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Development and Validation of Fluid/Thermodynamic
Models for Spacecraft Propulsion Systems
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Models and simulations have been developed and applied to a wide variety of monopropellant and bipropellant
spacecraft applications, including regulated and blowdown systems. These models and analytical techniques have
been validated through the use of actual � ight and test data from several programs, and a better understanding
of the physical processes affecting internal thermodynamics has been achieved. The in� uence of propellant vapor
effects for both regulated and blowdown systems has been assessed and quanti� ed. It has been determined that
one relationship can be used with acceptable accuracy for all convective heat-transfer processes, simplifying the
modeling and avoiding excessive complexity. In addition, the modeling approach has been validated over a range
of accelerations from near zero g to one g, providing con� dence in understanding the differences between ground
testing and the � ight environment.

Nomenclature
A = surface area
C, K = engine coef� cients
cp , cv = speci� c heat at constant pressure, volume
D = diameter
Gr = Grashof number
h = speci� c enthalpy
hc = convective heat-transfer coef� cient
k = thermal conductivity
M = molecular weight
m = mass
Nu = Nusselt number
P = pressure
Pr = Prandtl number
Q = heat-transfer rate
R = gas constant
T = temperature
u = speci� c internal energy
V = gas volume
Y, y = weight fraction, mole fraction
l = absolute viscosity
m = speci� c volume
q = density
r = Stefan–Boltzman constant

Subscripts

a = ambient or outside
c = chamber
e = entering or exiting
f, o = fuel, oxidizer
g = pressurant gas
t = tank
v = propellant vapor
w = wall

Introduction

F LUID and thermodynamicmodeling of propulsion system op-
eration is conductedfor performanceprediction,sizingof tanks

and � uid components, and determination of component � ow and
temperature requirements. The achievement of realistic simulation
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models can preclude overly conservative design solutions in these
areas. Previous modeling of regulated systems1 has included inter-
nal thermodynamicsand heat transfer, regulatorcharacteristics,and
� ow models. Other references2,3 also deal with thermodynamicand
� uid relationships involving pressure regulated applications. For
applications involving propellant tank blowdown, previous studies
have addressed thermodynamic modeling4 6 and the particular in-
� uence of oxidizer vapor on blowdown prediction accuracy.4,6

The primary goals of this investigation are to improve the mod-
eling capability for a variety of applicationsand to develop a better
understanding of the relevant physical processes. The reporting of
the comparison of analytical predictions with actual � ight or test
data has been limited, and the signi� cance of some of the assump-
tions regarding physical processes was not always addressed. In
addition, applicability of the models over a range of accelerations
has not been discussed.The development of simulations in support
of a wide varietyof propulsionsystemapplicationsnow presents the
opportunity to not only validate the accuracy of the models but also
search for commonality in modeling methodology.One of the study
objectives is to determine if common analytical techniques, such
as heat-transfer relationships, can be used for a variety of applica-
tions. Another goal is a better understandingof some of the relevant
physical processes associated with system operation.The � uid and
thermodynamic methods discussed in this paper have been applied
to regulated bipropellant systems, blowdown monopropellant sys-
tems, blowdown bipropellant systems, and tank pressurizations.

Issues and Methodology
All of the models involve thermodynamicsand heat transfer, and

the challenges include 1) selecting methods that provide adequate
accuracy, 2) identifying and describing all of the relevant physi-
cal processes, and 3) avoiding excessive complexity. A good un-
derstanding of the physical processes is important; for example, it
would not be sensible to overcomplicate a model by including de-
tailed analyticalmodels of processes that are relatively insigni� cant
to the overall resultsand that are overwhelmedby system uncertain-
ties in other areas. The treatment of the physical processes can be
illustratedby expressing the � rst law of thermodynamicsas applied
to perhaps the most complicated control volume, the oxidizer tank
ullage of a regulated system, pictured schematically in Fig. 1.

d

dt
(mgug mv uv ) Q Pt V mghe mv hv (1)

