperature water bath. The output values of
the thermocouple were confirmed to be almost the same as the standard catalog
values. The estimated measurement error is +=0.5°C.

(E) Data sampling system

All signals from the measurement instruments are converted to voltage signals,
which are thereafter digitized by A/D converted and memorized on 8 bit microcom-
puter. Sampling number for one measurement channel is 2000, and eight channels are
available in the present sampling system. Eight channel data are sampled in succes-
sion. Since the sampling speed is about 50 4 sec, the sampling time lag among eight
channels is negligible. One data group is composed of successive eight channel data.
The total measurement time can be varied by changing the sampling time between
two neighboring data groups. In the present experiment, the sampling time of data
group was chosen to be 2 msec. The total measurement time was 4 sec.

For the thrust measurement, the mechanical vibration component of the thrust
stand was recorded on the data, and it was eliminated through a low pass filter of
software.

The microcomputer used in the experiment is a Sharp MZ-80C.

2-3. Experimental Results
2-3—1. Steady state operation of spray thruster

The spray thruster was operated for 2 seconds. The tank temperature was fixed at
20°C. Typical measurement signals of thrust, evaporation chamber pressure and
temperature are shown in Fig. 2-6 and Fig. 2-7. Figure 2-6 shows response charac-
teristic of thruster type-1 with L,=45mm. The spray thruster ran properly in a
vacuum environment. The necessary build up time of the chamber pressure rising
up to 90% of the steady state value is approximately 40 msec which is almost equal
to the delay time for the electromagnetic valve to fully open. The thrust and cham-
ber pressure do not immediately hit zero just after the electromagnetic valve is closed.
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This is due to the fact that a small amount of liquid remains in a free volume be-
tween the valve and injector. The temperature record appears to decrease rapidly
after the electromagnetic valve is shut off. This temperature fall is brought about
by the evaporation of liquid wetting a surface of the thermocouple. The thrust curve
is slightly regressive due to an increase in the background pressure during run.

For thruster type-2, low frequency instability was observed as shown in Fig. 2-7.
This instability always occurred when the propellant feed pressure was below about
0.25 MPa absolute, but was not observed in the case of thruster type-1. The fre-
quency of the oscillation is 20 Hz for L,=40 mm and is 28 Hz for L,=20 mm. The
low frequency instability which is often observed in liquid propellant motor is called
“chugging” [17]. The main cause is pressure sensitive time lag of gas production in
the chamber. Typical frequency of the instability v is given by

v=RT,/QraC*L¥*) 2-2)
THRUST (KGW)
0.5
0.0 1
0.0 0.5 1.0 1.5 2.0 2.5
TIME (SEC)
.50

PRESSURE (KG/CM2)

.25

0.0 0.5 1.0 1.5 2.0 2.5
TIME (SEC)

20/}

TEMPERATURE (DEG)

-30
0.0 0.5 1.0 1.5 2.0 2.5
TIME (SEC)

Fig. 2-6. Response characteristics of thruster type-1, feed
pressure: (.29 MPa.
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where R is the gas constant, T, is the chamber temperature, C* is the characteristic
velocity, and L* is the characteristic chamber length [/8]. The observed frequency
is almost equal to the value calculated from the above equation, so that the present
low frequency instability is considered to have the same mechanism as the chugging.
The dependency on the chamber configuration may be qualitatively explained as fol-
lows. The transition from liquid to vapor mainly occurs in the moment when the
injected liquid collides with the inner cylindrical surface of the chamber wall and
breaks up into small droplets. As a result, the time delay of gas production be-
comes shorter as the chamber diameter is decreased. This could contribute to the
reason why the low frequency instability was not observed for thruster type-1. Since
this instability is easily eliminated by raising the propellant feed pressure, it does
not become a serious problem for the operation of the spray thruster.

THRUST (KGW)
g.5
0.0
0.0 0.5 1.0 1.5 2.0 2.5
TIME (SEC)
.50
PRESSURE (KG/CM2)
.25
.00
0.0 0.5 1.0 1.5 2.0 2.5
TIME (SEC)
20
TEMPERATURE (DEG)
10
0
-10
-20
-30
0.0 0.5 1.0 1.5 2.0 2.5

TIME (SEC)

Fig. 2-7. Response characteristics of thruster type-2, feed
pressure: 0.25 MPa.
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Fig. 2-8. Pressure-temperature characteristic
in the evaporation chamber.

Figure 2-8 shows a relation between the pressure and the temperature in the
evaporation chamber. Three solid lines represent the saturation pressure curves of
liquid propellants. It is clearly seen that the saturation vapor pressure equilibrium
holds at any operational temperature. It indicates that the time constant of the
saturation equilibrium is enough smaller than the vapor stay time in the chamber.

As for the evaporation process in the chamber, the following assumptions can be
made:

(1) Vapor and liquid phases have the same temperature.

(2) Injection process is adiabatic.

Assumption (1) is reasonable, since the droplet diameter is supposed to be smaller
than the injector orifice diameter of 0.5 mm, and the time constants of heat transfer
lie in the same order of the chamber stay time (See Section 3-1). Assumption (2)
has been confirmed by the measurement of chamber wall temperature, which has
been kept constant during the thruster operation. Under these assumptions,
an energy conservation equation is derived as follows:

To To Tt
rh(I—KO)UO deT+Ql(T0)}+n'1KOL CZ,dT:rh_[ C,dT,  (2-3)
0

where m is the mass flow rate, K, is the mass fraction of liquid phase, C, is the
heat capacity of liquid, T, is the evaporation chamber temperature, 7T, is the tank
temperature and Q,(T,) is the latent heat of evaporation at temperature T,. The
first and the second terms in the left side of the equation represent enthalpy of
vapor phase and liquid phase, respectively. The mass fraction of vapor phase is
then given by

1-K=[ " c,ar/0(1). (2-4)

The mass fraction is plotted against the mass flow rate in Fig. 2-9. The vapor mass
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Fig. 2-9. Vapor mass fraction vs. mass flow rate.
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fraction of Ethyl Ether and Pentane is approximately 21% for ni=7g/s, and is de-
creased by increasing the mass flow rate. The vapor mass fraction of Furan is lower
than those of Ethyl Ether and Pentane for a given mass flow rate.

Figures 2-10 to 2-12 show the relations among thrust, chamber pressure and mass
flow rate. Thrust is plotted against mass flow rate in Fig. 2-10, in which solid lines

represent specific impulse as is marked respectively. The specific impulse is defined
by

ISP:F/(g'h)a (2_5)

where F is the steady thrust, and g is the gravitational acceleration. With the use of
Ethyl Ether, the specific impulse is 28 sec at mass flow rate of 6.9 g/sec and de-
creases asymptotically to 15 sec with increasing the mass flow rate. This is owing
to an increase in the liquid mass fraction as shown in Fig. 2-9. Thrusters type-1 and
type-2 give similar results. Pentane has almost the same thrust-mass flow rate char-
acteristic as Ethyl Ether, but as to Furan the specific impulse is lower than those
of Ethyl Ether and Pentane. This is attributed to the low specific heat of Furan,
which allows considerable decrease in the working fluid temperature owing to the
evaporation.

Chamber pressure is plotted against mass flow rate in Fig. 2-11, in which solid
lines represent the discharge coefficient as is marked respectively. The discharge
coefficient is defined by

C,=mg/(A,P,), (2-6)

where A, is the throat cross sectional area and P, is the chamber pressure. The C,,
increases with the mass flow rate as the liquid mass fraction increases.

The relation between thrust and chamber pressure is shown in Fig. 2-12, in which
solid lines denote the thrust coefficient as is marked respectively. The thrust coeffi-
cient is defined by

C1~':F;’/(Azpo)- (2"7)
The following relation results from Eqs. (2-5), (2-6) and (2-7):
C,=C,I,. 2-8)

The C, of various propellants are observed to be remarkably larger than that of
ideal gas nozzle flow. This behavior is mainly caused by the large value of C, as-
sociated with the large mass fraction of the liquid phase. In actuality, I s, is varied
with the mass flow rate, and an increase in [, compensates a decrease in C,, as the
mass flow rate is decreased. It is a reason why C,is observed to be almost constant
in the wide range of the mass flow rate.

In the present experiment, it is shown that the spray thruster is operated properly
ir a vacuum environment, and that the saturation equilibrium state holds in the evap-
oration chamber. The large mass fraction of the liquid phase suggests that the be-
havior of liquid phase has great effects on the thrust performance. Figure 2-13
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Fig. 2-13.  Photograph of spray thruster in operation,
mass flow rate: 25g/sec.

