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Abstract

The testing of solid and liquid rocket propulsion systems in a confined test facility often
produces explosive or flammable gases which must be safely handled. Often inert gases such as
nitrogen are used to lower the molar fraction of oxygen to low enough levels to minimize the
probability of an explosion or deflagration. For this thesis, the chemical composition of these
rocket exhaust gases mixed with air were used to determine the flammability limits of the gas
mixture. Using the ideal gas law and the conservation of mass, the exhaust gas composition and
gas properties such as pressure, temperature, volume and mole fractions inside the test facility
were calculated. This exhaust gas composition along with La Chatelier's law was applied to an
air-free basis for calculating the flammability limits of the rocket exhaust gas in air. Using Test
Driven Development and Object Oriented Programming, a computer program using the Python
programming language was created with a Graphical User Interface (GUI) to automate these
calculations. This program was validated using existing analytical techniques developed at the
Arnold Engineering Development Complex (AEDC). The results from the Python program

agree well, a maximum of 1.4% difference, with the validated AEDC techniques.
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Nomenclature

A area, in’

Cv control volume

CS control surface

L limit (reference to upper or lower flammability limit)
Isp specific impulse, sec

m mass, Ibm

n number of moles, mol

n normal vector

MW molecular weight, lbm/mol

t time, sec

P pressure, psia

Pusat water vapor saturation pressure, psia
Ry universal gas constant, 1545.348 ft-Ibf/R-mol
T temperature, °F

Y% volume, ft*

w mass flow rate, Ibm/sec

w fluid velocity, ft/sec

X mole fraction

At change in time, sec

p fluid density, Ibm/ft*

Subscripts

air air



fac
H20
N2
(s)

sys
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water

nitrogen
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system



Chapter 1

Introduction

1.1  Overview and Purpose of Thesis

It is often stated in the aerospace testing community, “Test as you fly. Fly like you test.”,
meaning that testing should replicate the flight like conditions and vice versa. Ground testing of
rocket propulsion systems is vital to ensure their safety and reliability. The testing of these
systems comes with inherent risks associated with the flammable and often explosive rocket fuel
mixtures.

At the Arnold Engineering Development Complex (AEDC) in Tennessee, solid
propellant rocket propulsion systems are tested at the J-6 Solid Rocket Motor High Altitude Test
Facility. When these rocket motors are tested at J-6, the rocket exhaust gases must be properly
handled to prevent an explosion.

For this thesis, the chemical composition of these rocket exhaust gases mixed with air
were used to determine the flammability limits of the gas mixture. Using the ideal gas law the
and conservation of mass, the exhaust gas composition and gas properties such as pressure,
temperature, volume and mole fractions inside the test facility were calculated. This exhaust gas
composition along with La Chatelier's law was applied to an air-free basis for calculating the
flammability limits of the rocket exhaust gas in air. Using Test Driven Development and Object
Oriented Programming, a computer program using the Python programming language was

created with a Graphical User Interface (GUI) to automate these calculations.



1.2 Background

1.2.1 Flammability Limits of Rocket Exhaust Gas in Air

Rocket motors usually operate at an oxidizer/fuel ratio less than stoichiometric to achieve
a higher exhaust gas temperature which improves the performance of the rocket motor, or more
specifically, the specific impulse, ls,. When a rocket propulsion system is fired, its propellant is
converted to a gas through thermodynamic and chemical processes. The products of this process
often contain gases that can be either flammable or explosive. In many situations, hydrogen and
carbon monoxide gas can be produced after a rocket firing?.

Hydrogen gas can be dangerous if not properly handled due to its flammability and
explosiveness. Hydrogen gas mixed with air is extremely flammable over a wide range of levels
(4 % - 75 % by volume), and it takes a very low amount of energy to ignite hydrogen air
mixtures. After hydrogen is ignited, it can trigger either a deflagration (subsonic propagation) or
detonation (supersonic propagation), with the severity of the resultant pressure from the
detonation increasing up to 8 times in magnitude in a closed volume?.

If a rocket motor is tested at a test facility that operates in an open environment, or more
specifically sea-level conditions, these gases often do not produce an explosive or flammable
hazard due the large volume reservoir of the atmosphere that dilutes the exhaust to a safe level,
although in certain cases, afterburning of the exhaust gases can occur and must be considered.
However, if these rocket motors are tested inside a closed or semi-closed control volume, these
gases must be handled with care as the non-inert gases can be ignited when mixed with air.

For combustion to occur in the rocket exhaust gas mixture, there must be an ignition

source, oxidizer and fuel present in the gas mixture. The ratios of combustible gases must be at



appropriate concentrations for combustion to occur. In addition, the ignition source must be
energetic enough to initiate combustion. Eliminating the fuel source for rocket motor testing is
not practical for obvious reasons in that the propellant formulations cannot be changed.
Minimizing ignition sources is highly encouraged but can be very difficult, as a hydrogen and air
mixture requires a minimum ignition energy of only 0.017 mJ to ignite®. Thus, it is often
common to use an inert gas such as nitrogen to reduce the oxygen content levels low enough to
reduce the probability of combustion.

1.2.2 Altitude Simulation for Rocket Propulsion Systems

The topic of this thesis is being applied to the Arnold Engineering Development
Complex’s (AEDC) J-6 Solid Rocket Motor High Altitude Test Facility. Thus, it is important to
provide some background information about the J-6 Test Facility.

Typical high-altitude test facilities consist of a test cell, exhaust diffuser, ejector system,
and facility pumping systems. Some examples of these altitude test facilities for rocket
propulsion systems include Arnold Engineering Development Complex’s (AEDC) J-6 test
facility (Fig. 1)* and NASA Stennis Space Center's A-3 test facility®.