On the right side of the equation , the terms in order represent con-
vective heat transfer to the ullage, the work done on the propellant
as it is expelled from the tank, the energy of entering pressurantgas,
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Fig. 1 Regulated system representation.

and the energy of entering vapor. Assuming constant vapor pres-
sure, the vapor mass � ow can be written in terms of volume and
temperature changes, thus eliminating the vapor mass-� ow term.
After appropriatemanipulationand substitutionin the equations,an
expression can be written for temperature change:

T
Q mg (he cvg T ) V Pg

mgcvg mv cvv Pv V / T
(2)

It is assumed that u cv T for both helium and vapor, recognizing
that there is greateruncertaintyfor the vapor.However, the inclusion
of vapor effects in the propellant tank ullage does not signi� cantly
in� uence the results, especially for a regulated pressure application
where ullage temperature changes are small. This � nding was con-
� rmed by running cases with constant vapor mass as well as zero
vapor mass in the oxidizer tank. The change in pressurant gas mass
for the volume is expressed as

mg
d

dt

Pg V

RT

V

RT
Pg

Pg

RT
V

PgV

RT 2
T (3)

where Pg is assumed to be constant for a regulated system. After
substituting Eq. (2), an expression can be written for gas � ow into
the ullage volume:

mg
(mgcvg mv cvv Pv V / T )PgT V PgV (Q Pg V )

(mgcvg mv cvv Pv V / T )RT 2 Pg V (he cvgT )
(4)

Equation (4) represents the gas � ow required to maintain a given
regulated pressure in the propellant tank. The derivation for the
fuel tank is similar, except that vapor effects are deleted. For the
pressurant tank vapor effects and volume changes are deleted. For
pressurization of a tank with no propellant out� ow, the gas-� ow
rate into the tank is governed by the � ow characteristics of a reg-
ulator or ori� ce and may be sonic or subsonic depending on the
pressures. Blowdown systems are treated similarly, except there is
no gas in� ow to the propellant tank.

The selection of appropriate heat-transfer mechanisms is criti-
cal to internal thermodynamic modeling. Heat transfer inside pro-
pellant and pressurization tanks is generally characterized as free
convectionbecause of the relatively low � uid velocities and mixing
intensity, although the � ow itself may be laminar or turbulent. Free
convectiondominatesover forced convectionif the Grashofnumber
is larger than the square of the Reynolds number,7 and especially if
the ratio of the two values is greater than 10. This relationship was
evaluated for several spacecraft applications ranging from orbital

burns to ground testing, with the result that the ratio of interest ex-
ceeds 10,000 for most of the time. Therefore, the selection of free
convection for all propellant and pressurant tank convective heat
transfer appears valid and can be expressed as

Q hc A( D T ) (5)

where D T applies to the temperature difference between wall and
gas or between liquid and gas. Modeling is based on free convection
inside spherical cavities7 with the following relationships:

hc kNu/ D (6)

where

Nu 5.90 for GrPr < 104

Nu 0.59(GrPr)0.250 for 104 < GrPr < 109

Nu 0.13(GrPr)0.333 for 109 < GrPr < 1012

The heat-transfer coef� cient is in� uenced by a number of parame-
ters, including vehicle acceleration and gas properties. The change
in the temperature of the wall exposed to the ullage is calculated
using the convectiveheat transfer in conjunction with wall heat ca-
pacity.The effectsof liquidout� ow are accountedfor by uncovering
new wall area and calculatinga mass-averagedwall temperatureas-
suming the added wall area has the same temperatureas the propel-
lant. For the pressurant tank at each time increment the convective
heat transferis calculated,and the new gas mass and temperatureare
used in the determination of pressure with the Beattie–Bridgeman
equation of state, which for helium takes the form

P RT / m a / m 2 b/ m 3 (7)

where a and b are functions of temperature.
Radiation heat transfer between a tank and its surroundings is

expressed as

Q A e r T 4
a T 4

w (8)

