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Abstract

The development of liquid oxygen/liquid methane (LOX/LCH4) propulsion systems has
recently become a topic of interest ever since this particular propellant combination was
determined to be a suitable candidate for use in space exploration, more specifically missions to
Mars. This propellant combination is unique because the propellants can be synthesized from local
resources on Mars, a process called In-situ Resource Utilization (ISRU). ISRU would allow for
spacecrafts to be lighter and/or increase its payload capacity to Mars-bound missions because the
vehicle would not have to store the propellants required for the voyage back to earth.

For this reason, The University of Texas at El Paso’s (UTEP) Center for Space Exploration
and Technology Research (¢cSETR) is currently conducting research in liquid oxygen and liquid
methane propulsion. The Centennial Restartable Oxygen Methane Engine (CROME) is a 500 —
125 1bf pressure fed engine. CROME serves as a platform to further understand and advance
LOX/LCH4 propulsion technology, but also to give student’s knowledge, exposure, and relevant
experience in the process of designing, developing, and hot-fire testing a LOX/LCH4 rocket
engine. This engine is being designed in three phases: D1, D2 and D3. Currently, CROME is in
the initial design/development phase, D1, which is a ground test engine whose intent is to
demonstrate successful operation, validate design operating conditions, and characterize engine
performance through hot-fire testing at the D1 Test Facility located at the tRIAc facility.

This thesis describes the engine design, gives an overview of the D1 Test Facility, reviews
the objectives of the engine test campaign, explains how the engine will be tested, and gives
detailed results of any testing conducted on the facility and/or engine before the submission of this
thesis. It also lists recommendations that should be made to the test facility that will not be used

during initial testing and future engine development plans.
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Chapter 1: Introduction

1.1 WHY METHANE?

The development of liquid oxygen/liquid methane (LOX/LCH4) propulsion systems has
recently become a topic of interest ever since this particular propellant combination was
determined to be a suitable candidate for use in space exploration. Although methane provides a
lower specific impulse (ISP) as compared to hydrogen, it has a higher density and saturation
temperature, which makes it easier to store and requires smaller propellant tanks (i.e. it decreases
vehicle mass). However, the most interesting advantage of methane, from a space travel
perspective, is that this particular propellant combination can be produced from local sources via
in-situ resource utilization (ISRU). Recent robotic missions to Mars have reported the presence of
water ice in subsurface deposits. The water ice deposit can be mined to extract hydrogen and
oxygen that can be used for the production of propellants (i.e. LOX and LCH4), as well as drinking
water and oxygen for life support systems [2].

Current aerospace companies developing LOX/LCH4 propulsion technologies is SpaceX
with its 440,000 1bf LOX/LCH4 Raptor Engine and Blue Origin with its 550,000 1bf LOX/LCH4
BE-4 Engine, which will power the first stage of ULA’s Vulcan rocket. NASA is also developing
LOX/LCH4 propulsion systems; for example, META — 4, a 4000 Ibf bi-metallic LOX/LCH4
engine developed at NASA’s Marshall Space Flight Center or the main propulsion system of the
project Morpheus, a lunar lander, which was developed at NASA’s Johnson Space Flight Center.
It is clear that a large portion of spaceflights future will consist of LOX/LCH4 propulsion systems,
but presently there have been no LOX/LCH4 spaceflight engines.

The Center for Space Exploration and Technology Research (cSETR) at the University of

Texas at El Paso (UTEP) is currently working towards developing LOX/LCH4 propulsion
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technology. One of the main objectives for the center is to design and develop the fist methane-
fueled propulsion system fired in space. The current LOX/LCH4 propulsion projects working
towards that goal is a gaseous oxygen/methane torch igniter, a 5 Ibf reaction control engine (RCE),
and a 500 and 2000 Ibf rocket engine. More importantly, these projects serve as a platform for
students to gain knowledge, experience, insight and exposure in the process of engine design,
propellant delivery system design, and engine testing in order to prepare them and equip them with

the relevant skill sets for a future career as an aerospace/propulsion engineer.

1.2 SCOPE OF THESIS

This thesis will focus on detailing the engine design. It will review the major components
that comprise the engine and discuss the thought process of the design parameters chosen. It will
not however give a full background or theoretical rocket engine review.

Furthermore, it will discuss the design of the D1 Test Facility, which is the horizontal test
stand that will be used to hot-fire test CROME. The selection of components and their details will
be discussed as well as how components were sized (e.g. orifices and pressure relief valves).

Lastly, the test campaign and its goals will be detailed. Hot-fire test matrixes and expected
results will be shown and an explanation on how to reduce test data will be given in the event that

test data is not available or published in this thesis.



Chapter 2: Engine Design
2.1 ENGINE OVERVIEW

The Centennial Restartable Oxygen Methane Engine, or CROME, is a pressure-fed
throttleable liquid oxygen and liquid methane engine. It has a throttle ratio of 4:1 with a
corresponding thrust range of 500 — 125 1bf, respectively. CROME is throttled through the main
engine valves. The engine will serve as a viable propulsion system for upper stages that require a
low but throttleable thrust.

CROME is being developed in three stages: D1, D2 and D3. It is currently in the first stage
of its development phase, D1, whose intent is to demonstrate successful and repeatable operation,
validate operating conditions, and characterize the engine performance (i.e. specific impulse and
c* efficiency) at different firing conditions (i.e. MR, Pc, and burn time) through hot-fire testing
the engine at the D1 horizontal test stand located at UTEP’s tRIAc facility. D2, will take the data
and lessons learned from the prior test campaign to design a flight-like engine. Finally, D3, will
be the flight ready engine, which will go through the appropriate qualification testing to be used
as the main propulsion system of a rocket.

The current engine design is a heavy ground test article, which is depicted in figure 2.1. It
features a bolt on injector and chamber, to maintain the ability to closely inspect the hardware
during testing; it has 17 acoustic cavities which will be used to dampen out certain combustion
instabilities, and it has the igniter mounted onto the side of the chamber. It also has three dynamic
pressure transducers which will be threaded off the side of the chamber flange and a pressure
transducer mounted off the side of the chamber to measure chamber pressure, Pc, during a hot-fire

test.