For an altitude simulated test of a rocket propulsion system, the rocket test system is
mounted in the test cell and fires directly into the exhaust diffuser. Typically exhaust diffusers
are equipped with an ejector system that is operated either by steam or air. This steam ejector
system helps induce a low pressure environment for the test cell, and also helps the rocket nozzle
flow to become properly established, a.k.a. started. Through the use of momentum exchange or
Newton’s 2" Law, the momentum of the steam lowers the pressure inside the test cell. Steam

ejectors also act as a check valve or quick operating pneumatic valve during engine shutdown to



prevent the rapid transient of flow back into the test cell®. This phenomenon is often referred to
as “blowback” in the test community and is caused by the high pressure differential between the
test cell and downstream test area.

An operation of a high-altitude test facility for rocket propulsion systems may be as
follows:

1. Since the steam-ejector diffuser must operate at a low enough back pressure to become
started, pumping devices such as staged steam ejector or turbomachinery are used to lower the
pressure inside the test facility. This pressure requirement is based on the operating pressure of

the steam-ejector diffuser system and the specific rocket propulsion system.
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Figure 1. Arnold Engineering Development Complex's J-6 Rocket Test Facility [4]



2. The steam ejector is turned on and thus further reduces the pressure of the rocket test
cell.

3. After the ejector system reaches steady-state, the rocket engine is ignited.

4. The rocket propulsion firing ends. The steam ejector continues to fire to prevent a
rapid pressure transient due to the pressure differential between the rocket test cell and
downstream area.

5. Ejector pressure is gradually reduced to equalize the test cell pressure with the test
facility pressure or ambient pressure.

AEDC’s J-6 test facility operates under a closed volume approach meaning that all of its
exhaust gas products are collected inside the test facility’s Dehumidification Chamber
downstream of the diffuser/ejector before they are released to the environment. Other facilities
such as NASA Stennis Space Center’s A-3 test stand operate under an open control volume, and
thus send their exhaust gases directly to the surrounding environment.

Operating under a closed volume approach for altitude simulation has pros and cons. The
advantages include, but are not limited to, the ability to treat exhaust gases before releasing them
to the environment and the capability of using pumping devices such as axial compressors to
assist the ejector in simulating low pressure conditions. The disadvantages include the
requirement of a facility, which can often be very large, to contain the gases and the confinement
of potentially explosive gases in a closed volume. By confining these gases inside a facility, the
associated risk with explosive gases is much greater than operating in an open environment.

However with proper test practices, these explosive gases can be handled safely. As mentioned



previously, most test facilities, including AEDC’s J-6 test facility, use nitrogen as an inert gas to
reduce the associated risk.

When firing a rocket motor, the J-6 test facility must also account for the facility gas
pressure since the steam ejectors are only able to operate in a range of back pressures. If the
pressure inside the facility becomes too high, the steam ejector and rocket exhaust flow into the
diffuser can become “unstarted”. This is highly undesirable since “started” flow is required to
simulate the low pressure conditions and to prevent the “blowback”.

1.2.3 Overview of Exhaust Gas Handling Operations for the J-6 Test Facility

At AEDC, the J-6 Test Facility has three methods for the safe handling of exhaust gas
products for solid rocket motor testing. These three methods are “too inert to burn”, “too fuel
rich to burn” and a “combination of too inert to burn and too fuel rich to burn”.

The flammability limits of hydrogen and nitrogen mixed in air are shown in Figure 2 and
were derived from the United States Bureau of Mines’. For the too inert to burn region, the ratio
of inert gas to flammable gas of approximately 16.5 by volume is required for the gas mixture to
be too inert to burn. For this mode of operation, nitrogen gas is added to the test facility prior to
motor firing to ensure that the gases remain in the too inert to burn zone. Since the J-6 test
facility has about 5.0 million ft> of volume, the required amount of nitrogen needed results in a
gas pressure that remains below the breakdown pressure of the steam ejector. In addition, the
pressures also remain below atmospheric, which is required since the J-6 test facility cannot
contain these gases above atmospheric pressures®.

As can be seen from Figure 2, any addition of air into the test facility would still keep the

too inert to burn along as the gas remains in this too inert to burn region. This mode of operation



is typically reserved for smaller rocket motors, which is typically less than 32,000 Ibm of
propellant for the J-6 test facility. The removal of exhaust gases from the J-6 test facility can be
completed by opening the J-6 test facility air in-bleed valves, and then using the test facility

exhaust fans to vent the exhaust products directly to atmosphere®.
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Figure 2. Flammability Limits of Hydrogen and Nitrogen Mixed with Air [7]

For the larger rocket motors that require the “too fuel rich to burn” operation, the required
amount of nitrogen needed to make the rocket motor exhaust gas “too inert to burn” would
increase the test facility pressure above atmospheric pressure. As shown in Figure 2, the oxygen

content must be below 5% (AEDC uses 4% to ensure a safety factor of 1.2) for the gas to be



nonflammable. If air was to be added to the facility in sufficient quantities, the gas would pass
through the flammable zone and thus an explosion or deflagration is highly possible. Thus, it is
highly desirable for the air inleakages, the amount of air that is leaked from the atmosphere into
the test facility, to be as low as practically possible®.

Unlike the “too inert to burn” operation, these exhaust gases cannot be mixed with large
amounts of air since the gas mixture would pass through the flammable zone. Instead, the
removal of exhaust gases through AEDC’s Engine Test Facility’s A/B Exhaust Plant is used.
Nitrogen gases are used to lower the oxygen content at the exhaust plant below 4% to ensure that
the plant remains safe. For more details on how these operations are conducted, the reader is
advised to see Reference 8.

Finally, the “combination of too inert to burn and too fuel rich to burn” operation is used
for motors that fall between the too inert to burn and too fuel rich to burn operation. For this
operation, the exhaust products are initially too fuel rich immediately after the rocket motor
firing. However, the pressure inside the facility remains low enough after the rocket firing that
enough nitrogen can be added to make the gases too inert to burn while maintaining the pressure
below atmospheric pressure. This allows the exhaust gases to be sent directly back to the
atmosphere in a similar manner to the too inert to burn operation.