In this case, e is the effective emissivity and takes into account
emissivities and surface areas of the tank and its surroundings.The
pressurant tank in particular can undergo signi� cant cooling, with
the result that tank wall temperature change caused by radiation
heat transfer has an impact on internal gas temperature. However,
analysis runs using a range of emissivityvalues show that this effect
is small compared to internal convectiveheat transfer; therefore, the
overall contribution to required helium mass is minor.
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The throttlingacrossthepressureregulatoris treatedas a constant-
enthalpy process. This assumption was con� rmed by a blowdown
test using the A2100 (satellite bus used for commercial geosyn-
chronous applications) regulator to characterize the outlet temper-
ature as a function of inlet pressure and temperature. The recorded
outlet temperatureswere within approximately2 C of the valuepre-
dicted by constant enthalpy,with the total temperature range during
the blowdown covering about 22 C. One simplifying assumption is
that the enthalpyof the gas leaving the pressurant tank is unchanged
up to the propellanttank entrance.Factors that couldadverselyaffect
this assumptioninclude long pressurizationmanifolds, low gas-� ow
rates, and operation of component and line heaters. The increas-
ing use of composite instead of all-metallic tanks potentially adds
complexity to the modeling. For composite tanks a mass-average
speci� c heat capacity is determined using the separate masses and
speci� c heats of the liner and overwrap.The entire mass is assumed
to be at the same temperature; this assumption has been validated
by the results of Cassini ground testing, which shows a very small
temperature gradient between liner and overwrap.

Bipropellantsystems introduceadditionalvariables involving the
oxidizer, which is typically nitrogen tetroxide. The relatively high
vapor pressure means that vapor properties must be included in the
oxidizer tank model; in addition,forbipropellantblowdownsystems
the possibility of vapor condensation or evaporation must be eval-
uated. In the calculation of ullage gas properties, the incorporation
of vapor effects is accomplished as follows8:

cp cpvYv cpgYg (9)

l
l v yv M 0.5

v l g yg M0.5
g

yv M0.5
v yg M0.5

g

(10)

k kv yv kg yg (11)

Bipropellant thruster operation can be modeled as

Pc C(m f mo ) (12)

m f K f q f (P f Pc), mo Ko q o(Po Pc ) (13)

The fuel and oxidizer pressures are at the engine inlet, and the fuel
and oxidizer engine coef� cients (K f , Ko) account for � ow area and
� uid resistance. The preceding engine coef� cients can be modeled
as functions of � ow rate or inlet pressure, depending on the ranges
covered.

Fluid/Thermodynamic Modeling and Validation
Analytical models and simulations based on the preceding

methodology have been developed for various spacecraft applica-
tions.Some of theseapplications,includingcomparisonswith actual
� ight or test data, are discussed next. The computer programs use
a spreadsheet application with a built-in programming language; a
� nite difference approach is used, with a time step small enough to
ensure accuracy and stability.

Regulated Systems

The computer model accommodates the phases 1) blowdown
from regulator lockup, 2) regulatedoperation,and 3) postburnpres-
sure increase to regulator lockup, at which point the regulator � ow
goes to zero. Each phase is handled separately for the fuel and ox-
idizer sides. Thruster � ow is handled with an iteration subroutine,
which takes into account the fuel and oxidizer tank pressures plus
feed system characteristics.In the initial blowdown phase involving
liquid out� ow and gas expansion, the temperature of the ullage gas
decreases; heat transfer takes place between the gas and wall and
between the gas and liquid surface. When the pressure in a tank
reaches the prescribed value, the regulated phase begins, and the
gas-� ow rate is given in Eq. (4). In the lockup phase the liquid out-
� ow is zero, and the gas � ow into the tank ullage is governed by
the regulatorcharacteristicsand changingpressures;this phaseends
when the check valve reseats.

