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EFFECT OF INERT PROPELLANT INJECTION ON
MARS ASCENT VEHICLE PERFORMANCE

James E. Colvin
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Sverdrup Technology, Inc.
Lewis Research Center Group
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ABSTRACT

A Mars ascent vehicle is limited in performance by the propellant which can be brought
from Earth. In some cases the vehicle performance can be improved by injecting inert gas into
the engine, if the inert gas is available as an in-situ resource and does not have to be brought
from Earth. Carbon dioxide, nitrogen, and argon are constituents of the Martian atmosphere
which could be separated by compressing the atmosphere, without any chemical processing
step.

The effect of inert gas injection on rocket engine performance was analyzed with a
numerical combustion code that calculated chemical equilibrium for engines of varying
combustion chamber pressure, expansion ratio, oxidizer/fuel ratio, and inert injection fraction.
Results of this analysis were applied to several candidate missions to determine how the
required mass of return propellant needed in low Earth orbit could be decreased using inert
propellant injection.
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NOMENCLATURE
Area ratio of a nozzle
methane/oxygen fueled engine
carbon-monoxide/oxygen fueled engine R
thrust (nt)
gravitational constant of Earth, 9.82 m/sec.
hydrogen/oxygen fueled engine
fuel+oxidizer specific impulse (sec); thrust per unit fuel and oxidizer mass flow
propellant specific impulse (sec); thrust per unit propellant mass flow

Earth return payload (kg), including crew capsule, crew, suits, consumables,

and soil samples.

Mg

mMe,0

engine mass (kg)
mass flow of the energy-producing components of the propellant (kg/sec) (fuel

and oxidizer without the inert).

burnout mass of stage (kg)

initial mass of stage (kg)

propellant mass (kg)

total mass flow of propellant (kg/sec)

tank and structure mass (kg)

nitrogen

ratio of mass flow rate of oxidizer to mass flow rate of fuel into engine

velocity increment, km/sec
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INTRODUCTION

It is possible for a return mission to the surface of Mars to be made significantly less costly
if Mars derived resources can be used to provide some or all of the propellant required for the
return to Earth. The mass of propellant that must be brought from low Earth orbit (LEO) to
Mars for the return flight is significantly reduced by the use of local resources in propellant
productionl'S. The simplest resource available is the Martian atmosphere, which is present at
every landing site and does not require prospecting or mining operations to acquire.

Most suggestions for utilization of the atmosphere of Mars involve gas separation and
energy-intensive chemical processing into rocket fuel and oxidizer. However, it is worthwhile
to consider uses of the Martian atmosphere which require no chemical processing.

One possible way to reduce the propellant mass brought from Earth would be to inject
locally available "inert" gas into the propellant combustion flow of the return engines. (Here
we use the word "inert" to designate a gas which adds mass to the exhaust but does not
participate in chemical reactions with the propellant.) While this does not decrease fuel mass
by as great a factor as chemical production of fuel or oxidizer, it has the advantage of being
extremely simple: the process requires only compressing and liquefying the atmosphere.

Table I shows the composition of the Martian atmosphere.6 The most easily available
choices for inert gas available from the Mars atmosphere are carbon dioxide, nitrogen, and

argon.

THEORY

Rocket propellant can be conceptually divided into two elements: energy source and
reaction mass. For some rocket types, such as a nuclear rocket, these are separate items. In a
conventional chemical rocket, the energy source and the reaction mass are the same. However,
it is also possible to add additional reaction mass to the exhaust. In this case the energy source

is the chemical fuel and oxidizer, and the reaction mass is this plus the added inert component.

In the idealized case where the inert mass does not affect the combustion energy release, the

thrust (and hence the total impulse) increases as the square root of the total mass flow:
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Specific impulse (Isp) is the thrust per unit of mass flow. When inert reaction mass is
added into the propellant, it is possible to define specific impulse two different ways. We will
define the propellant specific impulse Isp(P) as the thrust per unit propellant mass flow, where
the propellant includes both the energy producing components (fuel and oxidizer) plus the
additional inert mass. The propellant specific impulse thus decreases as the square root of the

total mass flow:

e e . Meo
I P with inert injection = I o inert) - (2)
Myoal

Here Isp(no inert) is the specific impulse of the fuel/oxidizer system without inert injection,
My is the total mass flow of propellant, and g, g is the mass flow of the energy-producing

components of the propellant (fuel and oxidizer without the inert).

