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Abstract

A propulsion research facility is being developed at the é€efdr Space Exploration
Technology Research (cSETR) at the University of Texdsl &aso (UTEP). These facilities were
developed in order to meet new research demand for Liquid Oxygen){Li@X{d methane (LCh)
experiments. The main goal of this system is to produce in-hauseé methane and supply propellants
to their respective test set up in a cryogenic state. Thek wresented describes the design,
development, and operation of a liquid methane condensation system armjenirydelivery feed
system. The condensation system design will allow for a producfionethane of up to 25 L. The

predicted performance is 71 N LOX/ LGHhruster with a 368 Isp and a line pressure of 1310kPa.
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Chapter 1: Introduction

There is an extensive variety in today’s propulsions systems apdlgion technology. In order
to accomplish the goals of exploration, commercialization or defeese technological advances are
needed in order to ensure longer and more efficient missions. Cilmnesier technology utilizes toxic,
expensive, and energy intensive propellants. The research that @ntlgurpeing developed in
propulsion technology revolves around safer, non-toxic propellants sugll@sdrbons. A prominent
challenge presented by these propellants is the lack of undergtarfidhre fundamental physics when
utilized in propulsion systems. While some systems in industry haae lwgdrocarbons in heritage
propulsion units, the performance advantages and drawbacks still aebé defined through
fundamental research. Furthermore, developments made using in-s#arcte have shown the
possibility of using or producing hydrocarbons in Mars or the moon [Lih882] allowing for more
convenient and efficient missions in space exploration.

Some of the current propellants being used in industry today includé hgdrogen I(H,)/LOX
systems, monomethyl hydrazine (MMH), and nitrogen tetroxideQNThe use of these propellants
offers favorable performance but at a high cost in safety and emsmpnses. MMH and NTO
propellants are highly carcinogenic and hypergolic with the addeddhakzaorrosion. In order to have
a system that operates under these conditions, highly sophisticatatiarigeare required to ensure the
safety of the handling personnel and the astronauts on board arafia&ame of the issues that are
present withLH, and LOX systems are the storage temperatures of theselantpéP0°K and 88°K,
respectively). Hydrogen presents problems such as tank leakgbefldmmability limits and low
ignition energies. These issues create challenges suchgtsea gk of explosion or leak issues. Liquid
Oxygen creates problems related to contaminants in the sysa¢might create sudden explosions but
are manageable when compared to alternate oxidizers suchoasdl Some of the advantages of
methane include higher density, higher storage temperature (110fK)pwa flammability limits. In
addition, methane is relatively safe when compared to LH2, MMHNAr@ [Neill, 2009]. This allows
for a system that consumes less energy and subsequent expeedeeimgleasier to maintain, making

it a preferred choice for exploration missions [Crawly, 2008].

1



The cSETR at UTEP, under the direction of Dr. Choudhuri, has beeralesg and developing
the next generation of propulsion systems. The Center has been condusgimes of tests that will use
liquid methane for the characterization of methane heat trangfetion physics, injector design,
propulsion, and combustion. The laboratory will require a cryogenic festensyn order to support all
of the experiment needs, similar to other feed systems found inwthersities or research facilities.
This feed system must adapt to the needs and requirements e$pleetive experiments while meeting

safety and budgetary constraints.
1.1 SCOPE OF THESIS

The purpose of this thesis is to develop a test facility in otdectonduct propulsion and
combustion research. This work will focus on two particular systdmsnethane condensation system
and the cryogenic delivery system. The methane condensation systeis to be designed to support
the liquid methane needs of several experiments conducted at thetdajporhis design must be tested
and evaluated for future development. The cryogenic delivery feednsysteds to provide the
propellants to the test article in a safe and metered wayddlivery feed system must be operated form
a remote location and utilize the test facilities locatedhat Goddard laboratory at UTEP to full

potential.



Chapter 2: Cryogenics Background

In order to design a successful system, a basic understandithgg g@fhysical properties of

cryogenic substances is paramount beforehand. This chapter widtibde some of the physical

properties, hazards, and design considerations that must be taken when deatngpghics.