For this thesis, the following guidelines of the resultant pressure from the combination of

the rocket motor exhaust gases will be used for determining the required inerting operations:



e Too Inert to Burn: Prac < 5.25 psia

e Combination of Too Fuel Rich to Burn and Too Inert to Burn: 5.25 psia < Py, < 14.7 psia

e Too Fuel Rich to Burn: Py > 14.7 psia

It should be noted that these pressures are simply guidelines established at AEDC for
determining the required type of operation for handling rocket exhaust products inside the J-6
test facility. Typically, solid rocket motor exhaust composition does not vary significantly from
motor to motor so these guidelines can be used. The flammability limits of each rocket motor’s
exhaust products mixed with air are used to establish these requirements.
1.2.4 Summary of Research
The required analysis for determining the flammability limits and the gas properties of

the rocket exhaust gas mixed with air will be presented. The gas properties, which include the
pressure, temperature, volume, water vapor saturation pressure and species concentration, were
calculated using the ideal gas law and the conservation of mass equations. After the mole
fractions of the gas mixture were calculated, the flammability limits of the gas can be calculated
using La Chatelier’s law for an air free basis. A computer program was written using the Python
programming language. A Graphical User Interface (GUI) was developed to provide an easy to
user interface to potential users of the software. This Python program can display the results of
the gas properties and the flammability limits for various phases of the test operations. All of
these results were validated using an existing and validated AEDC analytical tool. The results
between the Python program and AEDC’s analytical tool agree very well with the maximum

difference between the results being 1.4%.



Chapter 2

Analytical Methods

For this chapter, the analytical techniques for this research topic will be discussed. It is
important to discuss some introductory and background topics before proceeding into the
detailed calculations.

As mentioned in Chapter 1, solid rocket motor exhaust gases in a confined facility are
often treated with gaseous nitrogen in order to make the gas mixture non-flammable. The
techniques for determining the amount of nitrogen for inerting a combustible gas mixture is a
well understood field mostly due to the work of the U.S. Bureau of Mines (USBM) in the early
1900’s.

Founded in 1910, the USBM was formed after numerous catastrophic mine disasters.
Many of these disasters involved explosions of flammable gases. Thus, much research was
pursued to better understand the physics of flammable gases. It was not until September 1995
that the USBM was closed, after the US Congress voted to close USBM and to transfer certain
functions to other Federal agencies. Many of the analyses presented in this thesis can be

contributed to valuable work from the USBM and its affiliates.
2.1 Overview of Analyses

Before the gas control volume and flammability limits analyses can proceed, the motor
manufacturers must provide detailed information about their rocket motor. This information
includes the propellant composition, the nozzle geometry, the mass of the propellant and the
predicted motor performance curves, which include the chamber pressure, exhaust mass flow and

10



motor thrust. The next step is to predict the rocket exhaust gas properties which include the
species concentration (mole fractions and mass fractions), the static temperature, T, ratio of
specific heats, v, and so forth. It is common for the motor manufacturer to provide the predicted
nozzle exit properties; however, if they do not provide this information, AEDC will use NASA’s
chemical equilibrium performance code SP-273% to predict the exhaust properties. Most of
AEDC’s analyses using SP-273 assume equilibrium composition upstream of the nozzle exit and
frozen flow downstream of the nozzle exit.

After the exhaust properties have been predicted, the control volume calculations can
begin. The control volume calculations predict the facility pressure, temperature, volume,
species concentrations and masses, and water vapor saturation pressure. The mass flow rates
entering the test facility due to the air leaks from the atmosphere into the test facility, also
referred to as air inleakage, rocket motor firing, nitrogen inerting and water cooling are
considered; in addition, the mass flow rate leaving the facility due to the AEDC’s exhaust pumps
is considered. Finally, the flammability limit calculations can commence once the species
concentration and species masses are determined.

It is important to note that these calculations outlined in this thesis do not include all the
facility analyses required before firing a rocket motor. Additional analyses include the predicted
test cell pressure during the rocket motor firing and the amount of water, liquid nitrogen, gaseous
nitrogen, and steam that will be used. However, it is the intention of the author to include these

analyses in future program upgrades.
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2.2 Gas Properties Calculations

The gas properties calculations of the rocket exhaust gas mixture with air are required
before proceeding with the flammability limit calculations. The species concentrations, or mole
fractions, are used to calculate the flammability limits. In addition, the facility pressure
predictions are needed to ensure that the facility pressure does not exceed atmospheric pressure
since the test facility cannot contain the gases above atmospheric pressure. The facility pressure
calculation is also useful for ensuring that the flow inside the exhaust diffuser will remain started
since the rocket flow will breakdown if the maximum allowable backpressure is exceeded.

For the control volume calculation, a one dimensional, isentropic, ideal and uniformly
mixed gas and unsteady state control volume are assumed. Using the Reynold’s Transport
Theorem, the equation to represent the conservation of mass in a moving control volume can be

derived (Eq. 1),

dmg,s 0 —
L A . A 1
R A CVpdV+JCSpW nd (1)

where mgys is the mass of the fluid in the control volume, t is the time, CV is the control
volume, CS is the control surface, p is the fluid mass density, W is the velocity vector of the
fluid, 7 is the normal vector to the control surface of interest, and A is the area of the control
surface™.

For this analysis, the control volume of interest will be the test cell, exhaust gas diffuser,
the saturation cooler and the Dehumidification Chamber. Fig. 2 provides a diagram to represent

the control volume.

12



The control volume analysis for the J-6 test facility must account for the mass flow rates
of the nitrogen, air inleakage, cooling water, and rocket exhaust gas entering the facility, and the
mass flow rate leaving due to the exhaust pumps. In addition, the height of water, hiyoo,
accumulated in the test facility must be accounted for since it is significant enough to vary the
facility volume which affects the facility pressures. This necessitates the moving control volume

in this analysis.

Wiz Wair Whz0

1 1 1

Wiocket out

(I

htzo I

Figure 3. Control Volume of the J-6 Test Facility

Using Eq. 1, the control volume equation for the test facility can be represented by Eq. 2

dmey 0
dt ot

f pdV + Wyy + Wi + Whoo + Wrocket — Wour (@)
cv
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where m, is the mass of the gas inside the control volume, p is the density of the gas and
w is the mass flow rates of the nitrogen, air inleakage, cooling water, rocket and the exhaust
pumps.