Alternately, we define the fuel+oxidizer specific impulse ISP(FO) as the thrust per urit fuel
and oxidizer mass flow, not including the additional inert mass. This is related to the propellant

specific impulse by:
Iip F+0)=1{P) [
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The fuel+oxidizer specific impulse increases as the inert flow increase. For a Mars-return
vehicle where the fuel and oxidizer must be shipped from Earth, but inert gasses are locally
available, the increase in fuel+oxidizer specific impulse may be more important than the
decrease in propellant specific impulse.

For the case where the fuel and oxidizer are brought from Earth, it is desired to minirrﬁze
the amount of fuel and oxidizer required per ton of payload delivered, or equivalently, to
maximize the payload per unit amount of fuel and oxidizer. This is equivalent to optimizing the
performance of a rocket where the energy source is fixed, but the specific impulse may be
varied to maximize the payload. This can be calculated in closed form for the simple case
where fixed mass such as tanks and engines are ignoréd7;g. If the (propéllént) specific
impulse is constant during thrust, the optimum is found when the specific impulse is

proportional to the required mission delta-V:



e
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For low mission AV, the increase in thrust outweighs the loss of propellant specific
impulse, and adding inert reaction mass is effective. For high mission AV, the additional
launch mass required by the lower specific impulse means that adding inert mass is not

effective.

It is also worth noting that if the specific impulse is allowed to vary during the flight (for
example, if the inert mass flow is allowed to vary), the optimum occurs when the exhaust
velocity [g] sp(t)] is exactly equal to the mission velocity. This case was not examined in this
study.

The present study addressed two questions:

(1) How does the addition of inert mass to the combustion chamber affect the thrust and
specific impulse of rocket engines when real-world loses due to thermodynamics and chemical

reaction are included in the analysis?

(2) Can the addition of inert reaction mass derived from the Martian atmosphere reduce the

mission mass of a Mars return mission?

In addition to the possibility of increasing the amount of impulse produced by a fixed
amount of fuel, it is also of interest to study inert injection for entirely Mars-derived fuel.
There are two reasons for this. First, an actual operating plant to produce fuels from the
Martian atmosphere will not produce fuels of 100% purity, and, in fact, it may add
considerable mass and complexity to the system to remove the unnecessary ("inert")
atmospheric components. Thus, it is of considerable interest to quantify how much
degradation in performance results from residual inert composition of Mars-derived fuel or
oxidizer. If, for example, an oxygen production plant still produces acceptable propellant if
50% nitrogen content remains in the fuel produced, the mass and complexity of the separation

system may possibly be reduced.

The second reason is that propellant production on Mars is likely to be limited by the
amount of energy available. Inert gas, on the other hand, will be produced by simple
compression of the Martian atmosphere, a process requiring comparatively low energy
consumption. Thus, like the case of Earth-derived fuels, it would be desirable to "stretch” the
energy-intensive fuels with inert injection, if this is possible

To study inert injection using Mars resources, a two phase parametric study was



undertaken. In phase I, the computer code Complex Chemical Equilibrium (CEC)9 was used
to predict the effects on the vacuum specific impulse (Isp) by varying the percent of inert
loading levels in the total propellant combustion flow-rate. This code calculates the equilibrium
temperature, pressure, and chemical composition of the rocket combustion chamber and nozzle
using known thermodynamic parameters of the propellant and exhaust products.

In phase I, the specific impulses calculated from CEC were used to examine the effect of
inert propellant injection on several proposed mission scenarios. The desired conclusion from
this study would be to show whether a mass savings from LEO could be realized by injecting

inert propellant into the exhaust flow of the return engines.

EFFECT OF INERT INJECTION ON ROCKET EFFICIENCY

Three propellant combinations were studied. The hydrogen/oxygen (H,-O,) fuel
combination is typical of the highest specific impulse system available. Methane/oxygen (CHy-
O,) propellant has somewhat lower specific impulse, but the propellant is more compact, easier
to store, and there is a possibility of manufacturing methane on Mars if hydrogen is brought
from Earth3:4, Finally, the carbon monoxide/oxygen (CO-O,) propellant system might be
manufactured using only Mars resources.

Likewise, the three most common inert gasses in the Martian atmosphere, carbon dioxide,

nitrogen, and argon, were considered.