Figure 2.1 Engine Component Assembly Cross Section and Isometric View

CROME’s requirements are listed in table 2.1 and derived requirements are in table 2.2.

Table 2.1 Engine Requirements

Requirement Value

Thrust 500 — 125 Ibf
Operation / Ambient Pressure Steady State / 12.8 psia
Propellants LOX /LCH4

Max Tank Pressure 425 psig

The engine was required to have a maximum thrust of 500 1bf which could throttle down to 125
Ibf to enable vehicle dynamic control during spaceflight. However, since the engine is being tested
at the tRIAc facility it was designed as a sea level engine. The ambient pressure is approximately
12.8 psia according to the altitude of Fabens, Texas. Future modifications can be made to the

engine for spaceflight. This thrust class was selected based on the size of vehicles the engine would



be powering; it would also increase the thrust level an order of magnitude larger than what was
previously developed and tested at cSETR.

As aforementioned, the propellants will be liquid oxygen (LOX) and liquid methane
(LCH4). The saturation temperature of LOX & LCH4 is approximately -300 and -260 °F at
ambient pressure, respectively. The design criteria, including materials selection for engine

systems using cryogenic propellants, must consider the very low temperatures involved [1].

Table 2.2 Engine Derived Requirements

Requirement Value

Mixture Ratio 2.7

Fuel Film Cooling (FFC) 30 % of Fuel Flow

Chamber Pressure (Pc) 235 —70 psia

Component Materials Chamber/Nozzle: Inconel 718

Injector Assembly: Inconel 625

Manifolds and lines: SS 316

Expansion Ratio (ER) ER: 1.7

Table 2.2 outlines the derived requirements of the engine. These engine operational parameters
were chosen such that the original engine requirement would be achieved. They are not universally
the most optimal values for their corresponding requirement but are acceptable for the engine’s
application.

A liquid-bipropellant system, such as CROME, employs two different propellants, an
oxidizer and a fuel. These propellants are fed to the engine (i.e. the injector) where they are

injected, mixed, and atomized in the combustion chamber. The ratio of oxidizer to fuel weight



injected and mixed in the chamber is the mixture ratio (MR). Optimum MR is the ratio of oxidizer
weight to fuel weight in a bipropellant combustion chamber that yields maximum performance,
and as a rule of thumb is slightly lower than the stoichiometric MR which is approximately 4 for
a LOX/LCH4 engine [1]. The MR selected for CROME is 2.7, which is not the optimal MR for
this propellant combination but it allows for equal volume tanks. Furthermore, the combustion
temperature at this MR is lower than at the optimum MR, which reduces the cooling requirement.
Liquid oxygen is approximately 2.7 times denser than liquid methane, so when operating at a MR
of 2.7 the volumetric flow rate of fuel and oxidizer required by the engine is the same. Meaning,
that for a specific burn time the volume of propellant expended/required is the same.

As seen in the engine requirements, CROME will be operated as a steady state engine.
Meaning, that it should theoretically be able to run for an infinite duration test or for as long as
propellants are being fed to the engine. In order to operate as a true steady state engine special
consideration must be made, like adequately cooling the combustion chamber/nozzle. Because of
high combustion temperatures (4000 to 6000 °F) and high heat-transfer rates from the hot gases to
the chamber wall, thrust-chamber cooling is a major requirement [1]. This engine is a heavy test
article with a massive chamber and for short-duration hot-fire tests (e.g. 3 — 5 seconds) the heat
will be absorbed by the chamber walls acting as a heat sink. However, to protect the integrity of
the hardware and to achieve long duration test (i.e. tests longer than 5 seconds) a cooling method
must be employed to cool the chamber/nozzle. CROME will be fuel film cooled (FFC). Film
cooling is a cooling method where a thin film of coolant is injected onto the chamber’s hot wall to
act as a thermal barrier between the hot combustion gas and the wall. As the name implies, fuel or

LCH4 will be bled from the engine’s fuel line and injected onto the wall of the chamber as coolant.



This cooling method is not the most effective as it decreases the engine’s overall performance (i.e.

specific impulse), but is a very simple way of cooling the chamber.

Figure 2.2 Fuel Film Cooling Injection Orifice Locations and Injection Orientation

As depicted in figure 2.2, there are 17 FFC injection points around the injector faceplate periphery.
The liquid methane that is bled from the main fuel line is delivered to the coolant manifold where
it is injected onto the chamber wall by 17 holes which are drilled at a 20° inclination from the axial
axis. This allows for a smooth transition of the coolant flow onto the chamber wall and thus
forming a thin film. CROME will initially start at a 30% FFC, per recommendations made by
engineers at NASA’s Johnson Space Center. 30% FFC is considered to be a high percentage of
fuel to be used as coolant which should maintain the temperature of the hot wall below the melting
temperature of the chamber. Usually 10 — 15 % is a common amount of FFC, which is why during
initial testing the film cooling percentage will be lowered via changing the FFC orifice while still
delivering adequate coolant to the chamber walls for any given mainstage conditions (i.e. Pc and

burn duration).



Chamber pressure (Pc) is a very important parameter for a rocket engine since thrust is
proportional to the chamber pressure for a given engine design. The high-end chamber pressure
(i.e. 235 psia) was chosen for convenience, as it allows for ample pressure drop margin for the
facility, main engine valve, and engine plumbing pressure drop. This chamber pressure and
corresponding thrust level in conjunction with the theoretical thrust coefficient were used to size
the throat of the engine. After the throat diameter was found and fixed the chamber pressure for
different thrust levels were derived. The resulting low end thrust chamber pressure is 70 psia.