2.1 IMPORTANT DEFINITIONS

e Cryogenic- A liquid that boils at temperatures of less than 14°&mospheric pressure. Some

common cryogens are liquid hydrogen, helium, nitrogen and oxygen.

e Detonation: A combustion process where an exothermic reaction pd&es at supersonic

speeds.

e Deflagration: A combustion process which travels at subsonic speeds.

e Expansion Ratio: Volumetric ratio of vapor to liquid.

2.2L1QUID OXYGEN

Most of the testing conducted in the laboratory will be done with oxggethe oxidizer. Initial

testing will be conducted with gas oxygen (GOx) and eventuallf WOX. Any oxygen utilizing

system faces challenges as a result of its strong oxidizing pesperti

2.2.1 Properties

Oxygen is a powerful oxidizer that vigorously promotes combustion. Somnikeophysical

properties of liquid oxygen are:

Boiling Point = 90.2°K (-297.33°F)

Expansion Ratio = 842:1

Critical Temperature= 154.6°K (-181.4°F)

Critical Pressure= 106,000 psia ( 5.06MPa)
Chemically stable if stored under suitable conditions
Mixable with liquid nitrogen

Light blue transparent color, odorless

Major impurity: Argon



2.2.2 Hazards
Physiological

Liquid oxygen is a non-toxic chemical, but breathing pure oxygen may cusptoms such
hyperventilation and coughing. Due to the low temperature of liquidesxycontact with the skin can
lead to frost bite [Bell, 2006]. Liquid oxygen can become extremeltablesswhen mixed with other
elements like hydrocarbons or organic materials. Personal #retéxjuipment (PPE) such as safety
goggles, safety shield, cryogenic apron, cryogenic gloves, andldiesther shoes should always be
worn when dealing with cryogens. In the case of clothing beconaiugased with liquid oxygen, the

clothing should be removed or aired out in a well-ventilated area.

Fireand Explosion

Liquid oxygen is not hypergolic when mixed with fuels but it supportsbemtion once it is
ignited. A mixture of LOX and fuel should be treated as exthemi@ngerous and unstable. Fuel/LOX
mixtures can be ignited by energy sources such as statidagigcmechanical shock, and electrical
sparks. Fire and explosions are commonly present in cryogenimsgseeto overpressure and chemical
reactions. Particulates over 200® represent a detonation hazard [NASA WSTF, 2007] and a filtration
system must be incorporated into any design of a LOX system.

An environment with oxygen content in excess of 21% represents lzafieed. When facing a
fire in an oxygen enriched environment, the optimal solution is to shthefixygen supply and allow

the oxygen to evaporate. Any LOX/Fuel fire can be extinguished with Bl&issfighting agents.

Pressurization and ventilation

Liquid oxygen has an expansion ratio of 842:1. This poses a pressure inagsgdevent of
sudden phase change from liquid to gas. A pressure relief systan tee be incorporated into any
cryogenic system design such as tanks and transfer systems.

Proper facility ventilation is required to prevent oxygen dmitenvironment or fuel/oxygen

diffusion.



Material and equipment selection

Special material and equipment considerations are recommendeddesigning a cryogenic
system. The extreme operating temperatures of cryogemoseate issues such as thermal expansion
and ductility reduction. Materials usually found in valves such as@3-and lubricants are usually not
compatible with cryogenics. Oxygen service components require ffuctiteria due to material
compatibilities. Table 1 shows compatible materials for semite liquid oxygen and Table 2 shows
prohibited materials for oxygen service. Appendix A shows the reemded nonmetals for oxygen

service.

Table 1. Recommended materials for oxygen service [Flynn, 2005]

High pressure-near

Application Material low-moderate-pressure sonic vel
Component bodies Nickel alloy steel Monel
Stainless steel Inconel 718
Tubing and fittings Copper, stainless steel, Monel
steel aluminum and
aluminum alloys
Inconel 718
Internal parts Stainless steel Monel

Springs

Valve seats

Valve balls

Lubricants

O-seals and backup

Pressure vessels

Stainless steel

Stainless steel

Monel

Inconel

Stainless steel

Tungsten carbide
Everlube 812

Microseal 100-1 and 200-1
Triolube 1175

Krytox 240AB and 240AC
Braycote 3L-38RP

TFE, Halon TFE

Teflon

Kel F

Viton

Nickel steel

Stainless steel

Steel

Aluminum alloys

Inconel 718
Beryllium copper
Beryllium copper
Elgiloy

Monel

Gold or silver
Plated over Monel
Or Inconel 718
Sapphire

Batch/lot tested
Braycote 3L-38RP
Batch/lot tested
Everlube 812
Krytox 24DAD
Batch/lot tested
Viton