Fig. 2-14. Photograph of spray thruster in operation,
mass flow rate: 42 g/sec.

shows the exhaust plume of the spray thruster. The plume is seen clearly since
small droplets reflect the light, i.c., by the so-called Tyndall effect. In the opera-
tion of low mass flow rate, the plume is observed to expand uniformly. As the mass
flow rate is increased, however, non-accelerated droplets are observed to disperse
at the nozzle exit as shown in Fig. 2-14. These particles are considered to be evi-
dence of formation of a thin liquid fayer over the inner nozzle wall. The existence of
the liquid layer gives one of the reasons why an increase in the mass flow rate
reduces significantly the specific impulse.
2=3-2. Thrust performance characteristics

Thrust performance of the spray thruster has been described by using C,, C,,
I in the previous section. These characteristic parameters indicate only the in-
tegrated features of the spray thruster performance. In order to obtain more de-
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tailed characteristics of the thrust performance, dependencies of Cp, Cj, I sp ON the
evaporation chamber condition are discussed in the present section.

Reference mass flow rate described by state variables in the evaporation chamber
can be defined as p,U,4,, where p,, is the density of the mixture, U, is the char-
acteristic velocity, and A, is the throat cross sectional area. p,, is equal to

P,/{(1—K}RT,}. When «RT,  is adopted as the characteristic velocity, the re-
ference mass flow rate is calculated using measurement values as follows:

peOUOAt:POAt/{(l _KO)N/RTO}- 2-9)

Mass flow rate density, #/A,, which was measured in the experiment with
thruster type-1, is plotted against p,U, in Fig. 2-15. All of data show good cor-
relation. It should be noted that the difference of liquid species is not seen to
have any effects in the figure. The following relation is obtained by a least squares

regression analysis:
1/ A,00(pUg)™ ™. (2-10)
As for the discharge coefficient, the above equation reduces to
Cpoc [1/{(1 — KW/ RTJI**(1 /Py)™*®
=[Q(To)/{C (T, —T}v/ RT}"*(1 /P,)"*. 2-11)

C, depends on liquid properties, tank temperature, chamber temperature and pres-
sure. It is noted that Cj, is determined only by the temperature difference T, — T, and
the chamber temperature for a given liquid species, because Q,(T,) and P, are func-
tions of temperature.
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Fig. 2-15. Characteristics of mass flow rate density.
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In a similar manner, reference thrust is defined as pUs*A,, which is also rewrit-
ten as follows: :

peUstA,=PA,/(1 —K,). (2-12)

The Measured thrust density, F/A,, is plotted against p, U’ in Fig. 2-16. It is
shown that data points of Ethyl Ether and Furan are on different straight lines, the
slopes of which are approximately same. The effect of liquid species indicated in
Fig. 2-16 suggests that liquid properties affect the supersonic flow field in the diver-
gent portion of nozzle, since C, which is determined by the upstream condition of
the throat does not show any dependency on liquid species. The following relation
is obtained by a least square regression analysis:

F/A,0c{Py/(1—K)}**, (2-13)
The above relation gives
Croc{1/(1 —KJ*(1/Py)-», (2-14)
The following correlation for I, is derived from Egs. (2-8), (2-11), and (2-14):
Ispoc{(1 —K,)/P}"*(RT,)"*. (2-15)
The above relation is rewritten as
Lspoc[Co(T,—T) {QUT )P} *(RT )" (2-16)
50
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Fig. 2-16. Characteristics of thrust density.
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Equations (2-11), (2-14), and (2-16) reveal the correlation of C,, Cp, and I,
with the evaporation chamber state variables. These correlations are insufficient for
predicting the thrust value of the spray thruster on a quantitativé base, but they can
yield fundamental dependency of the thrust performance on liquid properties and
operational temperature.

In Eq. (2-11), effect of P, on C, is negligible. For a given liquid, Q, and
VRT, are regarded as fixed values within the present experimental range. There-
fore C, mainly depends on temperature difference T,—T, and is decreased with in-
creasing T,—T,. When the tank temperature is fixed, it is necessary to decrease T
in order to increase the vapor mass fraction in the chamber. As a result, terms of
(1—K,)"*% and P,""* in Eq. (2-14) change in opposite directions. This is an ex-
planation that the measured value of C, remains nearly constant. The dependency
of I, on liquid properties and operational temperature is rather complex as indi-
cated in Eq. (2-16). Effects of various parameters on I, are summarized as fol-

lows:

Heat capacity;
1, is proportional to C,**. The large C, is preferable.

Latent heat of evaporation,
I, is inversely proportional to Q,"*. The small Q, is preferable.

Molecular weight;
I, is proportional to R**". The large R, that is, small molecular weight is better.

This relation is almost the same as that of ideal gas nozzle flow.

Operational temperature,

I, is proportional to temperature difference (T,—T,)"* explicitly. However, Ip
is regarded as a complex function of T, since saturation vapor pressure and latent
heat of evaporation are also functions of T. 1t is noted in the present experimental
range that I, is increased with decreasing T,. Large T, is undoubtedly preferable.

3. THEORETICAL STUDY OF NoOzZZLE FLOW

It has been clarified that the spray thruster is operated well using Ethyl Ether,
Pentane and Furan as the propellant. The correlations of C,, C; and I, with state
variables in the evaporation chamber have been obtained in the previous chapter.
Since these correlations only describe integrated characteristics of the spray thruster,
it is necessary to examine nozzle flow structure in order to understand the more de-
tailed mechanism of thrust production. As one of the approaches, gas-particle nozzle
flows with mass transfer are numerically investigated. Useful two theoretical flow
models are presented in this chapter.
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3-1. Models of Nozzle Flow

Nozzle flow is in general composed of a boundary layer along the nozzle wall and
a core flow which is regarded as an inviscid region. It has been reported that the
thrust loss in microthrusters increases and exceeds 10% when throat Reynolds num-
ber becomes less than 103 [19]. This is because of the development of the boundary
layer in the nozzle flow field. On the contrary, as for thrusters the throat Reynolds
number of which is larger than 10%, the thrust loss attributed to the boundary layer
is a few percent, and the thickness of the boundary layer is very thin. The throat
Reynolds number is given by

ReLh:pUtth/[u’ (3-1)

where p is the flow density, U,, is the velocity at throat, D, is throat diameter and
u is the viscosity. Since the thickness of the boundary layer is mainly subject to the
behavior of the gas phase, the throat Reynolds number in the spray thruster is rea-
sonably defined by using the state variables in the vapor phase. The mass flow rate
of the vapor phase is approximately represented by (1—K,)#1, so that Eq. (3-1) is
rewritten as follows:

R, =401 —Ky)m/(@D,p). (3-2)

Since liquid mass fraction K, is approximately 0.9 in the present experimental range
as shown in Fig. 2-9, the throat Reynolds number is increased with the mass flow
rate. The throat Reynolds number at 71=6.0g/sec is estimated to be 1.1X10%
This result implies that the thrust performance characteristics of spray thruster are
mainly subject to the structure of the core flow region.

On the other hand, the existence of a thin liquid layer along the nozzle wall was
observed in the experiment. Effects of this layer on the thrust performance are sup-
posed to be small in the low mass flow rate range because non-accelerated droplets
were hardly observed in the lowest mass flow rate operation. In the large mass flow
rate range, however, the effects of this liquid layer must be considered.

Fundamental equations of vapor-droplet flow in a quasi-one dimensional channel
were derived by Marble [/2] and Glenn [/3] (See APPENDIX 2). These equations
are fairly exact ones which take into account velocity and temperature relaxation
processes between the vapor and liquid phases. But they contain so many para-
meters to be specified that they are not suitable for a comparative purpose with ex-
perimental results. In the present chapter, therefore, the author introduces simple
and realistic flow models through the evaluation of time constants in various phe-
nomena occurring in the flow field. As was mentioned in Chapter 1, the principal
relaxation phenomena are mass transfer, momentum and heat transfer between the
vapor and liquid phases, and conductive heat transfer within a droplet. The time
constants of these phenomena are summarized in APPENDIX 1, and the results of
adaptation to the present problem are listed in Table 3-1. The sample liquid is Ethyl
Ether. It is assumed that the droplets are spherical and that the Reynolds number
defined using velocity difference between vapor and droplet is so small that Stokes
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Table 3-1. Time constants of relaxation phenomena, unit: sec.