As mentioned before, there are many considerations when choosing engine component and
manifolding materials. For instance, the facility lines (i.e. the plumbing) must be compatible in an
oxygen rich environment and have a high corrosion resistance. Furthermore, the material must be
able to withstand a wide variety of temperatures and temperature gradients (i.e. thermal stresses).
As seen in table 2.2, the engine manifold is made out of stainless steel 316, the injector is made
out of Inconel 625 and the chamber/nozzle is made out of Inconel 718. Stainless steel 316 is an
austenitic stainless steel which contains nickel in addition to chromium. It possesses good
cryogenic toughness, good fabricability and weldability, excellent corrosion resistance and
resistance to stress-corrosion cracking, and is compatible with oxygen [1]. Furthermore, it was
selected as the plumbing material because it is relatively cheap and very accessible. Inconel is a
nickel-base alloy which provides superior corrosion resistance, high-temperature oxidation
resistance, and high physical properties. Inconel 625 was the material selected for the injector
because of its superior corrosion resistance, but it is also easier to machine than Inconel 718
because of its reduced hardness and strength. Inconel 718 was the material selected for the thrust
chamber and nozzle because it retains a high strength at elevated temperatures up to 1300 °F and

good weldability. Inconel in general is also relatively cheap and accessible when compared to other



common engine materials like monel alloys, electro-deposited nickel or columbium also known as
niobium.

The prime function of a engine nozzle is to convert efficiently the enthalpy of the
combustion gases into kinetic energy and thus create high exhaust velocity of the gas [1]. Nozzles
are generally of the De Laval type which converges from the chamber to the throat and diverges
from the throat to the nozzle exit. The size and shape of the engine nozzle is based largely on its
application. For example, CROME was designed as a sea level engine which means that the nozzle
was sized such that at one of its thrust levels the pressure of the hot gas will be expanded down to
atmospheric pressure (i.e. 12.8 psia). Throttling an engine warrants special consideration when
sizing the nozzle because optimum thrust will only be achieved at one thrust level; that is when pe
= pa. When the exit pressure at the nozzle exit plane is higher than the ambient pressure (i.e. pe >
pa) then the gas is considered under expanded. Conversely, when the exit pressure is smaller than
the ambient pressure (i.e. pe < pa) the gas is considered over expanded. This can be seen in figure

2.4.

Optimum
Expansion

P. = P.
Jat Separation Jet Separation
[ >
F ! No Separation
foe 5

L €.

Po > P. Po < P.

Under- Over-

Expansion Expansion

Figure 2.3 Effect of Nozzle Flow on Thrust F [1]



As depicted in Figure 2.3, being in the over expanded region decreases the thrust generated by the
engine and can induce shock waves in the nozzle at the point of flow separation between the gas
and nozzle wall. Flow separation is undesirable as it produces loads that are potentially destructive.
For this reason, CROME’s nozzle was sized to be optimally expanded at low end thrust, 125 1bf.
Throttling up from low end thrust would result in an under expanded nozzle, which although
reduces performance (i.e. thrust and specific impulse) it is more favorable than operating in the
over expanded region. The resulting expansion ratio (&), which is the ratio of the nozzle to throat
area is 1.7. With the expansion ratio of 1.7 and Pc of 70 psia the hot gas will be expanded such

that it equals ambient pressure as seen in the center case of figure 2.4.

Under Expansion —

Pe>Pa Underexpansion

Optimum Expansion [° —
<] —
Pe=Pa —

Nozzle flows fuli

Over Expansion

Pe <Pa

Flow separation
caused by
overexpansion

Figure 2.4 Simplified Sketch of Exhaust Gas Behavior of Nozzle Flow [3]
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2.2 INJECTOR SELECTION AND DESIGN

The injector, as the name implies, injects the propellants into the combustion chamber in
the right proportions and the right conditions to yield an efficient, stable combustion process [1].
Designing an injector can be a challenging task considering that injectors have the greatest impact
on combustion efficiency and engine performance. Furthermore, combustion stability is highly
dependent on injector design and is a very important requirement for a satisfactory injector.

These points were all taken into consideration when designing CROME’s injector. As
aforementioned, the injector type selected for CROME is a pintle injector. A pintle injector is a
single element injector that introduces propellant to the combustion chamber through an annular
and radial flow. These two flows impinge and create a spray cone which is dependent of the

momentum ratio of the two impinging fluids (TMR). This process is depicted in figure 2.5.
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Figure 2.5 Pintle Injection Spray Behavior

Historically, pintle injectors were selected as an engine’s injector type to throttle the engine
because of its ability to change injection area through mechanical means. This was an effective
way of changing the mass flow delivered to the thrust chamber directly changing thrust but still

maintaining an adequate pressure drop across the injector. CROME’s pintle injector, however, is
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not a variable area injector, it is a fixed area pintle. Throttling of the engine will be achieved by
actuating the engine main valves in the propellant delivery system upstream of the injector.
Maintaining an adequate pressure drop across the injector is still required and becomes
more challenging when throttling an engine because the injection areas can only be sized to provide
a certain flow resistance of chamber pressure at one thrust. A good starting point for the design
level of injection flow resistance is 15 — 20 percent of chamber pressure; however, some
applications, such as engines designed for throttling or those with stability sensitivity, may require
higher dp/Pc values [1]. Table 2.3 outlines the injection resistance of chamber pressure for the fuel

and oxidizer flow areas as a function of thrust.

Table 2.3 Injection Resistance of Propellant Flow Area at Different Thrusts

Thrust, Ibf | LCH4 AP/Pc % LOX AP/Pc %

125 15 8

250 25 14
375 36 20
500 47 26

Table 2.4 summarizes the dimensions of CROME’s injector design.
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Table 2.4 Summary of Injector Design

Injector Parameter | Value
LOX Pintle O. D 0.375
LOX Pintle 1.D 0.25
LOX Hole Diameter, in 16 x 0.062
LOX Flow Area (radial flow), in2 0.049
LCH4 Annulus Width, in 0.02
LCH4 Flow Area (annular flow), in”\2 0.022
FFC Hole Diameter, in 17 x 0.031
FFC Flow Area, in”2 0.013
Injection TMR 1.35
Propellant Injection Angle, deg 535

* Flow areas calculated do not include a Cd value
The injector assembly, seen in figure 2.6 and 2.7, is comprised of two bolted components: the
injector body which houses the fuel and fuel film cooling manifolds and the pintle manifold cap

which is inserted into the injector body and consequently closes out the manifolds.