For this case, the initial mass, miyisal, Of the gas inside the control volume can be
determined by assuming dry air at 14.7 psia and 60 °F. The air is assumed to be dry for inerting
calculations since the oxygen molar fraction is higher for dry air versus non-dry air. Thus, the
worst case scenario for inerting requirements must be considered for safety precautions. Table 1
lists the composition for dry air for these conditions2.

As can be seen from Table 1, nitrogen and oxygen are the main compounds found in dry
air. The actual gas composition of dry air does contain other constituents such as neon, helium,
methane and others. However, for this analysis, we assume that these compounds are not present
since their amounts are much smaller when compared to argon, carbon dioxide, nitrogen and

oxygen.

Table 1. Dry Air Composition at 14.7 psia and 60 °F [12]

e Mass Fraction
Weight Mole Fraction
(Ibm/Ibm-mol)
Argon (Ar) 39.948 0.00932 0.01286
Carbon Dioxide (CO,) 44.0098 0.00030 0.00046
Nitrogen (N2) 28.01348 0.78088 0.75524
Oxygen (O,) 31.9988 0.20950 0.23144
Total 28.9645 1.000000 1.000000
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Assuming saturated conditions at 60 °F, the mole fractions for the species in standard air

at 14.7 psia can be calculated with Eq. 3

Pfac - vaat

Xy = 3
) Pfac ) X(s),std air ( )

where Py, is the pressure of the gas inside the test facility, X is the mole fraction of the
compound of interest, and P IS the water vapor saturation pressure.

Using a polynomial 5™ order curve fit from data obtained from Keenan3, Eq. 4 can be
derived for the water vapor saturation pressure as a function of temperature,

Pysar(T) = 2.095-10711-T5 +5985-10710-T* + 3.509-1077 - T3 +
(4)

2.108-1075:T2+ 9.385-107* T + 2.422-1072
where T is the temperature in °F and the units of pressure is psia.
Eqg. 3 gives the mole fractions for argon, carbon dioxide, nitrogen, and oxygen but since
we are assuming saturated conditions for calculating the test facility pressure, the water vapor
content must also be considered; recall that a dry gas will be assumed for the inerting

calculations. The mole fraction for water vapor can be represented by Eq. 5

vaat

()

Xn20 = Pf
ac

Once the mole fractions of the species are determined, the amount of moles for each
species must be calculated. For all of the species besides water, the amount of moles per specie

can be calculated using the ideal gas law

15



o= T p (6)

where Vi, is the volume of the gas inside the test facility, Ry is the universal gas constant,
and T, IS the temperature of the gas inside the test facility.
Using a standard periodic table to determine the molecular weights of the specie, Eq. 7

can be used to calculate the masses of the specie
mes) = MW * nes) (7)

where MW( is the molecular weight (Iom / lbm-mol) of the specie, and n¢) is number of
moles of the specie.

Equations 3 — 7 provide a foundation for many of the remaining control volume
calculations. As mentioned, they are very useful for determining the initial conditions of the gas
inside the test facility.

Once the initial conditions of the test facility are known, the effects of mass flow rates of
the nitrogen, air inleakage, water cooling, rocket exhaust gas and exhaust pumps on the gas
properties can be determined.

Assuming that Wz, Wr20, Wrocket: Wout aNd War are all known, the new amount of mass of

the gas inside the control volume can be calculated by Eqg. 8
m(t+ At) = m(t) + wy - At + Wyy * At + Wypeker * At — Woye * At (8)

The water mass flow rate from the cooling water, w0, is not considered since it is

assumed that all the cooling water remains a liquid and reaches the bottom of the
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Dehumidification Chamber. This assumption holds valid as long as the gas inside the test
facility remains saturated. The calculation of the water vapor saturation pressure from Eq. 4
ensures that this assumption is valid.

Since the water flow rates are high enough to significantly affect the volume, the volume
of the gas must be recalculated for every time step. The equation for calculating the facility’s

volume at a particular point in time is

Wh20

Viae(t + At) = Vpae(t) — At (9)

PH20

where py,, IS the density of the water. Since the water is assumed to remain in liquid
form and reach the bottom of the J-6 Dehumidification Chamber, the total mass of the gas inside
the test facility remains is not affected by equation 9. However, the pressure does increase as
due to the decreased volume of the gas.

Assuming saturated conditions at the test facility’s gas temperature, the mole count of the

water vapor can be calculated by Eqg. 10.

Pysar Vfac
N0 = Re Trae (10)
Using the total amount of moles of the specie and the ideal gas law, the new facility
pressure then can be calculated by Eq. 11
Ny - R, T,
Poo= 2 1) " Ry Thac (11)

Vere

where Y n is the total number of moles in the gas.
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2.3 Flammability Limits of the Rocket Exhaust Gas in Air

Using the information from the gas properties calculations, the flammability limits
analysis can be presented. While there are many different flame characteristics which include
flame temperature and flame velocity, the flammability limits are the most important to be
considered for this analysis.

The flammability (or deflagration) limits define the extreme compositional limits that
will support a flame if an external ignition source is provided. Flammability limits depend on
the flammable product and oxygen volume percentage levels, amount of inert products,
temperature and pressure of the gas'*. An example of a flammability limit plot is shown in
Figure 3.

This plot was taken from data from the U.S. Bureau of Mines” and shows the upper and
lower flammability limits of various gases in air. The first part of the label (before the hyphen)
is the fuel whereas the second part of the label is the inert product. For example, H2-N2 is
hydrogen as the flammable gas paired with nitrogen as the inert gas.

The Upper Flammability Limit (UFL) and the Lower Flammability Limit (LFL) are the
upper and lower part of the curves or the triangular area, respectively. Any area above the curve
is said to be too fuel rich to burn, whereas the area below the curve is too fuel lean to burn. The
area to the right of the curve is known as too inert to burn. Finally, the area inside triangular area
is known as the flammability region, which is what should be avoided for safe testing operations.