1 Droplet Diameter ()
Phenomenon Formula S -
TS 10 100 1000
Mass Transfer —le |10 10 104 10
3paa ‘
2 1
Momentum Transfer Tm= ZZ%prp : i 10-3 10-3 101 10
/3
Heat Transfer _PiMypryr Gy _ _ ~
(Liquid-Vapor) - P o 107101010
' Heat Transfer  MCpry o ] -
(in Droplet) Te= %, . ‘ 10-7 10-5 10-3 10-1
Chamber Stay Time | 70:@‘—’7—’,‘{!— 10 102 10 102
Nozzle Flow n:rgt 103 103 10-3  10-3
0

Table 3-2. Flow structures.

Particle Diameter (z) ’ Relation of time constant ’ Flow structure
1 ‘ o<t <<ty ‘ Equilibrium

10 r =1 <t <7y , Non-equilibrium

100 <t <ty <m ‘ Non-equilibrium

1000 ’ [ Partially Frozen

Ts<Tr<te<Tm

drag law is applicable.

The relaxation time of the mass transfer is proportional to the droplet diameter.
It is smaller than those of momentum and heat transfer by convection. It is clearly
shown that a saturation equilibrium condition holds throughout the nozzle flow field
if the droplet diameter is smaller than 1 mm. The flow structure can be divided into
four categories according to the droplet diameter as shown in Table 3-2. When the
droplet diameter is less than 10 xm, all of relaxation processes are in equilibrium
states. On the contrary, if the droplet diameter becomes larger than 100 /£m, momen-
tum and heat relaxation processes approach the frozen states. In the intermidiate
case between both states, momentum and heat transfer are in non-equilibrium
states. From the above evaluation, two limiting cases are observed to exist. The
first is equilibrium flow which corresponds to the droplet diameter less than 10 ym.
The other is a rather complicated state in which the mass transfer is in an equilib-
rium state, and momentum and heat transfer are in frozen states, which correspond
to the droplet diameter larger than 100 ym. The latter case may be called “Partial-
ly frozen state”. Both limiting cases are suitable for flow modeling, because uncer-
tainties such as the droplet diameter distribution and the evaporation coefficient
can be eliminated. In this respect, both equilibrium flow model and partially frozen
flow model are discussed in detail in the following sections.
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3-2. A Mathematical Model of Equilibrium Flow (EFM)

The following conditions are realized in equilibrium flow.

(1) Local pressure is equal to saturation pressure corresponding to the local

temperature.

(2) Vapor velocity is equal to droplet velocity.

(3) Vapor temperature is equal to droplet temperature.

(4) Temperature is uniform within a droplet.
Under these conditions, the system of equations governing the flow field is derived as
follows:

mass conservations:

p UA =i, (3-3)
momentum conservation:
p.UdU/dX = —dP/dX, (3-4)
energy conservation:
(1=K){h,(T)+Q.D)}+Kh,(T)+ U*/2=E,, (3-5)
equation of state:
P=pRT, (3-6)
where
pe=0+p,, G-7)
E,—h, (T):Ln C,dT, (3-8)
0,(M)=a,+b,T+c,T. (3-9)

The subscript p denotes the particle phase and p, is the equilibrium flow density.
t is convenient to describe the flow system with non-dimensional variables. Thus,
let

05 =0c/0e0y U*=U/U, A*=A4/4,, X*=X/Y,,
P*=P/P,, T*=T/T,,

h;::hp/(RTO)’ szzgl/(RTO)a C;'; = Cp/Rs
m*=m/(p.,Upd,), F*=F/(P,USA)),

where the subscript 0 denotes the evaporation chamber properties, Y, is the throat
radius, and A4, is the throat cross sectional area. The system of non-dimensional
equations is given as follows:

pFU*A* =m*, (3-10)
oFU*dU* /dX* = —(1 — K,)dP*/dX*, (3-11)
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(1 —K)}{AH(T*) 4+ QF(T*)}+ Khf(T*) + U**/2=EF, (3-12)
P¥=(1—K)pT*/(1—K,). (3-13)
The saturation equilibrium condition is described by Clausius-Clapeyron equation:
dpP*/P¥ =QFT*)dT*/T**. (3-14)
The acceleration condition of this flow system is given by
(1 =M HdU*/U*4dA*/A*=0. (3-15)
M, is equilibrium flow Mach number defined as

U [1_2T* 1 T

M= G Zor (cr+a-K) Z%: H (3-16)

or "1k orl

Local flow properties in this system are obtained as functions of non-dimensional
temperature.

U — {27* r* (1/7“*2)“7‘* ijdT*)dT*}l/z, (3-17)
1 Te*

K—1—[Ef — (h3(T)+ U*/2}]/QF, (3-18)

¥ —explar(l—1/T*) 4 bf In T* —cF(1 —T*)}, (3-19)

pi =1 —=K)P*/{(1-K)T}, (3-20)

A% = iit* (o U, (3-21)

Let C, be constant, then, Egs. (3-17) and (3-18) are rewritten in the following
simple forms:

U* =[R{C¥T* InT* + EF(1 —T*)}]'", (3-22)
K=1—{EfT*—(1+InT*)C}T*}/QF. (3-23)

The mess flow rate is determined by choking condition at the throat:
M,=1 at dA*=0. (3-24)

The flow temperature corresponding to M,=11s at first determined from Egs. (3-16),
(3-22), and (3-23). Then the flow velocity and density are obtained using Egs.
(3-22), (3-18), and (3-20). As a result, the critical mass flow rate is calculated
from Eq. (3-21). The critical mass flow rate in the equilibrium flow is determined
only by the evaporation chamber state and the throat diameter, and does not depend
on the nozzle wall contour at the inlet portion.

In conventional chemical thruster systems, the temperature in the thrust chamber
is almost independent of the mass flow rate and is usually determined by the chemi-
cal reactions of the propellant. Hence, the specific impulse is independent of the
mass flow rate. On the contrary, the temperature in the evaporation chamber strong-
ly depends on the mass flow rate in the spray thruster system. The temperature,
pressure and liquid mass fraction in the evaporation chamber are adjusted to satisfy
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the choking condition at the throat for a given mass flow rate. Therefore the speci-
fic impulse of the spray thruster considerably depends on the mass flow rate.

Non-dimentional thrust and I, in the equilibrium flow model are given with flow
properties at the nozzle exit by

F*={o*U**+(1 —K,)P*} -, (3-25)
I,=U,- {U*+(1-K)T*/U*}/3. (3-26)

where ¢ is the areal expansion ratio.
In the following discussion, the equilibrim flow model is designated “EFM.”

3-3. A Mathematical Model of Partially Frozen Flow (PFFM)

The partially frozen state is established when the droplet diameter becomes
larger than 100 pm. An increase in the droplet diameter corresponds to the fol-
lowing situation: (See APPENDIX 1)

T, —> oo and ¢, —> o, 3-27

where ¢, and 7, are the time constants of momentum transfer and convective
heat transfer between vapor and liquid phases, respectively. In the above limiting
case, Eqgs. (A2-4) and (A2-6) are rewritten as follows:

dU,/dX =0, (3-28)
0, U,dh,/dX = —0Q,. (3-29)

Eq. (3-28) denotes that the droplet velocity is frozen. But Eq. (3-29) indicates
that the droplet temperature varies along the flow direction. In order to obtain a
proper treatment for the droplet temperature, let us consider the evaporation mech-
anism of liquid. Evaporation is treated by a kinetic theory of molecules on the phase
boundary. Molecules are emitted from the liquid surface with Maxwellian velocity
distribution [20], and a Knudsen layer is formed over the liquid surface. Some
amount of vapor molecules in a Knudsen layer is condensed into the phase bound-
ary. The evaporation mass flow rate is then obtained as the difference between the
emitted molecular mass and condensed molecular mass per unit time. The condensed
molecules in general do not obey the Maxwellian velocity distribution [2/]. Near

to the saturation equilibrium condition, the evaporating mass flow rate is described
by [22]

P {Cl PLS(T[).—P

. T—T
= c,I- A}, 3-30
V2zRT e (3-30)

P T

where Py(T,) is the saturation pressure corresponding to the liquid temperature
T,, C, and C. are the accomodation constants. In a free molecular flow in which
condensed vapor molecules are assumed to have Maxwellian velocity distribution, C;
and C. are calculated based on Hertz-Knudsen formula as

C,=0 and C,=0.5. (3-31)
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The saturation equilibrium condition which corresponds to 77,,=0 in Eq. (3-30)
gives

P=P, and T=T,. (3-32)

It has been reported by Shankar [22] that the transition from free molecule to con-
tinuum is to suppress the dependence of the evaporation mass flow rate upon the
temperature difference between the phases, i.e., to decrease the quantity of C.. Since
C, is small but non-zero, it must be reasonable to assume that Eq. (3-32) holds
as the saturation equilibrium condition in the continuum state. It is expected that the
droplet temperature becomes equal to the vapor temperature. Then the following
conditions are assumed to be established for the partially frozen flow.