The regulated system simulation has been used to support the
design of bipropellantpropulsionsystems for Space-Based Infrared
System (SBIRS) and the upgraded Athena Orbit Adjust Module.
Speci� c uses have includedpressurant tank sizing,determinationof
component � ow rate and temperature requirements,and assessment
of engine mixture ratio excursions. The accuracy of the computer
model has been evaluated using actual � ight data from A2100 and
Mars Global Surveyor (MGS). The A2100 system is operationally
similar to Fig. 1, except that the pressurizationmanifoldhas latching
solenoid valves instead of passive check valves. Oxidizer tanks are
titanium, and the fuel and pressurant tanks are composite. Figure 2
shows the pressuranttank pressurefor a representativeorbit-transfer
apogee burn involvinga single bipropellantengineat approximately
650 N, with a regulated tank pressure of approximately 251 psia.
The 82-liter pressurant tank is composite overwrap with titanium
liner, and the initial temperature was 18.5 C. Average acceleration
during the burn was 0.032 g. Predicted and actual pressures are
in close agreement; the predicted isothermal and adiabatic cases,
representing the upper and lower bounds, are shown for reference.
Using telemetry data to calculate pressurant gas used for the burns,
the model predictionhas been within 2% of the calculatedvalue for
most of the burns evaluated.

Another check of modeling accuracy was obtained using data
from the Mars orbit insertion (MOI) burn performed by MGS. The
propulsion system, shown in the simpli� ed schematic of Fig. 3, is
a regulated system with titanium propellant tanks, a 43.4-liter com-
positepressuranttankwith aluminumliner,anda 655-Nbipropellant

Fig. 2 Simulation of A2100 apogee burn.

Fig. 3 Simpli� ed MGS operating schematic.
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Fig. 4 Simulation of MOI burn.

Fig. 5 Temperature comparison—MGS burn.

engine. Characteristics of the MGS con� guration, including pres-
surization/feed system and tank properties, were incorporated in
the computer model to simulate the 1352-s MOI burn, which used
nearly 282 kg of propellantand involved an average accelerationof
0.075 g. Figure 4 shows that the simulation provided a very close
predictionof pressuranttank pressures;the isothermaland adiabatic
predictionsare shown for reference. Figure 5 shows the model pre-
diction for pressurant tank gas and wall temperatures, as well as
the telemetry average for two temperature sensors on the tank wall;
consistentwith the pressure predictions, the predicted temperatures
are in close agreement with actual telemetry values.

One reasonforpredictingpropellanttank ullagetemperaturesis to
assess the potential for postburn fuel/oxidizer pressure differentials
after establishment of thermal equilibrium. This effect is a poten-
tial contributorto mixture ratio excursionsforbipropellantthrusters.
Representativetemperaturepredictionsfor theSBIRS regulatedsys-
tem, operating at an average acceleration of 0.025 g, are shown in
Fig. 6; the three phases of initial blowdown, regulated operation
(setpoint270 psia), and regulator lockup (273 psia) are clearly seen.
The initial ullage volumes for the fuel and oxidizer tanks are 24
and 38%, respectively.The simulation assumes that vapor pressure
in the ullage remains constant at the value consistent with the pro-
pellant temperature; this implies suf� cient vaporization during the
burn to maintain that condition and the entering vapor in� uences
vapor mass as well as heat transfer. Simulations were made for both
constant vapor pressure and constant vapor mass to investigate the
sensitivity of the assumption, and the results show that the assump-
tion of constant vapor pressure does not have a signi� cant impact
on thermodynamics during the burn.

Although the simulations do not predict signi� cant overall tem-
perature changes or differentials between fuel and oxidizer ullage,
observationstypically show an increase in oxidizer tank pressure in

Fig. 6 Temperature prediction for regulated system.