Pintle Cap FFC iVIfd
Injector Body V I/ A I/ /I |/ Acoustic Cavity
k i , i \i”_
A
7 / hesd Fuel Mfd

FFC Injection Annulus (BI

Hole K

Pintle

Figure 2.6 Injector Assembly Section View
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Pintle Cap

Acoustic Cavity Tube

Injector Body

Sheet "Sheet 5" Work

Figure 2.7 Injector Assembly Exploded View

The injector body also houses the acoustic cavity tubes, which will be explained in another section.
There are also two Teflon seals between the pintle cap and injector body located between the two
manifolds to prevent any leaks or inappropriate flow communication.

A detailed view of the pintle is shown in Figure 2.8. There are two rows of injection holes
on the pintle: a primary row and a secondary row. The orifices on the second row were staggered
in an effort to increase the blockage factor (BF). The BF is the ratio of the total radial hole diametric

length to the circumference of the pintle post [4]. This is shown in the equation below.

Nd,
ndp

BF =

@.1)
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N stands for the number of injection orifices, d, is the diameter of the orifices, and d,, is the diameter

of the pintle.

Primary Holes Secondary Holes

OA/

0 O

0 © 1O q

Figure 2.8 Pintle Tip Image

The resulting BF for this pintle design is 0.84. The BF is a parameter that indicates how much of
the radial flow will impinge with the annular flow. The larger the BF, the better the propellants
mix and atomize which improves performance. Unfortunately, the maximum BF of 1 is very hard
to achieve because of the resulting thickness between the orifices. The smaller the material
between the orifices the larger mechanical and thermal stresses the pintle tip will see.
Consequently, the mixing and atomization efficiency is limited by the capability of the material
selected. Nonetheless, a BF of 0.84 was deemed acceptable.

The fuel film cooling as mentioned in an earlier section is essential to maintaining the
integrity of the combustion chamber. The coolant is introduced to the chamber via 17 angled holes
that are 0.031 inches in diameter. The injection angle of the holes is 20° from the axial axis in

order to provide a smooth thin layer of LCH4 onto the chamber wall.
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The design of an injector can be improved by proper application of experimental results
obtained in nonreactive testing (cold-flow) .... much valuable information can be obtained at
considerably lower cost and risk by use of nonreactive techniques (e.g. water flow testing) [1].
Water testing of the injector took place at the tRIAc test facility and was conducted to characterize
the flow resistance (i.e. the discharge coefficient, Cq4) of the fuel and oxidizer flow area. The Cqis
a measure of flow performance versus the theoretical flow through an orifice or flow area and is
always lower than 1. Ideally both flow areas would have been tested at the same time and the
resulting spray cone could have been visually evaluated with a camera system but because of time
constraints each flow area was individually tested only to obtain flow resistance data. Various
injector inlet pressures were tested to obtain a wide variety of discharge coefficients and were
averaged for a nominal Cq4 value of the flow area. Also, it is important to note that the fuel film
cooling flow area was not tested since the FFC orifices had not yet been acquired. Figure 2.9

depicts the system that was used to water test the injector.
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The propellant delivery system will be insulated following the completion of the facility
and engine leak check. An added benefit of this insulation, is that it is not a permanent insulator
so in the event of a leak occurring due to thermal contraction the insulation can be removed, the
leaking interface tightened, and the insulation reapplied. Figure 3.8 depicts Cryogel Z installed on

an industrial liquid natural gas (LNG) piping system.

Figure 3.8 Cryogel Z Insulation Installed on Industrial LNG Piping System
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Chapter 4: Engine Testing Campaign
4.1 ENGINE TESTING OBJECTIVES

The objective of CROME’s initial campaign (i.e. D) is to demonstrate successful engine
operation, validate operating conditions, and characterize engine performance through hot-fire
testing the engine. The engine will be hot-fired at four different thrust levels along its thrust range:
125, 250, 375, and 500 Ibf. For each mainstage condition the propellant mass flow, chamber
pressure (P¢), propellant state data, and hardware state data will be measured. This data will be
used to calculate engine performance parameters like ¢”, ¢ efficiency, theoretical thrust and
theoretical specific impulse. These engine performance parameters are important to vehicle and
mission design and will be discussed in this chapter.

The design of a combustion chamber presents one of the more complex tasks in the field
of liquid-propellant rocket engineering, primarily because the basic processes, especially the
combustion within the thrust chamber, are perfectly misunderstood [1]. This test campaign aims
to try and understand CROME, its capabilities and more importantly limitations. Hardware state
data like hot-wall temperature measurement, surface temperature measurements taken at various
locations on the engine, and pressure measurements will be taken during various test operations
and will be useful when designing the second iteration of CROME. The mechanical and thermal
analysis will be modeled based on actual test data which will result in a better and more accurate
analysis and consequently a better engine design. Furthermore, uncertainties will be addressed
during the test campaign; for example, what the minim FFC required to maintain the integrity of
the hardware for thermal steady state conditions. With every successful hot-fire test, the engine

and its limitations will be further understood.
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Engine testing is thrilling but also extremely dangerous. Another important objective,
maybe the most important, is student safety during the testing operations. Consequently, all test
operations will be executed with approved step-by-step procedures. This takes the ambiguity out
of executing test operations like performing required cold-flow tests or an igniter operation
verification test. Every procedure explains how and why the test must be conducted and lists
possible hazards that are associated to that specific test operation; thus, reducing the probability of
system failure and increases test operation success.

A secondary safety measure, for students and the system, is the integration of redlines or
cut-offs during test operations in order to ensure that the system is behaving as expected and is
safely shut down in the event of an anomaly. The redline parameters and shutdown sequence will
be discussed in a later section.