(1) Local pressure is equal to saturation pressure corresponding to the local

temperature.

(2) Droplet velocity is frozen.

(3) Vapor temperature is equal to droplet temperature.

(4) Temperature is uniform within a droplet.

The system of equations governing this flow is given as follows:

mass conservation:

d(pUA)/dX =AD, (3-33)
d(p,U,A)/dX =—AD, (3-34)
momentum conservation:
eUdU/dX = —dP/dX+®(U,—U), (3-35)
U,=const., (3-36)
energy conservation:
A=K, (1) + Q1)+ U/ 2}+ K{h (T)+ U 2/ 2} =E,,  (3-37)
equation of state:
P=pRT, (3-38)

where @ denotes the evaporating mass flow rate per unit volume and unit time.
The above system of equations is rewritten to the non-dimensional form in the same
manner as in Section 3-2.

d(p*U*A*) /dX* = A*P*, (3-39)
d(pfUXA*)/dX* = — AD*, (3-40)
p*U*dU* /dX* = — (1 —K,)dP*/dX* +O*¥(Uk—U*), (3-41)
U} =const., (3-42)
(1= K){I5(T*) + QF (T )+ U/ 2} + K{HE(T*) + Uk /2) =Ef,  (3-43)
P*=p*T*/(1—-K,), (3-44)
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where
@*ZQ/(peOUO/YL)' (3-45)

The pressure is subject to Clausius-Clapeyron Equation (3-14). The acceleration
condition in this system is obtained in the similar form to Eq. (3-15): (See Ap-
PENDIX 2)

(I1—M HAU*/U*+dA*/A* =0. (3-46)

where M, is partially frozen Mach number defined as follows:

1 0* CHT* Q¥
M 2:—_«[U*2 {0 <..J“—1) CoT* | s 4O }
g 6, O 7 Tk T s

x 1—(6,/6,)U** ],
0,/0{C3T* /(1 — K)+T*(dQj/dT*)}- (QF / U**)
0,=(U*—-U})/U*,
0,=U*"/2—U¥*/2+4QF.
The system has 9 dependent variables with 7 equations. When the nozzle shape

is given, one additional condition is obtained by the choking condition at the throat.
That is:

(3-47)

M,=1 at dA*=0. (3-48)

This flow system can be solved numerically under these conditions. To determine
another unknown parameter Up*, the following assumption is further employed:

(5) The flow expands in equilibrium state from the evaporation chamber to the

nozzle inlet.
This treatment is reasonable since the flow velocity in this region is small enough.
The droplet frozen velocity is determined by this assumption to be equal to the
equilibrium flow velocity at the nozzle inlet. Since the critical mass flow rate is ob-
tained by solving the subsonic flow field, the nozzle inlet wall curvature affects the
nozzle flow field in the partially frozen state. The well known Runge-Kutta method
is employed as a computational integration technique.

In the large mass flow rate operation, a thin liquid layer was observed to be
formed over the nozzle inner wall. The author thinks that under the assumption of
negligible volume of the liquid phase, the present treatment of the partially frozen
flow includes partly the effect of the thin liquid layer because this layer is con-
sidered to be formed by distributed droplets with frozen velocity over the nozzle
inner wall. The more accurate influence of the liquid layer on the thrust perform-
ance will be obtained through the flow analysis taking into account of the core flow,
the boundary layer, and the thin liquid layer.

Non-dimensional thrust and I, in the partially frozen flow are described with frow
variables at the nozzle exit as follows:

F*=(1—K)ym*U*+ Km*U* 4 (1 — K )eP*, (3-49)
Ip=U,- {1 —K)U* + U¥ +(1 — K }eP* /1i}/g. (3-50)
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In the following discussion, the partially frozen flow model is designated “PFFM.”

3-4. Computational Results

Flow characteristics of EFM and PFFM are discussed in the present section for
the nozzle configuration shown in Fig. 3-1, which is almost equal to that of thruster
type-1. Numerical solutions presented here are confined to a single fluid, Ethyl
Ether, and the evaporation chamber temperature is assumed to be constant. The
fluid properties and the evaporation chamber condition are shown in Tabel 3-3.

Figures 3-2 to 3-4 illustrate the flow structures in EFM when the tank temperature
is specified to be 273 K, 293 K and 313 K, respectively. The horizontal axis denotes
dimensional nozzle exit radius, and the vertical axis denotes non-dimensional
quantities of pressure, temperature, velocity, and liquid mass fraction. The flow tem-
perature distribution is almost unchanged with an increase in the tank temperature,
and is decreased monotonously throughout the nozzle flow field. The pressure is
decreased rapidly in the vicinity of the throat, and approaches zero with increasing
the nozzle exit area. The liquid mass fraction is also reduced with increasing the
nozzle exit area, which indicates that the evaporation takes place throughout the
nozzle flow field. The strong evaporation is observed near the throat section. The lig-
uid mass fraction in the evaporation chamber is reduced approximately to 0.1 as the
tank temperature increases by 20°C. The flow velocity is increased monotonously

- - - X
/ °
INITIAL LINE (PFFM)

Nozzle cofiguration for numerical calculation.
X#=-2.268: Y*=2.0
—2.268< X¥<—1.0: Y*=-—0.577X%+0.691
—1.0<X*<0.258: Yi=—v22 X2
0.258< X*<7.727: Y*=0.268X*4+0.929

Fig. 3-1. Nozzle configuration.

Table 3-3. Evaporation chamber

conditions.
T() : 260K
Py: 12910 Pa
00: 0.443 kg/m3

Uy: 171 m/s
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with the nozzle exit area and shows strong dependence on the tank temperature. For
instance, an increase in the tank temperature from 273 K to 313 K results in 100
m/sec increase in the velocity at Ye*=10.

Since the convergent portion of the nozzle affects the choked condition in PFFM
as was discussed in Section 3-3, the effect of the position of initial line for computa-
tion on the flow structure in PFFM is at first examined. Figure 3-5 shows behaviors
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Tt: 313 K
To: 260 K
1.0 2.0
1.5
>
#\ *
a 0.5 1.0
>
405
B o
0.0 — T ——————— 1 0.0
1.0 5.0 10.0
Yo / Yt

Fig. 3-2. Flow structure in EFM, T,=313K, T,=260K.
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Fig. 3-3. Flow structure in EFM, T,=293K, T,=260K.
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of flow properties at expansion ratio of 9, in which the initial line is moved from the
geometrical nozzle inlet to the throat. Y, and Y,, denote the radius of nozzle wall at
the nozzle inlet and the initial line, respectively. The variations of thrust, mass flow
rate, and liquid mass fraction are negligible when (Y, —Y,,)/Y, is less than 0.5. The
vapor and droplet velocities are almost constants when (Y,—Y,.)/Y, is less than 0.2.
With increasing (Y,—Y,,)/Y,, m* and F* are decreased. This is attributed to the
fact that the frozen flow structure becomes similar to that in EFM as the initial condi-
tion line approaches the throat. From these observation, it is concluded that the typi-

125

Tt: 273 K
To: 260 K

2.0

1.6

™, P*, K

0.5

0.0

0.0 T
10.0

i
1.0 5.0

Ye / Yt
Fig. 3-4. Flow structure in EFM, T,=273K, T,=260K.
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K, m*, F*
UP*) U*

0.0 0.5 1.0

(Yc-Yic) 7 Yt

Fig. 3-5. Effect of the position of initial line on the
flow structure at expansion ratio of 9.
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Fig. 3-6. Flow structure in PFFM, T,=313K, T,=260K.
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Fig. 3-7. Flow structure in PFFM, T,=293K, T,=260K.
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33

cal flow structure in PFFM is reasonably described by setting the initial line on the
geometrical nozzle inlet, that is, by putting ¥,,=Y,. The following calculation for
PFFM is carried out under this condition.