Using CEC, each propellant was examined by investigating the addition of one inert at a
time and then by varying the inert loading level to 0, 25, 50, 75, 90, and 95 percent of the total
propellant mass flow-rate. The CEC code arbitrarily sets the total propellant mass flow-rate to
be 1.0 kg/sec. The relative amounts of fuel and oxidizer is a variable. This is set as the
mixture ratio (O/F) or the mass flow rate of oxidizer to the mass flow rate of fuel. The inert
gas was, for convenience, assumed to be added in the same mass proportion to both the
oxidizer and the fuel; this allows the combustion to have the same reaction stoichiometry
independent of the inert injection. Practical engine design considerations will determine
whether the inert is best added with the oxidizer, the fuel, or separately to the combustion
chamber.

As an example calculation, consider the case of adding 25% inert to the baseline propellant

H,-O, with O/F equaling 6.0. For the specified propellant mass flow-rate of 1 kg/sec, with no



inert the O, flow-rate is 0.857 kg/sec, and the H, flow-rate 0.143 lllcg/scc. To add 25% inert
requires 0.2143 kg/sec of inert in the oxidizer and 0.0357 kg/sec of inert in the hydrogen flow.
The flowrates of the original propellant components must then be reduced by 25%. Table Il is
a breakdown of the propellant flow-rate composition with the addition of 25% inert gas.

It can be seen from Table II that the total inert mass flow is 25% of the total, with the
relative amounts of fuel and oxidizer still maintained at an O/F of 6.0. Similar calculations
were used for other inert loading levels. The results of these calculations provided input for

CEC and were used to investigate the three propellant mixtures.

Combustion chamber pressures considered were 1.38 MPa (200 PSI), representative of a
pressure-fed engine, and 20.7 MPa (3000 PSD), representative of a pump-fed engine. The
nozzle exit area ratio (AR) was 200. The engines were assumed to operate in vacuum,
however, the atmospheric pressure on Mars is so low that there is negligible difference

between operation in vacuum and on the Mars surface.

Figures 1-3 shows the change in propellant specific impulse with inert injection for
hydrogen, methane, and carbon monoxide fueled engines. All of the inert gasses behave
nearly the same, with a slightly worse performance from carbon dioxide injection compared to
nitrogen or argon. The behavior follows almost exactly the ideal behavior (equation 2). For
the remainder of the study, nitrogen was chosen to be the inert added. Since there was little
difference in performance between inert gasses, similar results will apply for all.

Figure 4 shows the three fuels compared.

Figure 5 show the fuel+oxidizer ISp (as defined above) plotted as a function of the
percentage of inert in the propellant mass flow, for the same conditions as figure 4. As
expected from equation 1, the fuel+oxidizer specific impulse increases as inert propellant is
added to the mixture.

O/F mixture ratios used for the previous figures were: 6.0 for Hy-O,, 3.4 for CH4-O,, and
0.55 for CO-O, fueled engines. These mixture ratios are nearly optimal for performance with
no inert injection.

Similar results were obtained for the chamber pressure of 20.7 MPa (3000 PSI), shown in
figures 6-11. Here we show the effect of the inert loading on Isp(P) and Isp(F+0) for various
mixture ratios, keeping the AR constant at 200. It is clear that the optimum mixture ratio does

not depend on the inert injection.
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Finally, the effect of inert loading is shown for varying nozzle area ratio, again for 20.7
MPa chamber pressure and O/F close to stoichiometric. Figures 12 through 17 show the
results of this analysis. The effectiveness of inert injection does not significantly depend on the

area ratio.

EFFECT OF INERT INJECTION ON MISSION MASS

The data from Phase I show that as the inert loading level is increased, the propellant
specific impulse decreases, but the fuel plus oxidizer specific impulse increases. The question
of interest is, can the amount of H, brought from LEO be reduced by the addition of locally
available inerts in spite of the decreasing propellant specific impulse? To answer this question,
two proposed mission scenarios were examined parametrically. The first was a two-stage
direct launch from the surface to an Earth transfer orbit, following the mission parameters used
in the "Mars Direct” mission proposed by Zubrin and Baker. 3,4 The second scenario analyzed

was a one-stage launch to Mars orbit for rendezvous with an orbiting Earth return vehicle 0.

These two scenarios were chosen as representative of the range of values of Mars launch
vehicle masses and their AV requirements for typical Mars return missions.