For many specific compounds or species such as hydrogen or carbon monoxide, the
upper and lower flammability limits have been determined when mixed with air at atmospheric

15,16

pressure and room temperature or other inert gases such as gaseous nitrogen or carbon
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dioxide. Table 2 gives a list of the upper and lower flammability limits in percent by volume of

SOme commaon gases.

Flammability Limits in Air
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Figure 4. Flammability Limits in Air [7]

Table 2. Upper and Lower Flammability Limits of Gases at Room Temperature and
Atmospheric Pressure [15, 16]

Lower Flammability Limit ~ Upper Flammability Limit

Carbon Monoxide (CO) 12.5% 74.0%
Methane (CH,) 5.0% 15.0%
Hydrogen (H,) 4.0% 75.0%
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For this analysis, it will be assumed that the flammability limits are not affected by the
gas pressures and temperatures. This assumption can be considered valid since previous studies
have determined that pressure and temperature effects on the flammability limits are negligible
unless the pressure is above 10 atm or the temperature is above 200 °F%.

By using this experimental data and Le Chatelier’s law™’, one can determine the upper
and lower flammability limits of a gas mixture in air.

The expression of La Chatelier’s law for calculating the upper and lower flammability

limits of a gas is defined as

I 100%
“Pi, P2, Ps._ . Pn (12)
L1+ L2+ L3+ + Ln

where L is the limit of the mixture of combustible gas, p1, p2, ps, .., Pn are the mole
fractions of each combustible gas present in the original mixture, and Ly, L, L3 ..., Lnare the
limits of the each combustible gas present in the original mixture'’. For this equation to be valid,
the summation of the proportions of each gas must add up to be 1.0.

An example provided of the use of La Chatelier’s law is provided by J ones”. Suppose
you are given the composition of natural gas defined in Table 3.

Using Eq. 12, the lower flammability limit of the gas mixture is

L= 100% = 4.55%
_80+15+4.0+1.0_'° (13)
530 ' 322 237" 1.86
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Generally, this formula is considered accurate for most scenarios. For mixtures of

hydrogen, carbon monoxide, and methane, taken two at a time or all together, the flammability

limits can be calculated with approximate accuracy*2. There are situations where the La

Chatelier’s law predictions can be much different from actual data. For example, the prediction

of the lower and upper flammability limits for vapors, such as ether or acetone, are not very

accurate due primarily to a phenomenon known as a cool flame%; a cool flame is a type of flame

that has a maximum temperature about 752 °F%. Thus, one must be careful when using La

Chatelier’s law for calculating the flammability limits of a gas.

Table 3. Composition of Natural Gas with Lower Flammability Limits [7]

Gas Percent by Volume  Lower Flammability Limit
Methane 80% 5.3%
Ethane 15% 3.22%
Propane 4% 2.37%
Butane 1.0% 1.86%

This formula can be extended to calculate the flammability limits of a rocket exhaust gas

mixture in air. The U.S. Bureau of Mines outlines the procedure as follows’:

1. The composition of the mixture is first recalculated on an air-free basis; the amount of

each gas is expressed as a percentage of the total air-free mixture.
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2. A somewhat arbitrary dissection of the air-free mixture is made into simple mixtures,
each of which contains only one flammable gas and part or all of the nitrogen or carbon
dioxide.

3. The limits of each mixture thus dissected are read from tables or curves.

4. The limits of the air-free mixture are calculated using La Chatelier’s law.

Thus, this formula can be used to calculate the amount of nitrogen gas required to make

the gas nonflammable.
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Chapter 3

Program Methodology

3.1 Background

In Chapter 2, the analytical techniques were discussed that involved the calculations of
the gas properties and flammability limits of the rocket exhaust gas. For Chapter 3, the computer
program that was developed to automate these calculations will be discussed. Even though the
focus of this thesis is the underlying physics and validation of the computer program, it will be
worthwhile to discuss the techniques used for developing the computer program. It will be
especially important to the end users of the software.

The Python programming language was used to develop an analytical tool for analyzing
the rocket exhaust gas properties and flammability limits inside AEDC’s J-6 rocket test facility.
Python is an interpreted, objected-oriented, high-level programming language with dynamic
semantics. Its high-level built in data structures, combined with dynamic typing and dynamic
binding, make it very attractive for rapid programming development, as well as for use as a
scripting or glue language to connect existing componentsZ.

Python was chosen as the programming language of choice for this thesis because of its
ease of use, quick development, readability, extensive library support and Graphical User
Interface (GUI) support. While Python is not considered the fastest of computer programming
languages, none of the previous calculations involve intensive computations?. Languages such
as Java or C++, which are faster programming languages than Python, were not used. In
addition, Python’s support of dynamic typing was considered a very strong point for this
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program development. Dynamic typing is the process of verifying the type safety of a program
at runtime. For example, programming languages such as C++ or Java require that the user
specify the data types for variables (int, char, float) whereas Python does not require this. While
the use of dynamic typing does reduce the computational speeds due to compiler optimization

routines, this allows for quicker development for the user?®.
3.2  Programming Techniques

Test Driven Development, which is an evolutionary approach to software development
which combines test-first development where you write just enough production code to fulfill
that test and refactoring?, was used throughout the software development. Test Driven
Development was found to be highly useful for this software development effort because it
supported the rapid validation of software changes and helped with the design of program
modules. Objected-Oriented Programming (OOP) was also employed. OOP was used for
software development because it supports modularity, maintainability and the ease of adding
additional features to the code.

Software configuration management was done via TortoiseSVN. TortoiseSVN is easy to
use Revision control / version control / source control software for windows. It is based on

Apache™ Subversion (SVN)® 2,

Code documentation was continuously written as the code was developed. Every module
or program includes a specification which defines the purpose of the module, required inputs and
expected output. The code also has inline program comments throughout the code. This thesis
also serves the purpose of providing code documentation, specifically for the underlying physics

and software validation.
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Peer reviews were conducted with potential end users. Their feedback was used to help
improve the software’s features.