To recap, this test campaign will be the first time cSETR attempts to test a rocket engine
of this magnitude, in order to characterize engine and system performance while maintaining a
safe and effective work environment. The following sections will describe, in detail, the specifics
of the test campaign; for example, how each test operation is completed (i.e. an overview of the
testing procedures), the fluids planned to be used during the test campaign, the thought process
behind the automatic sequence and cutoff parameters, and lastly what to do with the data obtained

from a hot-fire test.

4.2 FLUIDS USED

Table 4.1 summarizes the fluids that will be used during CROME’s test campaign. It is important
that safety considerations be taken when handling these propellants in order to mitigate any

incidents. Among those considerations, at the very least, should be to always wear the proper
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personal protective equipment (PPE). When handling cryogens it is a requirement to wear safety
goggles, a face shield, a non-porous lab-coat and/or cryogen rated apron without pockets or cuffs
which can catch a liquid, high top steel toed boots covered by pants and loose-fitting insulated
gloves. Also be mindful of the propellant and the hazards that accompany them when being
handled. Oxygen, regardless of state, used for testing is a pure oxygen and if mishandled (e.g.
dropping a gaseous oxygen k-bottle) can result in leakage into the surrounding environment which
can result in spontaneous combustion if an ignition source is introduced. Likewise, although
methane is non-toxic, it can cause asphyxiation in a confined area without proper ventilation. It is
important to always work in a well-ventilated area since natural gas is colorless, odorless, and
tasteless; furthermore, if leaked it will dilute the normal oxygen content of the surrounding air
which can lead to clouded judgement and in extreme conditions (i.e. air diluted below 12% oxygen
content) can lead to fainting. It is important to always use the “buddy” system and to be aware of

your surroundings. Always transport k-bottles and Dewar’s with the proper hand truck or trolley.

Table 4.1 Fluids Used During Test Campaign

Fluid Phase Purpose Hardware Flow Rate
Pressure (psig) | Temp. (°F) (Ibm/s)

Oxygen liquid Oxidizer 400 max -300 °F 1.59 max

Oxygen Gas Oxidizer 200 max Ambient 0.02 max

Methane Liquid Fuel 400 max -250 °F 0.59 max

Methane Gas Fuel 200 max Ambient 0.01 max

Nitrogen Gas Purge 300 max Ambient 0.01 max

As seen in table 4.1, oxygen and methane both in a gaseous and saturated or subcooled state will
be utilized. As aforementioned, LOX and LCH4 will be used as the propellants of CROME, while
GOX and GCH4 will be used as the propellants for the ignition system, the torch igniter. Gaseous
nitrogen (GN2) will be used abundantly throughout this test campaign in order to purge out any

captured moisture within the facility before introducing cryogens and to purge the run-line and
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engine after a hot-fire test to expel any residual propellants left in the run-line or dribble volume.
GN2 will also be used to pressurize the engine propellants in the run-tanks. LOX, GOX, LN2,
GN2, GCH4 will be purchased and acquired from Airgas. LCH4 will be purchased and obtained
from a provider in Albuquerque, New Mexico.

Prior to a hot-fire test day, a trip will be made to Albuquerque with the LNG Micro-Fueler.
This Micro-Fueler is the transport tank purchased from Chart Industries, Inc. to transport the liquid
methane or in this case liquid natural gas (LNG) from Albuquerque back to the tRIAc facility
located in Fabens, Texas. It is designed to aid in the fueling of the D1 test facility fuel tank. It
consists of a 122-gallon vacuum jacketed pressure vessel mounted inside a protective steel pallet
frame, which makes it transportable. Its capabilities consist of self-pressurization or external
pressurization up to 300 psi, dispensing liquid from the Micro-Fueler, and emptying of liquid
natural gas in to the Micro-Fueler. The pressurization capability makes the transfer of LNG from
the Micro-Fueler to the fuel run-tank manageable. As specified by the LNG user manual, in order
for there to be effective flow from the Micro-Fueler to the run tank the internal pressure of the

transport tank must be at least 25 — 30 psi higher than the internal pressure of the run tank. Figure
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4.1 depicts the LNG Micro-Fueler 3D model and an image of the Micro-Fueler taken in HQ at the

tRIAC test facility.

DOT-E 10395 118

V-4 V-3

Chet

Figure 4.1 LNG Micro-Fueler
Further detail about the fill procedure from the Micro-Fueler to the run tank will be given in the

hot-fire test overview.

4.3 ENGINE TESTING PROCEDURES

The following sections will review and discuss the qualification tests required before executing
the first hot-fire test. The test facility and the engine must both be leak checked and then qualified
to be used with cryogenic fluids (i.e. cryoshock). Following the cryo-shock will be a series of cold
flow tests and an igniter check test. Once these tests have been performed a hot-fire test can be

executed.
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4.3.1 Facility and Engine Leak Check Overview

The facility and engine leak check will be conducted to correct any major leaks within the
manifolds/lines. Since this test facility will be operating as a blow-down system (i.e. a pressure
fed system) it is critical that the facility be capable of building pressure which would be difficult
with major leaks.

The test facility and engine will be leak checked independently of each other. GN2 will be
utilized in both leak check tests. The GN2 for the facility leak check will be delivered to each side
of the facility (i.e. fuel and oxidizer side) by the manifolded GN2 k-bottles that deliver pressurant
to the tanks. The pressure regulator mounted off of the pressurant manifold will be adjusted such
that the delivery pressure is the required leak check pressure. The entire facility will be leak
checked at the same time; meaning, all solenoid valves and hand valves will be open with the
exception of the common vent hand valves. Nitrogen will be introduced to the system and
pressurize the tank pressurant line, the tank vent lines, the tank fill line, the run-line, and the
propellant bleed line up to the common vent. Following the pressurization of the entire volume,
students will check for leaks by spraying a soapy solution, commonly known as Snoop, on every
interface. Snoop is used so that if there is a leak at any given interface bubbles begin to form. The
bigger the leak the larger the bubbles created. After identifying all the leaks, the proper fix must
be executed. For a fitting to tube interface it’s as simple as further tightening the nut to the fitting,
but in the event of leak between the tank manifold and tank flange then the bolts must be tightened,
if there is margin on the maximum proof load. Once all identifiable leaks are fixed the leak check
is complete.