For the mission analyses, the inert used was nitrogen. Only the H,-O, and CH4-O,
propellant combinations were considered, as the lower specific impulse of the carbon
monoxide engine results in less advantage obtained from inert injection for the mission AVs

considered.
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"MARS DIRECT" MISSION ~
1: ENGINE:

For the purpose of this study, it was assumed that the engine would be very similar to that
of the Advanced Space Engine designed by Rocketdyne. Mass and thrust levels were modified
slightly. The assumed mass per engine was 181 kg. The assumed thrust per engine was fixed
at 89 kN. In order to compare scenarios on the same basis, the thrust was assumed to be

independent of the inert injection rate.

2: SYSTEM MASS:

The two stage mission described by Zubrin and Baker has an Earth return payload of
12,250 kg M). It was assumed for this parametric study that the tank and structure mass
(My) would be 10% of the propellant mass per stage. The values of Mp, M, and Mt were
determined for each level of inert injection from the rocket equation (5). Only the first stage

had the inert added to its propellant mix.

3: SECOND STAGE:
The calculation starts with the second (upper) stage, and then uses the second stage total

mass as input to the calculation for the first (bottom) stage calculation. AV for the second stage

burn was calculated from the quoted masses using the rocket equation:

AV = glgIn —E—l] 5)
where:
Mi=Mc"’Mp+ME+MT ©6)
Mg =M; - M, Q) .

Using Zubrin and Baker's mass values for the second stage (Mp = 22,170 kg and Mg =
2,560 kg), a second-stage AV of 3,350 m/sec was calculated.

Injection of inert mass into the second stage engine does not improve performance, and for
these calculations the second stage was assumed to have zero inert injection. The mass

breakdown is therefore only dependent upon the type of propellant used. A baseline case of
H,-O, was compared with the CH4-O, propellant assumed by Zubrin and Baker.



Table ITI shows the second-stage mass breakdown for H,-O, propellant combination (ISp =
495 sec.), and Table IV shows the mass breakdown using CH4-O, propellant (Isp = 384 sec).

To verify that the assumed thrust levels and calculated masses are reasonable, the initial and
final acceleration of the second stage burn were calcﬂtrxrliait'éd,”éssuming the use of one 89 kN
engine. Accelerations are shown in Table V as a fraction of Earth and Mars gravitational
acceleration. The values calculated are well within tolerable ranges for both hardware and crew
safety.

For the CH,-O, propellant, the O/F ratio equals 3.4, and thus 0.2273 kg of CH, is needed
per kg of propellant. The total amount of CH, needed is 4,724 kg. In the “Mars Direct”
scenario, only the hydrogen is brought from Earth; methane is produced from it by a series of
chemical processing steps. The relative masses of C and H in CH, is 3:1, and so the mass of

hydrogen that must be brought from LEO for use in the second stage is 1,181 kg.

In the case of the H,-O, propellant, the O/F ratio equals 6.0, resulting in the mass fraction
of fuel in the propellant being 14.3%. The total amount of hydrogen that must be brought from
LEO is 1,960 kg.

- 5. FIRST STAGE ACCELERATIONS:

A AV of 3,400 m/sec was used for the first stage burn. Mass values for the first stage for
the CH,4-O, case (no inert) are Mp = 70,160 kg and Mg = 8,850 kg, plus the total second
stage mass of 36,980 kg.

Table VI and VII show the first stage mass breakdown for the H,-O, and CH4-O, case.

Again, acceleration was calculated to verify that the acceleration levels did not exceed
reasonable limits. Consistent throughout these first stage calculations was the assumption of
15 engines with a total mass of 2,720 kg (Mg). These engines combine for a total thrust of
1,330 kN. The thrust and engine masses were kept constant to keep the number of variables to
a minimum in this analysis. (For an actual mission, thrust levels would be optimized with the
number of engines being adjusted, and the engines throttled as necessary). Accelerations were
calculated for two cases for each propellant mix: 0% inert addition and 75% inert addition.

Calculated accelerations are shown in Table VIII. The acceleration found is for all cases
greater than one Mars gravity and within acceptable ranges. The purpose for using these two

loading levels was to examine these values at two extremes. At an intermediate loading, the

10

-



accelerations would be between these values.

6. MASS OF HYDROGEN REQUIRED

The mass of hydrogen brought from LEO for the first stage can now be calculated. We use
the rocket equation, modified to account for tank and structure fraction (assumed to be 10% of

propellant mass):
1.1-0.1¢
where
M JAV
o aw

The mass of propellant necessary for the first stage engine can be calculated from these
equations as a function of propellant specific impulse. To calculate the inert injection fraction
which will give a specified propellant specific impulse, a fifth-order polynomial was fit to the
calculated values of propellant specific impulse versus nitrogen addition shown in figure 4.
This was done using inert levels from 0% to approximately 90%.