Figures 3-6 to 3-8 illustrate the flow structures in PFFM, in which the tank tem-
perature is varied from 273K to 293K, 313 K, respectively. The temperature,
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Fig. 3-8. Flow structure in PFFM, T,=273K, T,=260K.

pressure, vapor velocity, and liquid mass fraction distributions are shown to have
the same tendencies as those of EFM. For a given tank temperature, the flow tem-
perature and the liquid mass fraction are almost equal to those of EFM throughout
the nozzle flow field. The vapor velocity in PFFM is larger than the equilibrium
flow velocity in EFM, because only the vapor phase is accelerated in PFFM. The
vapor velocity reaches to approximately 445 m/sec at Ye*=10 at the tank temper-
ature of 313 K. This velocity is about 80 m/sec faster than the equilibrium flow
velocity. The droplet velocity is fixed to be about 20 m/sec, even if the tank tem-
perature is altered in the wide range. Figure 3-9 shows the variations of thrust
coefficient in both EFM and PFFM which are denoted by the solid and the broken
lines, respectively. The thrust coefficient of both models is increased monotonously
with the nozzle exit radius. The thrust in PFFM is larger than that in EFM for a
given tank temperature. The lower the tank temperature is, the larger is the thrust
coefficient in both models. These tendencies are explained as follows. Discharge
coefficient C, for various flow conditions is given as

T,: 273K 293K 313K
C, (EFM): 0.0976 0.0762 0. 0603
C, (PFFM): 0.270 0. 145 0. 101

C, is increased with decreasing the tank temperature. C, in PFFM is much larger
than that in EFM. The large quantity of C,, that is, large mass flow rate results in
both large thrust and large thrust coefficient for a given nozzle wall configuration.
Readers may ask whether the evaporation process in the supersonic flow field
contributes always to the thrust production or not. The answer to this question is
given through the following consideration. The kinetic energy of the flow is ex-
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Fig. 3-9. Variation of thrust coefficient.

pressed as mU?/2. Since m is put to be constant, the kinetic energy is proportional
to U?. The non-dimensional expression for U2/2 is given employing Eq. (3-22) by

U¥/2=C¥T*InT*+E}(1--T%). (3-51)
Differentiating the above equation with respect to X*,
d(U*/2)/dX*=(1—T}+In T*)Ck-dT*/dX*, (3-52)

Since T} is larger than unity and In T* is negative, a positive value of d(U**/2)/dX*
corresponds to a negative value of d7*/dX*. On the other hand, differentiation
of Eq. (3-18) with respect to X* results in

dK/dX* = —{(aF —c}T*)(1—K)/T* — C¥Y/QfF -dT*/dXx*, (3-53)

where Q¥=af+bfT*+c}T*. Elimination of dT*/dX* from Eq. (3-52) and
Eq. (3-53) leads to

1— T} +1In T*)T*Q¥C*
dU*/2)/dx = — A—Té+In 'Co gk Jax. 3-54
(Us2)/ e T (R s K (3-54)

From the above equation, the necessary conditions for d(U**/2)/dX*>0 are ob-
tained as follows:
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(af —c¥T*)(1—-K)<C¥ and dK/dX*<O0, (3-55)
(af —c¥T*)(1—-K)>C¥ and dK/dX*>0. (3-56)

Then, it is concluded that the evaporation process contributes to the thrust produc-
tion only when the flow properties satisfy the condition: (aFf —cFT*) (1 —-K)<C}.
When (af —c}T**)(1 —K)>C}, the condensation process occurs. In the present
experimental range, the quantity of (af —c¥T*) (1 —K)—C¥ is always positive for
Ethyl Ether. The evaporation process contributes to the thrust production.

It is known that when a droplet is subjected to a gas flow with a relative velocity
in excess of some critical value it disintegrates or shatters. Such a phenomenon is
called “breakup” and it was investigated by many researchers [23 24, 25] The
breakup of droplet is an important process in the spray thruster, because the droplet
diameter affects significantly the thrust performance. A droplet placed in a vapor
stream will break when the force due to the variation of aerodynamic pressure
over the droplet exceeds the surface force, which is depending on the surface tension
and the curvature of the droplet. For a spherical droplet, the surface force is ex-
pressed by 2¢/r,. The condition of breakup is, then, approximately given by

%c,,pp(u— U, >20/r,. (3-57)

where C,, is the drag coefficient of spherical droplet [26]. The above equation is re-
written by using Weber number W, as follows:

C,, W.>8. (3-58)
The weber number is defined by
We:p(U'— U11)22r1)/0’ (3—59)

which means the ratio of aerodynamic drag force and surface tension [24]. In the
case of small droplet, where the Stokes drag law is applicable, the following expres-
sion of Eq. (3-58) is obtained by using Eq. (A1-8):

W./R.=1/3, (3-60)

where R, is the Reynolds number defined by Eq. (A1-9). In the case of large
droplet, the Reynolds number of which exceeds unity,C,,is equal to about 0.4 [271.
Thus, Eq. (3-58) is rewritten as follows:

W,>20. (3-61)

The existence of critical value of Weber number is confirmed by several experiments
[23, 24]. The critical value of 20 in Eq. (3-61) is about twice the value found
from the experiment [23]. An overestimate is considered to be due to the deforma-
tion of droplet observed before it bursts.

For the spray thruster, the Reynolds number and Weber number are calculated by
using PFFM to evaluate the possibility of occurrence of breakup in the nozzle. The
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computational condition is that the tank temperature is 293 K, the evaporation cham-
ber temperature is 260 K, and the propellant is Ethyl Ehter. The viscosity and sur-
face tension are assumed to be 6.8X107%kg/(msec) and 1.7X10-2 N/m, respective-
ly. The results are shown in Fig. 3-10. The Reynolds number is larger than unity
over the nozzle flow field, so that the breakup condition is given by Eq. (3-61). For
a droplet of 100 gm in diameter, the W, is smaller than 10. Thus, the droplet will
not break up in the nozzle. On the other hand, for a droplet of 1000 ym in diam-
eter, the W, exceeds 20 near the throat. The breakup of droplet may occur in this
case. The maximum Weber number is obtained at Y/Y,=1.2 in supersonic flow re-
gion. The maximum allowable diameter is calculated to be 308 xm, when the criti-
cal Weber number is set to be equal to 20.

One additional factor which should be considered is the time constant of breakup.
Gordon [28] and Morrell [29] gave the folowing expression of the time constant:

4r M,
Ty=—F . [P (3-62)
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Fig. 3-10. Variation of Weber number and Reynoldsgnumber in
the nozzle. Flow model: PFFM.
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For the case of droplet of 308 xm in diameter, the r, is estimated to be 0.6 msec.
Since the 7, is smaller than the droplet stay time in the nozzle, the breakup pro-
cess finishes completely within the nozzle.

Above consideration of breakup of droplet shows that an upper limit value exists
in the droplet diameter in the spray thruster. The predicted maximum value lies in
the diameter range of partially frozen flow model (PFFM). If the breakup of drop-
lets occurs, the nozzle flowfield will become more complicated. The present evalua-
tion suggests that a flow model which combines PFFM for the subsonic flow region
with EFM for the supersonic one may be suitable for describing such a flow field
with breakup of droplets.

4. DiISCUSSION

4-1. Comparison of Experimental Results with Numerical Simulation

Thrust performance characteristics of the spray thruster are discussed in the
present section comparing experimental results with numerical simulation. The nu-
merical calculation has been carried out putting the tank temperature and the evapora-
tion chamber temperature equal to the experimental condition. The nozzle configura-
tion of thruster type-1 is adopted for the computation. The calculated quasi-one di-
mensional thrust is modified by multiplying the correction factor (1+cos 6)/2,
where 6 is a half apex cone angle of the conical nozzle.

Figure 4-1 shows the relation between mass flow rate density and reference mass
flow rate density described with the evaporation chamber state variables. The cal-
culated results for Ethyl Ether and Furan in PFFM are almost identical, which are

100 [ o0 :ETHER 7
- A : PENTANE ,Bo’
50 - .

| = : FURAN P ;?’“ _
~ - PFFM 1 -~
o v
£ (ETHER,FURAN)-_ | 7
g 20 P
~ P
~ <
o) , P

4 L.
10 [ P Ao ////
2 u '1/ /| 27
Ny -/ |7 -EFM (ETHER)
E 5 /r;, —1 f
- EFM (FURAN)
2
1 ! 1 1 Lt 1 j -
10 20 50 100 200 500

Po / ((1-Ko)yRTo) g/(scm?)