Fig. 7 Athena Orbit Adjust Module schematic.

the minutes and hours after substantialburns. This can be attributed
to reestablishmentof oxidizer tank vapor pressure as a result of va-
porizationnot keeping up as the ullage volume increases during the
burn. An analysis of � ight data from long burns on A2100, Galileo,
and MGS indicates that the vaporizationef� ciency is roughly 50%.
This means that the postburn effects can be estimated by calcu-
lating the vapor pressure decay caused by ullage volume changes
during the burn (assuming constantvapor mass) and taking half that
value as the potential increase in postburn oxidizer tank pressure.
Systems operating at signi� cantly different � ow rates and burn du-
rations can experience differences in the degree of vaporization.
The impact on engine operation is an increased mixture ratio at the
start of the next burn, and the duration of this higher than normal
mixture ratio will dependuponullagevolumesand componentchar-
acteristics such as check valve variability. This phenomenon may
be important for engines with a very tight operating envelope.

Blowdown Systems

The monopropellantblowdown model accounts for pressure and
temperature changes as propellant is expelled, and thruster � ow
rates are calculated with an iterative subroutine. Free convection
heat transfer is assumed in the propellant tank, using the same re-
lationship as for the regulated system model, and the tank wall and
propellant surface areas are continually updated in similar fashion.

The accuracyof the simulationhas been assessedusingdata from
the monopropellant systems on the Athena launch vehicle and the
Lunar Prospector spacecraft.The Athena Orbit Adjust Module sys-
tem, shown schematically in Fig. 7, involves six titanium/bladder
tanks and four 220-N axial thrusters in a blowdown mode for orbit
injection. Figure 8 shows the comparison between � ight and simu-
lation for the portion of the burn on the Lunar Prospector mission
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Fig. 8 Simulation of Athena OAM burn.

Fig. 9 Lunar Prospector propulsion con� guration.

where telemetry was available. The initial temperature was 14 C,
and the ullage changed from 46 to 69%; the burn had an averageac-
celerationof 0.035 g. The blowdown process trends toward isother-
mal as the burn proceeds, and the model predicts pressures that are
close to but slightly lower than the actualvalues.The simulationwas
also used in a pre� ight analysis to assess Lunar Prospector space-
craft performance predictability for the lunar orbit insertion (LOI)
burns, which were accomplished using two axial 22-N thrusters
� ring steady state while the spacecraft was spinning at approxi-
mately 12 rpm. Figure 9 illustrates the con� gurationduring the burn
with a cutaway of one of the three propellant tanks. For convective
heat transfer the effects of spinning plus the acceleration caused by
thruster operation were taken into account. Postburn evaluation of
LOI#1, which had a durationof about 1930 s, showed that predicted
tank pressure was within approximately 4 psi of the actual over a
blowdownrangeof 361–214psia.Becauseof the low thrust, thepro-
cess approached isothermal near the end of the burn; the predicted
4.4 C decrease in ullage temperature compares favorably with the
calculated actual value of 4.9 C.

The blowdown model for bipropellant systems is more complex
and takes into account properties of the helium/vapor mixture. Free
convection heat transfer is again used, with thermal conductivity
affected by the oxidizer vapor. The simulation model was used ex-
tensivelyin the designand developmentof the Bus 1 system,9 which
required the capability for long blowdown burns and the develop-
ment of thrusterswith a verywide operatingrange.The investigation
and understanding of the thermodynamic processes was important
in demonstrating the viability of this departure from the customary
regulated systems. Because there is some uncertainty regarding va-
por effects, especially the degree of vaporization or condensation,

Fig. 10 Effect of different vapor assumptions in oxidizer tank during
blowdown burn.

the simulation incorporates three options for dealing with oxidizer
vapor: 1) vapor pressure is not allowed to be greater than the satu-
ration value at the ullage temperature, which allows for vapor con-
densationas required;2) constantvapor mass, with no condensation
or vaporization allowed; and 3) constant vapor pressure, where the
vapor pressure is consistent with the propellant temperature at the
start of the burn.