The mass of hydrogen in the first stage propellant mass was calculated by a similar
procedure to that used for the second stage calculations, modified to account for the inert
loading level. The total mass of hydrogen to be brought from LEO is then just the sum of the

amounts needed for the first and second stages.

Figures 18 and 19 show the required amount of hydrogen to be brought from Earth, for
hydrogen and methane fueled engines respectively, as a function of the amount of inert added.
In both cases, the amount of hydrogen required decreases with inert injection, up to an
optimum inert fraction of 60% to 70%. This is consistent with the result estimated using
equation (3), which predicts that the optimum propellant specific impulse for the 3400 m/sec
first stage AV is about 215 sec., well below the specific impulse of either the hydrogen or
methane propellants without inert injection. The actual optimum is slightly higher, as expected,
since equation (3) does not account for engine and tank mass.

The values shown are hydrogen mass only, assuming that the rest of the propellant is
manufactured locally on Mars. If both fuel and oxidizer are brought from Earth, and only inert

production is done on Mars, these masses are higher by a factor of 7 (for

11



H,-0,) and 17.6 (for CH,4-0,). The location and relative value E)f the minimum does not

change.

2015 MISSION

The “2015 Mission" scenario describes a single-stage launch to a return vehicle waiting in
low Martian orbit (LMO)IO. For the purpose of this study, it was assumed the engine mass
was 600 kg, with a thrust level of 133.5 kN per engine. Three engines per mission were
assumed. This results in a total engine mass of 1,800 kg and a total thrust of 400 kN. The
payload mass is 5,400 kg, and the AV required is 5,320 m/s.

The propellant Isp predicted by CEC for this engine with no inert injection was 495
seconds for the H,-O, propellant and 404 seconds for the CH,-O, propellant. With the
addition of 50% nitrogen, these values were reduced to 363 sec. and 306 sec. respectively.
Using these values for propellant specific impulse and eqns. 5-7, mass breakdowns for these
missions were calculated. This analysis was performed using the assumption that the tank
fraction is 11% of the propellant mass. Table IX shows the mass breakdown for the two H,-
0o, propellant missions, while Table X shows the mass breakdown for the two CH4-O,
propellant missions.

Again, accelerations were calculated for the beginning and end of the engine burn to insure
the feasibility of the scenario in regards to crew and equipment safety. This was performed
using the assumed total thrust level of 400 kN with the derived system masses. The

accelerations are shown in table XI.

The mass of hydrogen which must be brought from LEO for the hydrogen- and the
methane- fueled “2015” mission scenarios were calculated by the same method used earlier.

Figures 20 and 21 show the amount of hydrogen which must be brought from LEO as a
function of the percentage of inert loading level. For this mission, there is no advantage to
inert injection.

This is slightly surprising, since the simple estimation using equation (3) suggests that the
optimum I, for this case should be about 340 sec. The difference shows that neglecting
engine and tank mass is not result in an accurate estimate of whether inert injection will

decrease the required hydrogen.

While there is no performance advantage of inert injection, the fact that inert addition has

12



little effect on performance up to nearly 50% mass fraction of inert is itself a significant result.
This indicates that high propellant purity is not a critical parameter in the design of

manufacturing processes for Mars-manufactured propellant from a performance standpoint.

~ If the inert injection was done only at the beginning of the flight, when the required ISp is
low, inert injection would have also resulted in a decreased hydrogen requirement for this
mission as well. However, this would have required the assumption of a more complex engine
than the one assumed. While there is no reason why such an engine could not be made, this

engine type is not currently under study.

CONCLUSIONS

A novel Mars mission strategy was studied, where liquefied inert gasses from the Martian
atmosphere are used as inert reaction mass to inject into the combustion chamber of an Earth-
return vehicle. This results in a greater mass of propellant used, but can result in a lower
requirement for fuel brought from Earth. A standard rocket engine combustion code was run

to analyze the effect of inert injection on engine performance.

Two missions and two propellant combinations were analyzed. For one case, a two-stage
launch direct from the Mars surface to Earth, the inert injection was found to resultin a reduced

mass of fuel brought from Earth.