The engine leak check, similarly to the facility leak check, uses GN2 to pressurize the

volume of interest. The GN2 is delivered from the engine purge line downstream of the main
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engine valves and pressurizes the engine’s dribble volume (i.e. the engine manifold volume and
injector volume), the combustion chamber volume up to the plugged throat, and the igniter up to
the check valves installed upstream of the propellant inlets. As mentioned, the engine must be
plugged at the throat in order to seal the engine and allow for pressure to build in order to preform
the leak check. Figure 4.2 depicts the plug assembly that will be used when leak checking the

engine.

Tapered Rubber Plug Oversized Washer

mmmm»mm» 142 — 20 x 2” Bolt

v4” Washer

Y —20 Tee Nut——>r® =

Figure 4.2 Engine Throat Plug Assembly

As seen in Figure 4.2, the plug consists of a /4 - 20-inch tee nut inserted into a tapered rubber plug
that has a 4" clearance through hole. A % - 20-inch hex head bolt is then inserted into the plug
with two washers that are used to ensure that when the bolt it torqued the clamping force between
the bolt and the tee nut will be evenly distributed. This assembly is placed firmly within the throat
off the engine, some physical persuasion is required in order to ensure it is wedged in the throat,
and is torqued to 150 + 10 in-1bs. This preload or clamping force deforms the tapered plug axially
causing the plug to expand radially and thus creating an effective seal between the throat and the

plug. This is due to the Poisson’s effect where the lateral measurement increases or decreases in
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width as the length of the material is elastically deformed. Figure 4.3 depicts a cross section view

of the engine with the plug installed.

Figure 4.3 Engine Throat Plug Installed Cross Section

Following the engine being plugged and pressurized, similarly to the test facility leak check snoop
will be applied to all interfaces for indications of leaks. This leak check will also evaluate the
engine welds between the igniter and the combustion chamber and the downcomer tubes welded
on to the pintle manifold cap.

The leak checks of the subsystem of interest in both the engine and test facility will be
conducted at two different pressures. The initial leak check will be conducted at 50 + 10 psig, this

pressure is commonly referred to as shop pressure. The subsequent leak check utilizes a pressure
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Furthermore, the same method can be used to approximate the time and mass it takes for
the run-line to be chilled. The initial and final mass and time would be noted before and after the
run line chill is conducted. Knowing how much mass it takes to chill in the run-line will be useful
when approximating how many hot-fire tests can be conducted off of a specific mass of propellant
within the run tank and similarly, knowing how long it takes to chill in the run-line will be helpful
in calculating the total time it takes to prepare the facility for a hot-fire test. This total time is
computed by summing the time it takes to chill and fill the run-tank, to pressurize the
propellant/fluid within the run tank to the specified tank pressure, and the amount of time it takes
to chill the run-line. After which, a hot-fire can be conducted. Initial hot-fire tests will be short and
so the majority of the time to taken to prepare for a hot-fire test will be in readying the facility.

Liquid nitrogen was selected to be the cryogen to preform the cryo-shock because it is an
inert fluid and is a very cold cryogen, colder than LCH4 and LOX, which makes it a good candidate
to qualify the system. This qualification test is very important to the system and is a good test

operation to learn about the propellant delivery system.

4.3.3 Torch Igniter Check Overview

As aforementioned, an inhouse torch igniter will be used as the ignition system for CROME. It has
undergone an extensive test campaign, when it was first designed, and qualified at different
operating conditions. This igniter has been used in several projects as an ignition source with the
high-pressure combustor (HPC) being the most recent. The inlet conditions used during test
operations for HPC which resulted in reliable and repeatable ignition was an oxidizer valve inlet
pressure of 160 £+ 10 psig inlet pressure and a fuel valve inlet pressure of 130 = 10 psig. These
conditions will be adopted and used during CROME’s test campaign, but will be validated before

the first hot-fire test of every test day.
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The igniter uses gaseous oxygen and methane as its propellants and are delivered from k-
bottles housed on the propellant trailer to the igniter via a %4 line. A pressure regulator mounted
off the fuel and oxidizer bottle are used to regulate the inlet pressure of the fluid to the inlet pressure
mentioned above and is verified using a pressure measurement upstream of the igniter valves.
Once the required inlet pressures are achieved a 9 second auto sequence is initiated where a signal
to the sparker is sent, the igniter valves are opened, there is a 3 second burn, the igniter valves are
closed and a 5 second purge upstream of the fuel and oxidizer inlet is initiated. Successful ignition
is verified by a surface temperature measurement taken on the igniter adapter and by video
inspection of the test. If the surface temperature measured increases (i.e. the adapter got hot) and
the video taken during the test shows a flame in the chamber then the test is deemed successful
and will be tested again to ensure that at these operating conditions ignition is repeatable.

It is important to note that the purge introduced to the igniter dribble volume and chamber
is used in this test to purge out residual propellants but will also be used as an active purge during
a hot-fire test. Meaning, that after the igniter valves are closed and there is successful ignition of
the main engine propellant flow, the purge valves will be opened and there will be GN2 flowing
into the chamber while the test is ongoing. This accomplishes two critical things: 1) it ensures that
the igniter does not over heat and 2) it ensures that there is no residual propellant within the igniter
chamber that would cause a hard start on subsequent hot-fire test. The igniter active purge pressure
was selected such that when flown through the igniter the GN2 pressure is higher than Pc; thus,

there will always be flow into the chamber protecting the hardware.