The effect of the variousvaporassumptionscanbe seen in Fig. 10,
which shows the predicted ullage temperature history for a hypo-
thetical 500-s blowdown burn with a 445-N engine involving an
average acceleration of 0.03 g and a 350-200 psia tank pressure
change; the fuel tank gas temperature is shown for comparison.The
283-liter titanium propellant tank is pressurized with helium and
starts with 20% ullage. In spite of the gas temperature differences,
the difference in propellant expended among the three cases at any
time during the blowdown is less than 1%, and the difference in
oxidizer tank pressure is less than 7.2 psi. The higher temperature
of case 1 (vapor equilibrium) is primarily a result of condensation
heat release, but this effect is balanced by the reduction in pressure
caused by the loss of ullage vapor mass. In general, the higher heat-
transfer coef� cient in the oxidizer tank caused by incorporation of
vapor effects is balanced by the higher value for cv m, resulting in
temperature changes that are similar to the fuel tank. The overall
conclusion is that the relatively high oxidizer vapor pressure does
not adversely affect performance prediction. An important � nding
is that an exact knowledge of the vapor physical processes is not
required because the pressure blowdown is relatively insensitive to
the assumption used.

Discussion of Techniques and Parameters
The free convection heat-transfer relationship described in this

paper, valid for 104 < GrPr < 1012, is not the only candidate. An-
other expression,3 said to be valid for 3 108 < GrPr < 5 1011 , is

Nu 0.098(GrPr)0.345

It was expected that there would not be signi� cant differences be-
tween the two methodsbecause the calculatedvalues for the Nusselt
number are relativelycloseover the rangeof interest.The preceding
alternativerelationshipwas used in the model simulations for MGS,
A2100, Cassini ground test, Lunar Prospector,Athena, and the sim-
ulated bipropellant blowdown. Results for the two methods were
compared, and the differences in the predicted pressures and tem-
peratures were very small. Both relationships provided acceptable
accuracy in simulating � ight characteristics, and given the minor
differencesbetween the two methods, it is not possible to conclude
that one is better than the other.

Because the current model assumes use of the same heat-transfer
relationship for all surfaces, a relevant question is whether incor-
poration of additional � delity and complexity results in any signi� -
cant increase in modeling accuracy.For example, textbooksprovide
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relationshipsforboth verticaland horizontalsurfacesin acceleration
� elds. In addition,a previousanalysis4 has modeled the heat transfer
associatedwith the thin-� lm layer between the liquid and gas/vapor
ullage.A review of the various free convectionrelationshipsreveals
that the greatest differencebetween the methods at any given value
of GrPr is only about 30%. In addition, the highest heat-transfer
values are for the � at (propellant) surfaces, which in a propellant
tank are only a portion of the total heat-transfer surface area. In an
effort to bound the heat-transfer sensitivity, various model simula-
tion runs were made with the heat-transfer rate increased by 20%
at all times; comparisons were then made with baseline runs for
MGS, A2100, Athena, Cassini, and bipropellantblowdown. Differ-
ences in predicted pressure and temperature were small, and pres-
surant tank gas usage differed by less than 0.20%. It was concluded
that a common heat-transfer relationship can be applied to all sur-
faces, and there is little bene� t to increasing the complexity of the
modeling.

Considering the signi� cance of acceleration to the free convec-
tion process, an important question is whether ground testing can
provide adequate simulation of the � ight environment. An assess-
ment of modeling accuracy for the 1-g environment was obtained
by simulating one of the long regulated burns conducted as part
of Cassini ground testing. The pressurant tank is composite over-
wrapped with aluminum liner and has a volume of 239 liters. Tank
and gas-� ow characteristicsfor the Deep Space Maneuver burn in-
volving a single 490-N engine were modeled, and Figs. 11 and 12
show that predictionaccuracy is very good for this 1-g test. The test
was conducted in a vacuum chamber to provide a realistic thermal
simulation external to the hardware. The predicted pressurant tank

Fig. 11 Simulation of Cassini ground test.