These missions were not designed to make optimum use of inert propellant injection, but
were only representative cases of mission strategies currently being considered. The advantage
of inert injection is greatest when inert injection is used on stages with low Av; choosing the
staging criterion carefully would clearly increase advantage. Design of new mission strategies
specifically intended to take advantage of the increase in propellant leverage using inert gas
injection may increase the amount gained by this strategy. For example, utilizing inert injection
only during the beginning of the boost would allow the advantages of the injection but

eliminate most of the penalty of higher propellant mass carried.

The mission analyses were all calculated using a fixed fraction of inert in each stage. It
would be interesting to do the calculations assuming that the inert injection, and hence the Isp’

can be varied during the boost. This could result in additional mass savings.

13
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Table 1.
Composition of the Martian Atmosphere
(from ref. 6)

Gas Percent (by mass)
CO2 96.8

N2 1.7

Ar 1.4

0,) 0.1

(60 0.04

Ne 1.1 ppm
Kr 0.6 ppm
Xe 0.2 ppm

Table II

Example Propellant Flow-rate

0.2143 kg/sec : inertin oxidizer
0.0357 kg/sec : inertin fuel
0.6428 kg/sec : oxidizer (O2)
0.1072 kg/sec : fuel (H2)

1.0000 kg/sec : Total Propellant

Table III
Hj,-O3 Second Stage Mass Breakdown
Propellant : 13,718 kg
Tank : 1,372 kg
Engine : 181 kg
Capsule and payload: 12,250 kg

TOTAL : 27,521 kg

Table IV
CH4-O7 Second Stage Mass Breakdown
Propellant : 20,784 kg
Tank : 2,078 kg
Engine : 181 kg
Capsule and payload: 12,250 kg

TOTAL : 35,294 kg

Table V
Second Stage Accelerations

Initial Final
Propellant Acceleration Acceleration
H-O2 0.86gMars  1.72gMars
0.33gearth  0.66gEarth

CH4-O 0.67gMars  1.64gMars
0.26gearth  0.63gEanh

Table VI
Hj-O; First Stage Mass Breakdown

0% Inent 75 % Inent
Propellant 34,135 kg 110,838 kg

Tank and 3413kg 11,084 kg

Structure

Engine 2,722 kg 2,722 kg

Payload 27,521 kg 27,521 kg
" TOTAL 67,791 kg 152,164 kg

Isp=495 sec (no inert); 266 sec (75% inert).

15



Table VII
CHj4-O; First Stage Mass Breakdown
(AV = 3,400 m/s)

0% Inert  75%Inert
Propellant 56,572 kg 196,900 kg
Tank and 5,637 kg 1,969 kg
Structure
Engine 2,722 kg 2,722 kg
Payload 33,348 kg 33,348 kg
TOTAL 98,270 kg 252,660 kg

Isp=404 sec (no inert); 229 sec (75% inert)

Table IX ¢

H»-O5 Propellant Mission Mass Breakdown

(single stage to Mars orbit)

0% Inert  50% Inert

Propellant 18,405 kg 40,430 kg

Tank and 2,024kg 4,447 kg
Structure

Engine 1,800 kg 1,800 kg

Payload 5406kg 5,406 kg

“TOTAL 27,635 kg 52,083 kg
Table X

CH4-O2 Propellant Mission Mass Breakdown

Table VIII (single stage to Mars orbit)
First Stage Accelerations (AV= 3,400 m/s) 0% Inert 50%Inent
Propellant 29,553 kg 76,603 kg
m/s2 EMars  SEarh Tank and 3,251 kg 8,426 kg
) Structure
H2-02 with O%Iner Engine 1,800kg 1,800 kg
A Gnitial) 1968 5.26 - 2.01. Payload 5406kg 5,406 kg
A (final) 39.65 10.60 4.04 TOTAT 000 ks 92236 Kz
with 75% Inert
A (initial)  8.77 2.34 0.89
A (final) 32.29 8.63 3.29
CH4-02 with 0% Inert
A (inital) 13.58 3.63 1.38
A (final) 3198 8.55 3.26
with 75%Inent
A (initial) 5.28 1.41 0.54
A (final) 23.93 6.40 2.44