4.3.4 Cold Flow Overview

A series of cold flow test, also called blowdown tests, will be conducted before hot-fire testing

CROME. A cold flow test introduces the actual propellant (i.e. LOX or LCH4) to its respective
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system. This test is executed to characterize the resistance of the facility run-line. Resistance is
function of the major and minor fluid losses due to friction and the interruption of smooth fluid

flow and is characterized in equation 4.2.

R="27 4.2)
This parameter as seen in equation 4.2, can be calculated by measuring the flow rate, density and
pressure drop of a fluid between two points of interest. Once the resistance is found experimentally,
then the equation can be rearranged to solve for the pressure drop at a different flow rate. This
expression is seen in equation 4.3. This is useful in determining what the pressure drop is of the
fluid from the tank to the main engine valves. Once the pressure drops at the four different flow

rates of interest (i.e. at the four different thrust levels of interest) are identified the required tank

pressure for any given hot-fire test can be updated in the test matrix.

__ RW?
P

AP (4.3)

The first cold flow test conducted on each side of the system (i.e. the oxidizer and fuel side
of the test facility) will be the first time the propellant is introduced into the system and similarly
as to the cryoshock might warrant further considerations that weren’t initially made. However,
since the test facility does not have a burn stack, LN2 will be used for the fuel side instead of
LCH4. This does, however, not provide the actual resistance value for the fuel side but it can be
adjusted based on the density ratio of the two cryogens. Liquid oxygen will be used on the oxidizer
side for the cold flow since flowing oxygen to the surrounding area is not considered dangerous to
the environment.

After the appropriate cold flow tests are conducted and the test matrix updated the engine

will be ready for a hot-fire test.
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4.3.5 Engine Hot Fire Test Overview

The most important procedure, however, is the hot-fire test. All other test operations preformed
before the hot-fire test are to prepare, qualify, and understand the system before trying to hot-fire
CROME. As mentioned before, the hot-fire testing of CROME is to validate the performance of
the engine at different operating conditions (i.e. different thrust levels). This section will cover
what operations must be conducted to prepare the facility before initiating the hot-fire auto
sequence and discuss how to reduce and analyze the data acquired from a hot-fire test.

The test facility (i.e. the two trailers) are stored inside of HQ, which is a large warehouse,
under positive pressure. Before the trailers can be moved to the designated test area this positive
pressure must be vented from each side of the system; requiring power to be supplied to solenoid
valves so that the entire system can be vented. After all the solenoid valves are opened the common
vent hand valve can be opened and the nitrogen evacuated from the system. Once the system is
depressurized the vent hand valve is closed and the two trailers can be towed out and orientated
correctly at the designated test site. The MICIIT trailer, known as the DAQ trailer, will also be
towed and positioned approximately 50 feet behind the propellant tank trailer. After which, the
harnesses will be connected to the DAQ trailer and its corresponding instrumentation. The hot-fire
LabView GUI will then be initiated from the remote test location and all solenoid valves will be
cycled to ensure proper functionality. After a successful instrumentation check out, and following
the reassembly of the flex hoses between the bulk head plates and the vent line extensions being
reassembled the facility will undergo two pressurized purges; followed by, the filling of the fuel
and oxidizer run-tanks with their respective fluid LNG and LOX. This operation, as mentioned
before, encompasses the tank chill-in until a sub-cooled liquid is successfully accumulated in the

tank which is verified by the tank fluid temperature and pressure measurement taken upstream of
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the 1% isolation hand-valve in either line. Once a sub-cooled liquid is achieved and the fill op is
finished the propellant will be pressurized with GN2 from the tank pressurant line up to the
required tank pressure as specified by the test matrix in the procedure. Once the tanks are
pressurized, both lines will simultaneously begin their respective run-line chills. Completion of
the run-line chill will be based on the temperature measurement upstream of the main engine
valves; when this fluid temperature measures below the saturation temperature of the fluid then
the chill will be complete at which point the automated hot-fire test sequence will be initiated and
the hot-fire test executed.

This whole test operation is executed to procure data required for the performance analysis
of the engine. The parameters of interest are propellant mass flow rate, chamber pressure and
thrust. From these parameters the engine’s specific impulse, ¢, and ¢” efficiency will be calculated.
However, the initial campaign will not be using the thrust measurement system that was intended
to be used for the measurement of thrust during a hot-fire test. Instead, a theoretical thrust will be
calculated by using the total flow rate, chamber pressure, and CEA. CEA stands for chemical
equilibrium application and is commonly used in the preliminary design of a rocket engine in order
to acquire thermodynamic properties of a combustion gas based on the operating conditions and

chamber geometry (i.e. Pc, MR, and ¢€). Equation 4.4 shows the thrust equation.

F= %Ve + A, (P, — P,) 4.3)
Thrust in Ibf, as seen in equation 4.3, is a function of the total propellant flow rate, the exit velocity
of the gas being ejected at the nozzle exit plane, the nozzle exit area and pressure, and atmospheric
pressure. Using CEA, the Pc and mixture ratio achieved during the actual hot-fire test will be used
along with the combustor’s geometric parameters to obtain the theoretical nozzle exit velocity and

pressure. CEA does not give the exit velocity, instead, it gives the Mach number and speed of
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sound at the nozzle exit, which can be used to calculate the theoretical exit velocity. This
relationship can be seen in equation 4.4.