Batch/lot tested
Teflon

Inconel 718

Operating pressure ranges as they are used in this section are defined as follows:

Low pressure 0-500 psia

Medium pressure 500-2000 psia

High pressure 20007500 psia

Very high pressure 7500-10,000 psia
Ultra-high pressure 10,000-15,0004 psia




System cleaning

Table 2. Prohibited metals in oxygen service [Flynn, 2005]

e Cadmium is not allowed because of its toxicity and vapor pressure
e Titanium and its alloys

Impact sensitive

Unsafe in liquid oxygen at any pressure

Unsafe above 30 psi with air or gascous oxygen
e Magnesium and its alloys

Corrodes easily

Reacts with halogenated lubricants
e Mercury

Accelerated stress cracking of aluminum and titanium
e Veryllium is too toxic for use

In order to keep a clean and particle free oxygen system, rdrgdeand maintenance procedure

must be implemented. The system components need to be disassembietivadhehlly cleaned. After

which, the system can be reassembled and a leak test candrenpdrfThe final step is to perform a

purge with high purity gas nitrogen. Especial attention should be givemyt&ind of lubricant and its

compatibility with oxygen. Table 3 shows a recommended procedure éumtiedf cleaning of oxygen

systems.

Table 3. This list shows the effective cleaning procedure of oxygen seant® it

1. Clean surfaces of films, greases, oils, and other organic materials
2. Prevent functional interference with components and the clogging of flow passages
3. Remove combustible contaminants
4. Avoid the accumulation of finely divided contaminants
e How is effective cleaning accomplished:
Integrate with construction operations
Plan for cleaning during all phases of development
e The cleaning process consists of several steps
Solvent degreasing with methyl chloroform
Detergent cleaning
Acid pickling of stainless steel parts
Final treatment consisting of steam and blow dry
Seal in polychlorotrifluoro ethylene
e Good recordkeeping is required throughout the cleaning process

2.3L1QUID NITROGEN

The physical properties of liquid nitrogen make this cryogen vensatige. LN, is widely used

in research facilities, the medical field, food industry and others.



2.3.1 Properties
e Boiling Point = 77.6°K (-320°F)
e Expansion Ratio = 681:1
e Critical Temperature= 126.3°K (-232.3°F)
e Critical Pressure= 493.1 Psia (3400 KPa)
¢ Non-flammable, non-toxic, inert gas
e Odorless and colorless
e Major impurity: oxygen
2.3.2Hazards
Physiological
The main physiological hazards related to liquid nitrogen aphyxiation and frost bite.

Nitrogen asphyxiation is the largest risk associated with thdlimg of liquid nitrogen [Crozier,2008].

Table 4 shows common physiological reactions to a nitrogen-enriched atmosphere.

Table 4. Respiratory hazards of nitrogen-enriched atmosphere [Flynn, 2005]

Percent oxygen in air Physiological reactions

12-14 Respirations deeper, pulse up, coordination poor

10-12 Respiration fast and shallow, giddiness, poor judgment, lips blue

810 Nausea, vomiting, unconsciousness, ashen face

6-8 8 min, 100% fatal; 6 min, 50% fatal; 4-5 min, all recover with treatment
4 Coma 40 sec, convulsions, cessation of respiration, death

0 Death in 10sec

Pressurization and ventilation

Over-pressurization issues are similar to the ones presemtéue ioxygen system. Proper
ventilation should be implemented in order to avoid a low oxygen environment.
Material and equipment selection

The main concern when selecting components or materials fod ligtrogen service is the
extreme low temperature. Non-metal materials that are ddsteowvith LN, include TFE Teflon, Kel-F,

and selected types of graphite.