Fig. 4-1. Comparison of experimental results with
numerical ones: characteristics of mass
flow rate density.
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illustrated by the same broken line in the figure. The experimental points approach
PFFM with increasing p,,U,, and move on toward EFM with reducing p,,U,. In
the large mass flow rate operation, the appearance of non-accelerated droplets in
the exhaust plume suggests that the flow structure is close to that of PFFM. The
good agreement between experimental results and computational ones then indicates
that PFFM properly describes the true flow structure of the spray thruster in the
large mass flow rate operation. The tendency that the measured flow rate density
approaches that of EFM in the small mass flow rate range implies that the transition
from partially frozen state to equilibrium state occurs due to a decrease in the drop-
let diameter.
The following relation is known for ideal gas nozzle flow:

/A, ={2/ + D21/ + D)o Us. (4-1)

The m/A, is shown to be proportional to p,U, in this case. As for #1/A4, in both
EFM and PFFM, the least square regression analysis gives the following relation
ir: the range of p,,U,<100 g/(scm?):

EFM: /A, oc(p.,Up)"", (4-2)
PFFM: i/ A,oc(p,,Up)"%. (4-3)

The p,,U, dependency of #1/A, in both EFM and PFFM is small in comparison with
that of ideal gas nozzle flow. This is explained by the following consideration. The
strong evaporation taking place near the throat section results in an increase in the
vapor mass flow rate. The flow with additional vapor mass causes choking at the
throat with lower mass flow rate than that of the flow without evaporation. Further-
more, the additional vapor mass is increased with the total mass flow rate. As a re-
sult, the exponents of p,U, in Eq. (2-10), Eq. (4-2), and Eq. (4-3) become smaller
than unity (1.0).

Figure 4-2 shows the relation between the thrust density and the reference thrust
density described with evaporation chamber state variables. Both EFM and PFFM
show the similar tendency. The experimental points are close to the simulation curve
of PFFM. In the large mass flow rate range, the good agreement with the experi-
mental results and simulation results of PFFM confirms that the flow structure in this
range is well described by PFFM. In the small mass flow rate range, however, the
following question may be forwarded: Why is the measured thrust close to that of
PFFM in spite of the fact that the measured mass flow rate approaches that of
EFM? This is explained as follows: Decreasing the mass flow rate results in a
decrease in the droplet diameter, which supports the acceleration of liquid phase.
Therefore the mean exhaust velocity is increased. Thrust is given by

F—:peersze—i_Peer, (4_4)

where p., and U,, denote the mixture flow density and the mean flow velocity at
the nozzle exit. P,, is the static pressure. An approach to the flow structure of
EFM decreases the mass flow rate p,,U,,A4,. But the mean flow velocity is increased.
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ones: characteristics of specific impulse.
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Consequently, if an increase in the flow velocity compensates the decrease in the mass.
flow rate, the thrust is not decreased. The increase in the mean flow velocity is clear-
ly shown in Fig. 4-3, in which the measured I5, is almost equal to that of EFM
when the mass flow rate density is lower than about 10 g/ (scm?).

The momentum thrust of ideal gas flow produced in a convergent nozzle is ex-

pressed by
F/A,={2/0+ D}/ =202r/(+ D}p. Uy (4-5)

Thrust is proportional to p,U;. The p,U,* dependency of thrust density in EFM
and PFFM are given as follows:

EFM: F/A oc(p,U)"%, (4-6)
PEFM: F/A, o< (p U™ (4-7)

The exponents of p,, Uy in both models are smaller than unity. This trend is quali-
tetively explained by the following consideration. The thrust is expressed as a prod-
uct of the mass flow rate and the mean exhaust velocity. As for the mass flow rate,
the exponent of p,,U, is smaller than unity as was shown in Eq. (4-2) and Eq.
(4-3). The U, dependency of the mean exhaust velocity is explained as follows:
Since an increase in U, corresponds to the increase in the mass flow rate, that is, the
rise of liquid mass fraction, increasing U, reduces the mean exhaust velocity in both
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Fig. 4-4. Comparison of experimental results with
numerical ones: characteristics of thrust
density for Furan.
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Fig. 4-5. Comparison of experimental results with numerical
ones: characteristics of specific impulse for Furan.

EFM and PFFM for a given tank temperature operation. Hence the mean exhaust
velocity has negative dependency on U,. From these reasons, p,,U,> dependencies
of thrust density in both EFM and PFFM are small in comparison with that of ideal
gas nozzle flow.

Figures 4-4 and 4-5 show the thrust performance characteristics of Furan. The
measured points are close to the calculated results in PFFM throughout the expri-
mental range. Even if the mass flow rate is decreasing, the transition from the par-
tially frozen state to the equilibrium state is not observed clearly in this case. This
is considered to be due to the large mass fraction of the liquid phase in the present
operation.

4-2. Parametric Effects on Thrust Performance

The applicability of EFM and PFFM has been evaluated in the previous section
by comparing the computational results with the experimental ones. It has been
shown that EFM is suitable for the description of the flow structure in the small
mass flow rate range, and that PFFM properly represents the flow structure in the
large mass flow rate range. In the present section, various parametric dependencies
of thrust performance are discussed by employing both EFM and PFFM.

4-2-1. Effect of chemical properties of propellant

Let us consider similar conditions of nozzle flow in the spray thruster. One con-
dition is obtained by putting the liquid mass fraction in the evaporation chamber to
be constant, thus let,

C,(T,—T)/Q.(T;)=const. (4-8)
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The other conditions are given from setting non-dimensional chemical properties

of propellant to be unchanged:

(4-9)
(4-10)

C,/R=const.,
Q(T)/RT,: A function of T.
Since Q,(T) is a weak function of temperature in the present experimental range,

it is reasonably assumed that Q,(T) is represented by Q,(7,). Consequently, the
above three conditions are equivalent to the following ones.

T,/T,=const., 4-11)
C,/R=const., (4-12)
Q,T,)/(RT,)=const. (4-13)

Chemical properties of liquid are represented by only two parameters C,/R
and Q(T,)/(RT,). Figure 4-6 shows C,/R and Q,(T,)/(RT,) of various liquids,
where T, and T, are specified to be 293K and 273K, respectively. The solid
line denotes non-dimensional exhaust velocity U* as is marked with its value. When
the molecular weights are identical, the higher quantity of C, and lower quantity of
Q,(T,) lead to higher non-dimensional exhaust velocity. Then the higher the non-
dimensional exhaust velocity is, the more effectively thrust is produced. In Fig. 4-6,
all of the liquids are divided into three groups. Propane, Butane, Pentane, and
Ethyl Ether belong to the first group, in which C,/R is large, Q,(T,)/(RT,) is
small, and non-dimensional exhaust velocity is high. The liquid in the first group is
suitable for the propellant of spray thruster. Furan, Freon 11 and Ammonia belong
to the second group, in which non-dimensional exhaust velocity is in the middle
range. The third group is composed of Hydrazine, Methanole and Water. These lig-
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Fig. 4-6. Similar conditions in liquid properties.
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uids have large latent heat of evaporation and then are not suitable for the pro-
pellant.

Next let us consider about the maximum propulsive energy converted from
enthalpy of the liquid through the expansion into vacuum. In the spray thruster
system, the following relation should exist for the steady operation:

T,<T,<T,<T,<T,, (4-14)

where T, is the freezing point of the liquid, T, is the temperature at the nozzle exit,
and T, is the critical point. The lowest operational temperature is determined by
a condition that the saturation vapor pressure goes down so low near the freezing
point, and it is necessary to prevent the liquid from freezing on the nozzle wall. The
maximum propulsive energy is obtained at the maximum flow velocity under the
fixed mass flow rate condition. The maximum flow velocity is given by rewriting
Eq. (3-17) with dimensional variables as follows:

Ts T 12
Umax - {2Tf f 1 /T2<J‘ deT>dT} . (4_15)
Ty T

The maximum [, is defined by
ISPmax: Umax/g' (4—1 6)

Figure 4-7 shows the maximum I, of various liquid propellants. Propane has the
highest I, that is close to the maximum theoretical I, of Nitrogen which is repre-
sented by the broken line. Butane, Pentane, Ethyl Ether, and Ammonia follow to
Propane in that order. Furan, because of its low heat capacity, and water, because
of its high freezing point and large latent heat of evaporation, show low I,. It
should be noted, however, that Propane, Butane, and Ammonia exist in gas phase
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Fig. 4-7. Maximum theoretical Igp.
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under a standard state, which increases the difficulty in handling in comparison to
the others.

4-2-2. Effect of nozzle dimension

Let us consider the effect of throat area on the thrust performance. It is assumed
that the nozzle dimension is changed while maintaining similar configuration. If the
mass flow rate is increased in proportion to the throat cross sectional area, an in-
crease in the throat area does not cause any change in the state of the evaporation
chamber and nozzle. However, if the throat area is changed under a fixed mass
flow rate condition, the change in the mass flow rate density #1/4, is described as

}’;'Z/Atl—————> m/At2a (4—17)

where subscript 1 denotes the initial nozzle dimension, and subscript 2 represents
the altered nozzle dimension. Let F(ri7) express the thrust produced at the mass
flow rate of m and the throat cross sectional area of 4, for a given areal expan-
sion ratio. The change in thrust corresponding to the change (4-17) is given by

F(h) —> F(A, /A,)-(4,/A4,). (4-18)

Then the change in I, is expressed as follows:

ISPI'——)Ispz, (4__19)

where
Lsp, =F(r)/(mg), (4-20)
Isp2=A62F(rhAtl/At2)/(rhA,]g), (4-21)

The I /Isp, is plotted against A4, /A, for Ethyl Ether in Fig. 4-8. The calculation
<ondition is that the tank temperature is 293 K, mass flow rate is 20 g/sec, and A4, is
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Fig. 4-8. Effect of nozzle dimension on the Igp.
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Fig. 4-9. Schematic configuration of throatless nozzle.