V.=M, X c, (4.4)
Using the theoretical thrust calculated and the measured total propellant flow rate the theoretical
specific impulse can be calculated. The expression for specific impulse can be seen in equation

4.5.

i
Isp = W 4.4
Specific impulse is the measure of how much thrust can be delivered per pound of propellant
consumed and is commonly used to assess the performance of a rocket engine. Characteristic
velocity, ¢’ reflects the effective energy level of the propellants and the design quality of the

injector and combustion chamber [1]. The empirical/actual and theoretical equation for ¢* can be

seen in equation 4.5.

c = PcArg.c — VIYR(T)ns (4 4)
w , Y+ '
A il

The first equation is the empirical form of characteristic velocity and is a function of the chamber
pressure, chamber throat area, and propellant flow rate. This form of the equation shows that ¢*
measures combustion performance in a given thrust chamber by indicating how many pounds per
second of propellant must be burned to maintain the required nozzle stagnation pressure [1]. The
second form, the theoretical form, shows that ¢” is a function of the properties of the product gas
at the exit of the combustion chamber (i.e., at the nozzle inlet), specific heat ratio, gas constant and
gas temperature [1]. Lastly, ¢” efficiency is a measure of how effective the design of the injector
and thrust chamber area as this efficiency is the ratio of the actual ¢* achieved versus the maximum

theoretical ¢”. This is seen in equation 4.5.
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— *actual (44)

*
Ctheoretical

Ne:

Although thrust and specific impulse will be theoretical values during the initial test campaign the

characteristic velocity and efficiency will be actual performance parameters based on only
experimental data obtained during a hot-fire test.

As the test campaign matures the thrust measurement system should be utilized to get

actual thrust and specific impulse but for now on a component development level this rocket engine

performance analysis will suffice.

4.4 HOT-FIRE AUTOMATIC CONTROL SEQUENCE

As mentioned in the prior section, the D1 test facility (i.e. the MICIIT trailer) has the capability of
employing an automated sequence that is pre-programmed before a hot-fire test. This automated
sequence controls when and to what position the valves are actuated and closed. It also employs
purges on the facility run-line and engine almost immediately after closing the main engine valves.
The auto sequence is programmed in quarter-second intervals thus allowing for precise control of
the fluid flow and sequence of events.

During any given hot-fire test, the system must be primed and ready to deliver a sub-cooled
propellant to the engine at which point the automated sequence is initiated. At this point all test
engineers present can focus their attention on the engine live feed and almost real-time data to try
and identify if something goes wrong and initiate a manual cutoff. The auto sequence for the hot-
fire test will initiate a 10 second purge, to purge out moisture in the engine’s dribble volume,
followed by the closing of the bleed lines and opening of the main engine valves. As soon as the
main engine valves are opened a timer will initiate and will close the valves after the pre-
programmed burn-time has elapsed. For initial hot-fire tests this burn time can be as low as three

seconds. The igniter valves and signal to the sparker will also be initiated in parallel when the main
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engine valves are actuated; this way the igniter will be on milli-seconds before the propellant is
fed into the chamber. The igniter was chosen to be turned on before the propellants were injected
into the chamber to reduce the risk of having a hard start which occurs when the propellant mixture
is pooled into the chamber and then ignited causing a spike, although brief, in chamber pressure.
Once the burn-time is achieved the main engine valves will be closed followed by a 30 second
engine and run-line purge valves to evacuate any residual propellants in the lines. After the run-
line, engine and igniter purges are completed the hot-fire test will have been completed and the

test article (i.e. the engine) will be ready for visual inspection.

4.4.1 Redline Parameters and Facility Shutdown Sequence

Redlines will be activated during the automated hot-fire test sequence to ensure that a test is
promptly terminated if an anomaly occurs. Table 4.2 summarizes the redlines that will be used

during a hot-fire test.

Table 4.2 CROME Hot-Fire Testing Redlines

Redlined Parameter Reason for Cutoff

LOX main valve pressure HIGH Prevent high Pc and/or high MR in chamber
Fuel main valve pressure LOW Prevent high MR

Fuel Tank fluid temperature LOW Insufficient fuel in run tank

LOX Tank fluid temperature LOW Insufficient Oxidizer in run tank

Pc LOW Loss of ignition source; chamber burn through
P. High Prevent from over pressurizing hardware
Combustor Hot Wall Temp. HIGH Prevent chamber burn through
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Redlines are pre-programed into the control system (i.e. LabView CROME GUI) and are used to
ensure hardware and test operator safety. As summarized in table 4.2, most of the redlines
programmed is to ensure that, operational wise, the engine will not experience an oxygen rich
mainstage condition (i.e. a MR higher than stoichiometric). The operating conditions CROME is
intended to be tested at are all fuel rich. Most engines in use today operate in the fuel rich regime
because oxygen will destroy hardware. An oxygen rich environment will ensure that the combustor
walls are oxidized and will slowly burn away.

If the LOX main engine valve inlet pressure is to high the oxygen flow delivered to the
engine will also increase; meaning that the MR will increase. A redline is programmed based on
the inlet pressure measured upstream of the oxygen valve to ensure that the resulting LOX mass
flow does not increase by more than 5% of the intended LOX flow. Furthermore, the same outcome
is possible if the fuel mass flow is lower than required; which is why a redline was also set on the
inlet pressure measured upstream of the main engine fuel valve. If the conditions of the redlines
are met during a hot-fire test, the system will automatically initiate the programmed cutoff
sequence. The cutoff sequence closes the main engine valves thus terminating propellant flow to
the engine, closes the propellant run tank isolation solenoid valves, opens the propellant bleed
lines, opens the run-line and engine purges lastly opens the tank pressure vent solenoids in order
to depressurize the tanks. Once the reason for the cutoff is determined the appropriate solution will
be determined.

The other two redlines programmed into LabView are used to ensure that the hardware
does not fail. As aforementioned, there are 24 thermocouples mounted at several axial and
circumferential locations on the chamber which measure the hot wall temperature. Furthermore,

there is a pressure transducer mounted off of the combustion chamber that measures Pc. These
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sensor outputs are used to mitigate burning through the hardware and to ensure that there is ignition
of the engine propellant influx in the chamber. If Pc is not established or lower than the expected
value, ignition was not achieved and propellant flow should be stopped so that oxygen and methane
does not pool in the chamber. Furthermore, if ignition was registered and Pc abruptly drops during
the test then there might have been a burn through in the chamber wall, which should not occur
based on the hot wall temperature redline.

Nonetheless, redlines will be included into every hot-fire test and will be adjusted after
initial testing based on the experience and insight gained. The capability of programing the DAQ
system with redlines during a test is extremely useful and will ensure that the system operates as

1s intended.
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