QtDesigner© for Python?® was used to develop a GUI, allowing the user to easily
interface with the program. Fig. 4 shows a screen shot of the GUI for this program.
3.3  Software Capabilities

While most of the software capabilities will be discussed in Chapter 4, it will be
worthwhile to give a brief overview of the software’s capabilities.

The purpose of this software is to provide AEDC engineers with the ability to automate
the control volume and flammability limit calculations rocket motor testing inside the J-6 test
facility.

1 MainWindow =)
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Rocket Motor PreFire Operations Postfire Operations ‘

Inputs
Motor Designation Open Propellant Information Nozzle Geometry
Large Class Stage 2 ~ ] [ Save ] Propeliant Mass (om) Throat Diamster (n)
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Qpen... Incomplete MNozzle Exit Diffuser
Inlet Gap {in)
Rocket Motor Performance Nozzle Gmble Angle (deg)
? Incomplete Throat-to-Exit Length (in)
Update
Outputs
Nozzle Geometry Rocket Motor Plots
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Calculate

IChambar Pressure VJ I Plot I
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Figure 5. GUI for J-6 Facility Analysis Program
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The first tab on the GUI of the J-6 facility analysis program, as shown in Fig. 5, is used
for defining the rocket motor parameters. The user defines the mass of the propellant, rocket
motor exhaust composition, predicted motor performance and the nozzle geometry. Comma
separated value (CSV) files are used for defining the motor propellant composition and the motor
performance curves. Table 3 gives an example of a CSV file that defines the rocket motor
exhaust composition for a fictional rocket motor. Note that the first row, which labels the
columns, is not used in the CSV file. For the motor performance CSV file, the user must specify
the time (1% column, sec), chamber pressure (2™ column, psia) and mass flow rate leaving the
nozzle (3" column, Ibm/sec). Once all this information is provided to the program, the user can
display the motor performance curves (chamber pressure and mass flow rate), mole and mass
fraction pie charts and the flammability limit graph of the rocket motor. Examples of these will
be given in Chapter 4. In addition, the user can also determine the type of inerting operations
that are required for that specific motor. The three inerting operations that are used are “too inert
to burn”, “too fuel rich to burn” and “a combination of too inert to burn and too fuel rich to
burn”, which were discussed in Chapter 1.

Once all the information is provided for the rocket motor, the gas properties and
flammability calculations can proceed by selecting the PreFire or PostFire Operation tabs.
AEDC defines the prefire operations as the operations that take place before the motor is fired,
and the postfire operations as the operations that take place after the rocket motor has been fired.
Figures 5 and 6 show a screenshot of the PreFire Operations and PostFire Operations tabs,

respectively.
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Table 3. Example of Rocket Motor Exhaust Composition

Molecular
Compound \WERS Gas or
Weight

Name Fraction Solid?
(Ibm/Ibm-mol)

Ar 39.948 0.0 Gas
AL203 101.9613 0.44 Solid
FeCL2 126.745 0.0005 Solid
CoO 28.0105 0.034 Gas
CO2 44.0098 0.02 Gas
CL 35.4527 0.0005 Gas
HCL 36.46064 0.284 Gas
H 1.00794 0.0 Gas
H2 2.01588 0.03 Gas
H20 18.01528 0.1 Gas
N2 28.01348 0.091 Gas
OH 17.00734 0.0 Gas
02 35.9999 0.0 Gas

For each of these tabs, the user defines the facility parameters for various stages of the
test operations. These parameters can include the facility pressure, temperature, water flow

rates, air inleakage rates and nitrogen flow rates. In addition, the user can also select three
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different sized rocket diffusers based on the size of the rocket motor. Once this information is
entered, the user can display J-6 test facility parameters which include the facility pressure,
height of the water inside the Dehumidification Chamber, amount of volume of the gas inside the
J-6 Dehumidification Chamber, the water vapor saturation pressure and flammability zone. In
addition, one can display pie charts for the mole and mass fraction percentages and the resulting

flammability limits. Examples of this will be given in Chapter 4.
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Chapter 4

Results and Discussion

4.1 Introduction

This chapter will discuss the analytical results from the Python computer program that
was created for this thesis. Although the program was validated using the specifications of a
rocket motor that was tested at AEDC, these data will not be presented due to public release
concerns. Generic and fictional motor performance and motor exhaust gas composition data
will be used in this thesis to validate this program. The analytical results will be validated using

an existing, validated analytical tool developed at AEDC”.

4.2 Results and Discussion

As mentioned in the previous chapter, the Python computer program requires specific
knowledge about the rocket motor to begin the analysis. This information includes the predicted
exhaust composition at the rocket nozzle exit, the rocket motor performance curves (the chamber
pressure and mass flow rates as a function of time), the propellant mass and the nozzle geometry.
The nozzle geometry includes the throat diameter, dy,, exit diameter, de, exit half-angle, axe,
nozzle exit diffuser inlet gap, Ly, nozzle gimbal angle, 6., and the throat to exit length, L.
Figure 7 shows a schematic of a rocket motor that defines these geometric parameters.

Fictional rocket motor performance curves were used to validate the Python computer

program. These motor performance curves are shown in Figures 8 and 9 and the motor

! This analytical tool developed at AEDC is not listed in any AEDC publications but is based on techniques
discussed in this thesis. If you are interested in this tool and are a DoD employee or DoD contractor, please contact
the author for more information.
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parameters are listed in Table 4. It is important to note that these motor performance parameters
were not checked for physical feasibility. However, their information still can be used to
validate the program since the program is not dependent on accurate motor performance
predictions.

Once these motor parameters are defined on the 1% tab of the Python computer program,
the user can then display the rocket motor plots which include the rocket exhaust gas mole
fractions, rocket exhaust gas mass fractions, the motor performance curves and the flammability
limit curves. In addition, the user can also determine the required inerting operations that need to

be used for the rocket motor.