0.7854 cm®. The propellant is Ethyl Ether. The solid line and the broken line denote
EFM and PFFM, respectively. It is shown that large cross sectional area is preferable
in order to increase the thrust performance in both EFM and PFFM. It is because
an increase in the throat radius corresponds to a decrease in the liquid mass fraction
in the evaporation chamber for a given mass flow rate. Increasing the throat radius
is also preferable from the view point of vapor-liquid relaxation phenomena, since
the nozzle flow structure approaches that of EFM owing to the increase in the
stay time of droplets in the nozzle.

The radius of the evaporation chamber can not be infiinitely increased, so that
the maximum obtainable throat radius is limited to the radius of the evaporation
chamber. Therefore the above investigation suggests that a throatless nozzle as
shown in Fig. 4-9 is most suitable for the spray thruster.

4-2-3. Effect of operational temperature

Spray thruster is operated in the temperature range from the freezing point to
the critical point of the liquid propellant in principle. However, the saturation pres-
sure is too high at the temperature close to the critical point. The liquid easily
freezes under the freezing point. Therefore the middle temperature range is suitable
for the operation of the spray thruster. Particularly, the room temperature range is
preferable from the view point of handling.

Figure 4-10 shows the thrust performance of spray thruster using Ethyl Ether in
the room temperature range. The thrust and I, are calculated from EFM. The
expansion ratio of nozzle is specified to be 100. The I, is gradually increased with
decreasing the evaporation chamber temperature due to a decrease in the liquid
mass fraction as was mentioned previously. Likewise the I, is increased with the
tank temperature. About 5 sec gain in I, is obtained by 20°C increase in the tank
temperature. On the other hand, the thrust is rapidly decreased with T,. An increase
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Fig. 4-10. Effect of operational temperature on the thrust
performance.

in T, results in a slight increase in the thrust for a given T,. From these results, the
spray thruster is characterized as its large thrust magnitude and variable thrust capa-
bility. These characteristics are not seen in subliming solid rocket and vaporizing
liquid rocket systems.

It is obvious that we could improve the thrust performance of the spray thruster
by utilizing an external heat source like resistojets. There are two kinds of heating,
that is, isobaric heating and isochoric heating. In the isobaric heating, the liquid
changes from state A to state C in Fig. 1-1. In the isochoric heating, the liquid
changes from state A to the critical point along the saturation liquid line. If the
input power is the same, both heating methods result in the same thrust performance.

By using EFM, let us estimate thrust efficiency of spray thruster with external heat
source. The liquid is assumed to be stored initially at temperature 7,, When the
liquid is heated to its temperature of T,, the following thrust efficiency can be de-
fined:

7787——‘{Fz/(zm)-—FOZ/(Zm)}/{me(TL _Tto)}7 (4——22)

Table 4-1. Heating efficiency of spray thruster.

o

T, (K) Thrust (N) F (4525’)") ]“p“(tj/ﬁ‘)’wer D7

288 0.797 158.9 0.0 —

318 0.873 190.0 93.7 0.34

338 0.944 223.0 187.5 0.34

358 1.011 255.7 281.3 0.34

378 1.074 288.7 375.0 0.35
m=2g/sec
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where F, is the thrust at the tank temperature of T,. The denominator denotes
the input energy, and the numerator indicates an increase in the propulsive energy.
The thrust efficiency is listed in Table 4-1, in which Ethyl Ether is used as the pro-
pellant, the expansion ratio is 100, the throat diameter is 1 cm, and T, is specified
tc be 298 K. It is shown that 7, is almost constant at 0.34, regardless of the mag-
nitude of the input energy.

4-2-4. Effect of mass of the propellant storage system
For the accurate evaluation of a thruster system, not only the thrust performance
but also the system mass are employed as the criteria. Effective specific impulse is
then introduced as the combined criterion of thrust performance and system weight.
The total rocket system weight is divided into the following components:
W,:  Total mass of a rocket system
W,.: Payload mass
Wpr: propellant mass of an auxiliary thruster system
Ws:  structural mass of an auxiliary thruster system
The mass ratio is defined as

a=W,,/W,, (4-23)
1321/(1+WP/WS)' (4-24)

o is called payload ratio. The characteristic velocity of the auxiliary thruster system
is given by

AV =—gl, In{l— (1 —a)(1—B)}, (4-25)

where I, is the specific impulse of the auxiliary thruster. Generally speaking, the
mass of the auxiliary thruster system is smaller than the mass of the total system so
that the following relation is applicable:

1—akl. (4-26)
Eq. (4-25) is rewritten using the above relation as
Lip=AVA+Wo/W9)/{g(1—a)}. (4-27)
The effective specific impulse is then defined by
I=Is5p/(01+Ws/Wp)=4V/{g(1 —a)}. (4-28)

The above equation shows that the payload ratio is increased with the effective
specific impulse I,. Therefore, the higher I, is, the better is the system.

Next, it is assumed that the propellant storage tank is spherical and is designed
not to be broken by the inner pressure. The mass of the tank W, is obtained for a
gas propellant as follows:

W./W,=3p.RT,/(2S,). (4-29)
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In a case of liquid propellant, it is given by

where S, and p, are allowable tensile strength and density of the tank material, re-
spectively. R is the gas constant, p, is the liquid density, and P, is the pressure in
the storage tank.

Figure 4-11 shows I, of spray thruster and Nitrogen cold gas jet which is widely
used as an attitude control motor. The calculation condition is that p,, is 7.9 g/cm53,
Sw is 196 N/mm?, P, is 1.96 MPa, T, is 300K, and the areal expansion ratio is
specified to be 100. The structural mass W, is assumed to be equal to W,. Itis
shown that the spray thrusters have higher values of I, than that of a Nitrogen cold
gas jet. This is due to the large liquid densities of Propane, Butane, and Ethyl
Ether. In the spray thruster systems, Propane’s system is the most excellent for the
I, performance.

5. CONCLUSION

The evaporation process of liquid exposed to a vacuum environment has been
studied for propulsion application. A new thruster system called “Spray Thruster”
has been presented. The spray thruster positively utilizes the evaporation process of
liquid propellant to produce a gaseous working fluid. The thrust performance has
been investigated both experimentally and theoretically.

The experimental models of spray thruster were tested in the wide range of the
mass flow rate. Ethyl Ether, Pentane, and Furan were used as the propellants. It
has been shown that spray thruster is operated well in a vacuum environment with-
out any energy additions. The thrust performance characteristics are described as
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follows: The discharge coefficient C, is on the order of 0.1 sec! and is increased
with the mass flow rate due to the increase in the liquid mass fraction. The thrust
coefficient C is almost constant to be 2.5. The specific impulse I, is increased with
decreasing the mass flow rate. It reaches 28 sec at mass flow rate of 6.9 g/sec for
Ethyl Ether. The dependency of C,, C; and I, on the evaporation chamber condi-
tion is obtained as follows:

(1) Cpoc[1/{(1—=K)VRT}"*(1/P,)",
(2) Croc[1/(1=K)P*(1/P,)"%,
(3) Lspoc{(1 —Ko)/Po}"*(RT,)"*".

In the large mass flow rate operation, non-accelerated droplets were observed to
disperse at the nozzle wall edge. It suggests that a thin liquid layer is formed over
the nozzle inner wall and that the thrust loss is partly attributed to this layer.

On the basis of the experimental results, two kinds of flow models have been in-
troduced to examine the more detailed mechanism of thrust production. They are
Equilibrium Flow Model (EFM) and Partially Frozen Flow Model (PFFM). The
PFFM is the newly developed concept in which the pressure is in a saturation equilib-
rium condition, the droplet temperature is equal to the vapor temperature, and the
droplet velocity is frozen. Comparison of the experimental results with theoretical
ones has shown that EFM simulates the flow structure properly in the low mass flow
rate range and that PFFM represents the flow structure in the large mass flow rate
operation. The transition from PFFM to EFM is mainly due to the decrease in the
droplet diameter associated with the decrease in the liquid mass fraction. The droplet
frozen velocity is estimated to be about 20 m/sec. The allowable droplet diameter
is evaluated by considering the breakup of droplets in the nozzle. The maximum
value lies in the droplet diameter range of PFFM.