16



Table XI
2015 Mission Accelerations

m/sz2  SMars

H;-0O; with 0% Inert
A (initial) 14.49 3.87
A (final) 4337 11.60

with 50% Inert
A (initial) 7.69 2.06
A (final) 34.35 9.19

1.48
4.42

0.78
3.50

CH4-02 with 0%Inert
A (initial) 10.01 2.68
A (final) 3828 10.24

with 50% Inert
A (inidal) 4.34 1.16
A (final) 25.61 6.85

1.02
3.90

0.44
2.61
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Figure 1. Effect on propellant specific impulse of addition of inert reaction mass to H2-O2 fueled engine
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Figure 2. Effect on propellant specific impulse of addition of inert reaction mass
to CH4-02 fueled engine
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Figure 3. Effect on propellant specific impulse of addition of inert reaction mass to CO-O2 fueled engine

500

400 [

300

200

Vacuum Specific Impulse (sec)

Inert - N2

0 20 40 60 80 100
% Inert in Propellant

100

Figure 4. Comparison of effect on propellant specific impulse due to the addition of local inert to
hydrogn, methane, and carbon monoxide fueled engines
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Figure 5. Isp(F+0) [Specific impulse normalized to fuel and oxidizer flow], showing effect of addition of
inert reaction mass to hydrogen, methane, and carbon monoxide fueled engines
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Figure 6. The effects on propellant specific impulse of addition of N2 to H2-02 fueled engine while
varying the O/F mixture ratio
( Exit Area Ratio Constant at 200 )
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Flgure 7. The Effects on propellant spccnﬁc impulse of addition of N2 to CH4-O2 fueled engine while
varying the O/F mixture ratio
( Exit Area Ratio Constant at 200 )
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Figure 8. The effect on propellant specific impulse of addition of N2 to CO-02 fueled engine while
varying the O/F mixture ratio
( Exit Area Ratio Constant at 200 )
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Figure 9. Isp(F+O) [Specific impulse normalized to fuel and oxidizer flow), showing effect of addition of
inert reaction mass to hydrogen fueled engine while varying the mixture ratio
( Exit Area Ratio Constant at 200 )
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Figure 10. Isp(F+O) [Specific impulse normalized to fuel and oxidizer flow], showing effect of addition
of inert reaction mass to methane fueled engine while varying the mixture ratio
( Exit Area Ratio Constant at 200 )
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Figure 11. Isp(F+O) [Specific impulse normalized to fuel and oxidizer flow], showing effect of addition
of inert reaction mass to a carbon-monoxide fueled engine while varying the mixture ratio
( Exit Area Ratio Constant at 200 )
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Figure 12. The Effects on propellant specific impulse due to the addition of nitrogen to a hydrogen-fueled
engine While Varying the Exit Area Ratio
( Mixture Ratio - 6.0)

23



Vacuum Specific Impulse (sec)

Figure 13. The Effects on propellant due to the Addition of motrpgem to a methane fueled engine

Vacuum Specific Impulse (sec)

Figure 14 The Effects on Isp Due to the Addition of N2 to a carbon monoxide fueled engine
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Figure 15. Isp(F+0) [Specific impulse normalized to fuel and oxidizer flow], showing effect of addition
of inert reaction mass to a hydrogen fueled engine While Varying the Exit Area Ratio
( Mixture Ratio - 6.0)
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Figure 17. Isp(F+O) [Specific impulse normalized to fuel and oxidizer flow], showing effect of addition
of inert reaction mass to a carbon-monoxide fueled engine While Varying the Exit Area Ratio

(Mixture Ratio - 0.55)
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Figure 18. Hydrogen Mass required to Support the "Direct " return launch (two-stage launch from
surface to Earth Injection) Using H2-02-N2 Propellant Mixture
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Figure 19. Hydrogen Mass required to Support the "Direct" return launch (two-stage launch from surface
to Earth Injection) Using CH4-02-N2 Propellant Mixture

27



40000 ' T y T T T T 1
H2-02-N2 Propellant
2015
=0
< i -
o 30000
=
]
E
4
- L -
% 20000
L]
=
= Pc = 20.68 MPa
4 -
E 10000 ™ Engln-e b'ilu = 1,800 kg T
= Thrust = 400 kN
=
0 i 4 A I A 1 A L "
0 20 40 60 80 100
% Inert

Figure 20. Hydrogen Mass required to Support the "2015 mission" return launch scenario (surface to
v mars orbit) with H2-02-N2 Propellant Mixture
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Figure 21. Hydrogen Mass required to Support the "2015 mission" return launch (surface to mars orbit)
with CH4-02-N2 Propellant Mixture
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