Nozzle

Diffuser

—

Figure 8. Schematic of a Rocket Motor with an Exhaust Diffuser
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Figure 10 shows the resultant pie chart for the rocket exhaust gas mole fractions. For this
generic rocket motor example, we can see that hydrogen (H>) is the dominant compound in terms
of mole fractions for the rocket exhaust composition. This is common in solid rocket motors
since a higher fuel ratio helps improve the specific impulse of the motor'. Other compounds
such as aluminum oxide (Al,O3), carbon monoxide (CO), hydrogen chloride (HCI), and water

(H20) also make up a strong portion of the composition.
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Figure 9. Rocket Motor Chamber Pressure
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Exhaust Mass Flow (Ibm/sec)
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Figure 10. Rocket Motor Exhaust Mass Flow Rate

Table 4. Rocket Motor Parameters

Parameter Value

Propellant Mass (Ibm) 60000.0
Throat Diameter (in) 8.0
Exit Diameter (in) 70.0
Exit Half-Angle 11.0°
Nozzle Exit Diffuser Inlet Gap 10.0
Nozzle Gimbal Angle 5.0°
Throat-to-Exit Length (in) 65.0
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Figure 11. Pie Chart of the Rocket Exhaust Composition in Mole Percentages

Figure 12 shows the upper, lower and stoichiometric flammability limit curves of the
rocket exhaust gas inside the J-6 test facility. As expected the curve has a wide flammability
region due to the large amount of hydrogen gas present in the rocket exhaust gas. This curve
shows that an inert to flammable mole ratio of approximately 11.0 is required to be in the too-
inert-to burn region. The upper flammability limit (UFL) peaks at approximately 75% whereas
the lower flammability limit (LFL) has a minimum value of 8%. Thus, any gas with an inert to
flammable mole ratio of less than 11.0 and a flammable and inert gas ratio to air between 8% and

75% is considered flammable; otherwise the gas is considered non-flammable. This plot will be
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necessary to ensure that gas inside the test facility remains outside this flammable region

throughout the entire test operations.
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Figure 12. Rocket Exhaust Gas Flammability Limits in Air before the Motor Firing

The Python program predicts that the resultant pressure from the combination of the
rocket exhaust gases and the required amount of nitrogen will result in a pressure of 16.04 psia,
and thus will require the “too fuel rich to burn” operations. This agrees with AEDC’s historical
experience which shows that solid motors that have more than 32,000 Ibm of propellant will
require the “too fuel rich to burn” operations defined in Chapter 1.

After the rocket motor parameters have been defined, the next step is to input the prefire

test operation parameters. The prefire operations tab requires that the user input various
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parameters that define various phases of the prefire operations. The test phases in the prefire

operations include:

Post 1% Prefire Pumpdown: phase of test operations that occur after the Engine Test
Facility (ETF) A/B Exhaust Plant pumps down the J-6 test facility

Post Air Inleakage Check: test phase used for determining the amount of air inleakage
inside the J-6 test facility

Post Initial Inerting: test phase that occurs when Liquid Nitrogen (LN,) and Gaseous
Nitrogen (GNy) are added to the test facility for inerting purposes

Post 2" Prefire Pumpdown: test period for when the ETF A/B Exhaust Plant pumps
down the test facility again after the post initial inerting phase. This operation is only
required for the “too fuel rich to burn” operation.

T-0: test phase that occurs from T-8 min to the motor firing.

The parameters that can be defined for these phases include the test facility pressure,

temperature, air inleakage rate, nitrogen flow rates, time per phase and cooling water flow rates.

Table 5 compares the predicted conditions inside the J-6 test facility from the Python program to

the existing AEDC analytical tool.

Overall, the predictions from the J-6 analysis program agree very well with AEDC’s

existing analytical tool. The largest difference occurs in the test facility gas pressure prediction,

which disagrees by approximately 0.849%.

As stated in Chapter 3, the program can also calculate the gas composition for each of the

test phases. The program can display the mole fractions of the gas assuming dry and non-dry

gas conditions. Tables 6 - 7 show these predictions from the analysis program compared with
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AEDC'’s existing analytical tool. The mole fraction prediction for the dry gas at T-0 shows that
the nitrogen gas makes up the largest percentage of all the gases. This is to be expected since
large amounts of nitrogen are needed to make the gas non-flammable because of the large

amounts of hydrogen present in the gas mixture.

Table 5. Comparison of Predictions inside the J-6 Test Facility for the Prefire Operation

Test Phase
Python Program AEDC Analysis
Parameter Difference
Predictions Predictions
Gas Volume 4,670,300.3 ft 4,670,289.24 ft 2.368 x 10" %
Height of Water 4.13 ft 4.13 ft 0.0%
Water Saturation Pressure 0.596 psia 0.596 psia 0.0%
Pressure 1.426 psia 1.414 psia 0.849%

Figure 13 shows the predicted flammability limit plots for the postfire predictions from
the Python program and compares it with the existing AEDC analytical method. For the Python
program, the predictions for the mole ratio of inert to flammable gas and the amount flammable
and inert gas in air are 0.797 and 94.23%, respectively; the AEDC analytical tool predicts the
mole ratio of inert to flammable gas and the amount flammable and inert gas in air are 0.798 and
94.22%, respectively. These results are in very good agreement with each other. As can be seen
from Figure 13, the gas mixture inside the test facility is predicted to be too fuel rich. This is

expected since the test operation requires the gas mixture to be too fuel rich to burn.
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Now that the predictions of the gas properties and the flammability limits of gas during
prefire test operations have been presented, the predictions from the postfire test operations can
be presented. For the postfire test conditions, there are two test phases that are defined. These

test phases are:

Table 6. Comparison of Mole Fractions of the Gas inside the J-6 Test Facility at T-0
AEDCs Analytical

Python’s Prediction

. Tool’s Prediction of  Difference
of Mole Fraction % Mole Eraction %
Ar 0.1% 0.1% 0.0%
CO, 0.0% 0.0% 0.0%
N> 55.2% 55.8% 1.075%
0, 2.0% 2.0% 0.0%
H,O 42.8% 42.2% 1.4%

Table 7. Comparison of Mole Fractions of the Dry Gas inside the J-6 Test Facility at T-0
AEDCs Analytical