Parametric effects on the thrust performance have been studied by using EFM
and PFFM. It has been shown that the nozzle flow field is characterized by two non-
dimensional parameters, C,/R and Q/(T,)/(RT,). The large quantity of C,/R
and the small quantity of Q(T,)/(RT,) are suitable features for the propellant.
The preferable liquids are Propane, Butane, Pentane and Ethyl Ether, the maximum
theoretical Isp of which are 72, 52, 49 and 45 seconds at the propellant temperature
300 K, respectively. It has been also shawn that the nozzle dimension influences the
thrust performance for a given mass flow rate condition. The large throat diameter
is desirable, so that the throatless nozzle configuration is proposed. According to
a practical point of view, the spray thruster system has been shown to be superior to
Nitrogen cold gas jet system owing to the large propellant density.

APPENDIX 1. TIME CONSTANTS OF RELAXATION PHENOMENA

(A) r,: Time constant of mass transfer
The evaporating mass flow rate per unit area is generally expressed by
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. P { P(T,)—P T—T }
P S § o B C p \ Al-1
Moo= J2zRT L} P T+ T ( )

C; and C, are the accomodation constants. In continuum, C is generally specified to
be zero [22]. It is assumed that the liquid phase is composed of small spherical
droplets with the radius of r,. The evaporating mass flow rate is then given by

D/ p,=4xr,'m,,/(4zr,*"M,/3), (A1-2)

where p, is the density of the liquid phase, M, is the material density of the liquid,
and p is the density of the gas phase. The substitution of Eq. (Al-1) into Eq. (Al-
2) results in

®/p,=QBpac/M,r,)-(P,—P)/P, (A1-3)

where
a=C,/v2xaT, (A1-4)
a=+TRT. (A1-5)

The time constant of mass transfer is then expressed by
t,=M,r,/(Bpac). (A1-6)

In the case of free molecular flow which corresponds to C;=1, « is calculated to be
0.33 for r=1.4.

(B) r,: Time constant of momentum transfer
In the gas-particle flows, the particle phase is accelerated by the viscous drag force.

The magnitude of the force is expresed by
F=(1/2)Cp,n,o(U—U)|U—-U,|ar,’, (A1-7)

where C,, is the proportional constant, n, is the number density of particle, U and
U, are the velocity of gas and particle phases, respectively. When the particle is so
small that the Stokes drag law is applicable, the C,, is given by

C,,=24/Re, (A1-8)
where
Re=2r,p|U—-U,|/p. (A1-9)
Substituting Egs. (A1-8) and (A1-9) into Eq. (Al-7), we have
F=94/Q2M,r,%-0,(U—U,). (A1-10)
The time constant of momentum transfer is then obtained as follows:
T =2M,r,%/ (). (A1-11)

The 7, is proportional to the square of the particle radius.
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(C) t,: Time constant of heat transfer by convection
The heat transfer between the gas and particle phases per unit volume and unit time
is expressed by

Q,=n,-2-4ar (T —T,), (A1-12)
where 2 is the proportional constant, which is described by
2=k,N,/(Qr,). (A1-13)

The &, is the coefficient of heat transfer by conduction in the gas phase, and N,
is the Nuselt number which is specified to be 2.0 when the Reynolds number is enough
small. The time constant of heat transfer by convection is, hence, given by

ta=M,r,*C,/(3x,), (Al-14)

where C, is the heat capacity of the particle phase. The ratio of 7, and z,, is de-
scribed by

24/t =03/2)P,(C,/C,,), (A1-15)

where P, is the Prandtle number, and C,, is the heat capacity of the gas phase. Both
P, and C,/C,, lie in the order of unity, so that ¢, and r,, are on the same order of
magnitude.
(D) rz,: Time constant of heat transfer by conduction

Since the evaporating mass flow rate strongly depends on the surface temperature
of the liquid, the temperature distribution within a droplet is an important factor to
be considered. The time constant of heat transfer by conduction is approximately
given by

r.=M,C,r,Y/ (w%,), (A1-16)

where £, is the coefficient of heat transfer by conduction within a droplet.

APPENDIX 2. FUNDAMENTAL EQUATIONS OF GAS-PARTICLE FrLows

(A) Fundamental Equations
The conservation equations governing the steady quasi-one dimensional flow of
the gas-particle mixture are derived under the following assumptions:
(1) The total mass and the total energy of the system remain constant.
(2) The gas is perfect gas and inviscid except for its interaction with the par-
ticles.
(3) The thermal motion of the particles is negligible.
(4) The volume occupied by the particles is negligible.
(5) The particle do not interact each other.
(6) The characteristics of an actual shape and size distribution of particles can
be represented by spherical particles of a single size.
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(7) The only force on the particles is viscous drag force which is subject to
Stokes drag law.
The fundamental equations are given as follows:
mass conservation:

d(pUA)/dX=AD, (A2-1)
d(p,U,A)/dX=—AD, (A2-2)
momentum conservation:
pUdU/dX +p,U,dU,/dX +dP/dX —&(U,—U)=0, (A2-3)
0,U,dU,/dX =p,/t, - (U—=U,), (A2-4)
energy conservation:
pUA(h,+U*/2)+p,U,Ah,+U,'/2)=E, (A2-5)
p,U,dh,/dX=p,/t, - (T—T,)—0Q,, (A2-6)
equation of state:
P=pRT, (A2-7)

where z,, and 7, are the time constants of momentum and heat transfers between
the gas and particle phases. @ is the evaporating mass flow rate per unit volume.
h,and h, is the enthalpy of the gas and particle phases, respectively. When the mix-
ture is composed of vapor and its condensed phase, the following relation is
obtained:

h(T)=h,(T)+Q.T), (A2-8)

where Q, is the latent heat of evaporation. In the present analysis, it is assumed
that the heat capacity of the liquid C, remains constant, and the heat capacity of
the vapor C,, is expressed by

C,.=C,+dQ,/dT. (A2-9)
The specific heat ratio is, hence, given by
T=C,e/(Cpe—R). (A2-10)

Since dQ,/dT is always negative, the heat capacity of vapor is smaller than the heat
capacity of liquid in general.
(B) Derivation of Eqgs. (3—-46) and (3-47)

Differentiation of Eq. (3-47) results in

do*/p*+dU*/U*+dA*/A* — A*O*dX*/(p*U*A*)=0. (A2-11)

From the differential form of Eq. (3-44) and Eq. (3-14), the density term in the
above equation is rewritten by
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dp*/ p* = (QF /T* —1)dT*T*. (A2-12)

From the relations: A*@*dX* = —m*dK and p*U*A*=(1—K)m*, the third term
in Eq. (A2-11) becomes

A*XQ*dX*/(p*U*A*)= —dK/(1 —K). (A2-13)
Substituting Eqs. (A2-12) and (A2-13) into Eq. (A2-11), we have
dU*/U*+dA*/A* +(QF /T*—1)dT*/T*+dK/(1—-K)=0. (A2-14)
The momentum conservation equation is given by

av* __ (-K) ,4 P4 S Up—U* prax~. (A2-15)

U* p*U*2 *U *2

From Eqgs. (3-14) and (A2-13), the above equation is rewritten as follows:

* * *
dU* __ QF dT* | U*-Uf dK (A2-16)
U* Ut T* U*  1—-K'

Differentiating Eq. (3-43), we have

dK _ C
1-K 1-K

( U* _ U}

4 : +Ql) dT*+ fi% dT* 4 U*dU*. (A2-17)

Elimination of dK from both Eqs. (A2-16) and (A2-17) results in

(Q,,Zi_& CiT* _ 6, s 4O} ) dr* *—(1—ﬁ U*2>dUZ*, (A2-18)

Uu¥® 4, 1—-K 02 dT* ] T* g,
where
0,=U*—-U})/U*, (A2-19)
0,=U**/2—U¥/2+QF. (A2-20)

Substituting Egs. (A2-17) and (A2-18) into Eq. (A2-14), we finaly obtain Egs. (3-
46) and (3-47) as follows:

(A—M HAU*/U*+dA*/A* =0, (A2-21)

where

1 . Qr CxT* g
i g o E ) 7 v 22
! 02[ G Tl T

1—(6,/6,)U* ] (A2-22)
(01/52){C*T*/ (1 —=K)+T*(dQ}/dT*)}-(Qf / U**)
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