Fig. 12 Pressurant tank temperature comparison for Cassini ground
test.

gas and wall temperaturesare in close agreementwith the measured
values at all times during the long pressurant tank blowdown. A
comparison was made between model runs at 1 g (actual test) and
0.04 g (representative of a spacecraft case); the differences in � -
nal pressurant tank pressure and gas temperature were only 12 psi
and 2.6 C, respectively. For a run at 0 g (which might represent a
tank repressurization), the differencesincrease signi� cantly; the pa-
rameters were lower by 170 psi and 36.2 C. Next, the MGS model
simulation was run for 1 g to predict the outcome of a hypotheti-
cal ground test. For the same parameters as just stated, the differ-
ences were only 25 psi and 6.1 C. These two examples illustrate the
conclusions reached: 1) for typical � ight accelerationsof >0.01 g,
groundtestingin a controlledenvironment(preferablynear vacuum)
can provide an adequate simulation of � ight thermodynamics, and
2) for lower accelerationevents such as a tank repressurizationwith
no thrust, ground testing signi� cantly understates the internal gas
temperature changes.

Mission Simulation
This paper is primarily concerned with the realistic modeling of

individual propulsion system burns or events. However, many mis-
sions involvemultiple burns where each period of thrusterusage is a
small portion of the total. In this case, although it would be feasible
to include complex thermodynamicmodels in an all-up simulation,
it is simpler and suf� ciently accurate to assume an isothermal pro-
cess for the mission. These mission simulations are conducted to
support propellant budgeting, determine residuals, evaluate uncer-
tainties and dispersions, and de� ne thruster operating envelopes.
The simulations incorporate system operating characteristics and
thruster � ow models to provide an output of propellant remaining
and thruster performance as a function of time. Sensitivity stud-
ies evaluate the impact of certain variables on propellant residuals;
variables include propellant temperature, fuel/oxidizer temperature
differentials, inlet pressure differentials, and thruster mixture ratio
variability.

An example of an isothermal mission simulation of this type is
the model used extensively in the development of the Bus 1 bipro-
pellant blowdown system.9 In addition to system and thruster char-
acteristics, the model accounts for vapor pressure and the effects of
pressurant solubility.The gas saturation level at loading is an input,
and the model accounts for expulsion of dissolved gas as well as
gas returned to the ullage during the blowdown. Figure 13 shows
the thruster operating envelope developed for the Bus 1 application
by plotting the results of individual mission simulation cases us-
ing a range of system variables, including solubility uncertainties,

Fig. 13 Thruster operating envelope derived from bipropellant blow-
down simulations.
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pad-holds,temperatureexcursions,mixture ratio variability,and the
effects of tank repressurization.The dotted lines represent a few of
the many cases that were used in constructing the overall envelope.
The envelope was drawn to encompass the possible operating con-
ditions and is used as a criteria for thruster selection as well as in
de� ning test requirements. The size of the envelope illustrates the
thruster robustness required for blowdown applications.

Conclusions
Analyticalmodels and simulationshavebeendevelopedand used

for a wide variety of monopropellant and bipropellant system ap-
plications; the models have been validated through the use of actual
� ight- and ground-test data from several programs, with both reg-
ulated and blowdown systems included in the validation. The goal
of demonstrating signi� cant commonality in modeling the various
applicationshas been achieved,and an important � nding is that use
of a single free convectionheat-transfer relationshipyields very ac-
ceptable accuracy for all applications. Either of the two methods
discussed in the paper can be used. In addition, good accuracy has
been achievedover a range of accelerationsfrom near-zero g to 1 g,
providing con� dence in the ability to de� ne differences between
ground testing and the � ight environment. Investigations have led
to a betterunderstandingof physicalprocessesaffectinginternalgas
temperatures, including the signi� cance of propellant vapor in the
tank ullage thermodynamics.

For bipropellant systems oxidizer vapor can represent a signif-
icant fraction of the ullage gas mass. It has been shown that the
assumption of constant vapor pressure is a valid approach from the

standpointof thermodynamicsand tankpressurepredictions.In fact,
for bipropellantblowdownsystemsan exact knowledgeof the vapor
physicalprocesses is not requiredfor the accuratepredictionof tank
pressures during a blowdown burn.
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