Python’s Prediction

: Tool’s Prediction of  Difference
of Mole Fraction % Mole Eraction %
Ar 0.2% 0.2% 0.0%
CO, 0.0% 0.0% 0.0%
N, 96.4% 96.4% 0.0%
0, 3.4% 3.4% 0.0%

e Postfire: the time during test operations immediately after the rocket motor has
completed its firing
e Postfire Inerting: the time during test operations after the nitrogen flow has been

initiated
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The parameters that can be defined for the postfire predictions include the time per test
phase, nitrogen flow rates, cooling water flowrates and the gas temperature. Table 6 compares
the conditions inside the J-6 Test Facility from the Python program with AEDC’s analytical

method.
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Figure 13. Flammability Limits of the Gas inside the J-6 Test Facility at Postfire

As indicated in Table 8, the results of the predictions of the conditions of the J-6 test
facility during postfire test operations are in good agreement. The largest difference that occurs

is in the pressure inside the J-6 test facility which is 0.051%.
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Tables 9 — 10 compare the predictions of the mole fractions of the gas inside the J-6 test
facility from the Python program to AEDC’s analytical tool. As expected, the results show that
the nitrogen gas makes up the largest amount (78.7%) of the gas mixture inside the test facility.
This is as expected since a large amount of nitrogen gas is needed to make the gas nonflammable
because of presence of hydrogen and carbon dioxide. With the digits rounded to the nearest
tenth decimal point, all of the differences between the predicted mole fractions for the non-dry
and dry gas during post fire test operations are 0.0%.

Figure 14 shows the results of the flammability limits of the exhaust gas during postfire
test operations. With the results rounded to nearest tenth, the inert to flammable mole ratio and
flammable and inert gas in air percentage disagree by 0.0% and 0.3%, respectively. The
differences between Figures 13 and 14 show the effects of adding nitrogen to the J-6 test facility,
which was shown in Figure 2 of Chapter 1. As nitrogen gas is added to the test facility, the mole

ratio of inert to flammable gas is increased, and thus the point moves to the right.

Table 8. Gas Properties Predictions Comparison for the Postfire Operation Test Phase

Parameter Python Program AEDC Analysis Difference
Predictions Predictions
Gas Volume 4,150,984.7 ft 4,150,942 ft 1.029 x 10~ %
Height of Water 15.74 ft 15.74 ft 0.0%
Water Saturation Pressure 0.363 psia 0.363 psia 0.0%
Pressure 9.775 psia 9.770 psia 0.051%
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Table 9. Comparison of Mole Fractions of the Gas inside the J-6 Test Facility at Postfire

Inerting
y . . AEDCs Analytical
Competinds SPyehonss Pred'lctlon Tool’s Predict%on of Difference
of Mole Fraction % .

Mole Fraction %
Ar 0.0% 0.0% 0.0%
CO, 0.6% 0.6% 0.0%
N, 78.7% 78.7% 0.0%
0, 0.7% 0.7% 0.0%
CO 7.5% 7.5% 0.0%
H, 8.8% 8.8% 0.0%
H,O 3.8% 3.8% 0.0%

Table 10. Comparison of Mole Fractions of the Dry Gas inside the J-6 Test Facility at
Postfire Inerting

AEDCs Analytical

Python’s Prediction

Compound of Mole Eraction % Tool’s Predigtion of Difference
Mole Fraction %
Ar 0.0% 0.0% 0.0%
CO, 0.6% 0.6% 0.0%
N, 81.8% 81.84% 0.0%
0, 0.7% 0.7% 0.0%
CO 7.8% 7.8% 0.0%
H, 9.1% 9.1% 0.0%
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Flammability Limits in Air
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Figure 14. Flammability Limits of the Gas inside the J-6 Test Facility at Postfire Inerting
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Chapter 5

Conclusions and Further Work

5.1 Conclusions

The Python program that was developed for analyzing the gas properties and the
flammability limits of the gas inside the J-6 test facility proved to be a valid and useful tool
based on comparisons with AEDC’s validated analytical tool. Comparisons were made between
the predicted gas properties, which included the gas pressure, gas volume, height of water inside
the J-6 Dehumidification Chamber, and the water vapor saturation pressure, for a fictional solid
rocket motor. These predictions were made for T-0 test phase and the postfire inerting test
phase. The maximum difference of 1.4% was between the predicted water vapor mole fraction
at T-0. While actual test data or rocket motors cannot be used to validate this Python program
for this thesis because of public release concerns, AEDC’s analytical tool has been accepted as a
validated analytical tool for these calculations. Thus, all results should be acceptable for
engineering purposes.

This program was developed using Test Driven Development and Object Oriented
Programming. All program modules that were written included a unit test that was validated
anytime there were software changes. In addition, all the code was sufficiently commented with
both code specifications and inline comments. TortoiseSVNZ was used as a software
configuration management tool. With additional upgrades and validation, this software will be a

very useful tool for analyzing the rocket exhaust gases inside the J-6 test facility.
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5.2  Further Work

As mentioned in previous chapters, this software currently does not have all the desired
capabilities that are needed for rocket motor testing analysis at AEDC. One such feature is the
calculation of the test cell pressure during the rocket motor firing. This analysis requires the use
of the Method of Characteristics (MOC) and 1D compressible isentropic equations. Future
upgrades to this software will include this capability.

Another feature that is desirable for this software is the ability to automate the
calculations of the test facility’s consumable schedules; the consumable schedules are the
required amount of flow rates as a function of time for the steam, gaseous nitrogen, liquid
nitrogen and cooling water. This feature will be included in future software upgrades.

Since much of AEDC'’s test data and rocket motor manufacturers data is distribution
limited, this thesis did not use this information to validate this program. However, future work
in the non-public domain will include additional validation using both real test data and rocket
motors. This will help to ensure that the Python program represents physical reality.

The software is expected to be maintained periodically throughout its life. All changes
will be documented using both written reports and TortoiseSVNZ. Detailed user guides will also

be written for using the software.
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