2.4L1QUID METHANE

2.4.1 Properties
e Boiling Point = 112°K (-259°F)
e Expansion Ratio = 630:1
e Critical Temperature= 190.56°K (-116.66°F)
e Critical Pressure= 95,900 Psia (4.59 MPa)

e Stable and non-reactive under suitable conditions
2.4.2 Hazards
Physiological

Methane is a non-toxic cryogen, but extended exposure may caps@toey irritation and
asphyxiation. Frostbite is also a concern when in cryogenic form.
Fireand explosion

Liquid methane is a flammable cryogen, but relatively safe wbampared to other fuels such as
liquid hydrogen. The main concern when dealing with methane sysgewliffusion with oxygen or
other oxidizers thus becoming a fire hazard.
Pressurization and ventilation

LCH, has the same pressure hazards as the before mentioned cryogeesyventilation must
be implemented in order to avoid any oxygen diffusion and create a fire hazard.
Material and equipment selection

LCH, requires the same material and equipment considerations as liquid nitrogen.



Chapter 3: Methane Production System

The purpose of the methane production system is to supply the neegisicbintiethane to the
different experiments conducted in the laboratory. Experiments asidine Multipurpose Optically
Accessible Combustor (MOAC) and Heat Transfer Rig were coedpand at least 7 liters of fuel are
required to conduct high demanding tests. Local suppliers of cryagehe area were contacted but
were only able to provide liquid methane in industrial quantities. Timemuam quantities available
were upwards of 1500 liters. Storing liquid methane in-site ptesesafety hazard due to the location
of the test facility being inside the university. After condmigiseveral options, condensing methane in-
house became a viable option. This chapter explores the design arsl gfrcohcept that have been

developed for the methane condensation system.

3.1 CONDENSER DESIGN

Several methods of condensation have been explored including coolimg syclilar to the
Linde, Hampson, Claude, Collins, Joules-Thompson cycles [Cengel, 200dryowbolers such as
Stirling Cryocoolers. In these cycles it is common for agefant to be recirculated through the system
by means of condensation or other thermodynamic processes makméctbsed loop”. These cycles
usually have different types of heat exchangers such as cold glatesnter flow heat exchangers. The
rates of condensation, cost, maintenance, and power requirements can vary éantdiffcles.

The second option explored was to have an open loop system where a @odirfepwed
through a heat exchanger and was not recaptured. The differenceand¢a@®mplexity makes the latter
option more practical. Several options were then considered focabkng fluid selection. The
condensation temperature of methane is between 110°K-130°K making cryoglenassosygen,
hydrogen, helium, and nitrogen potential options due to their boilingeietypes being lower than that
of methane’s. Hydrogen and oxygen were not considered since thhighlereactive. Helium has a
boiling temperature of 4.2 K and is non-reactive making it an icaling fluid; however, its high cost

at roughly $15 per liter makes it an expensive option. Liquid nitrogen then betwnesst option since



it has a boiling temperature of 77°K, at a cost of $0.15 per iteion-reactive, and is vastly available.
Once the refrigerant was selected, it was possible to design the heafgexchan

Several heat exchanger designs were evaluated such as shtalbandounter flow, parallel
flow, and cross flow heat exchangers. One of the biggest concernsewakiating these designs was
the possibility of clogging in the heat exchanger due to the formation of meteaneaking the counter
flow and the cross flow heat exchanger not a good option. The bash epds to design a heat
exchanger similar to a cross flow or a shell and tube he&iaeger. The preliminary concept began
with a dewar containing a coil inside. Two options were explotieel:first would have the liquid
nitrogen flowing through the coil; the second was to have the meflaving through the colil in a bath
of liquid nitrogen. By running the methane through the coil, solid metbanlel be formed and may
clog the line, therefore this option was discarded. However, by disgethe liquid nitrogen inside the
coil and the methane into the dewar, the icing issue was not a concern. Asynagon will reduce the
performance of the heat exchanger but it will not disable ikingathis option the most convenient

design. Figure 1 shows a CAD model of the condenser design.
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Figure 1. Crossectional view of the 25L methane condenser design.

As the temperature in the dewar decreases and the methang feegondensate, the cryogen
will begin to accumulate at the bottom. A manifold of gas metltaneects to the dewar keeping the
pressure constant. Figure 2 shows a possible arrangement of thfelénand the condenser. The
condenser has a capacity of 25 L due to it being readily availakie icryogenic industry. This size of
condenser provides enough capacity for operating all of the expesirtieatit are currently being
considered while being small enough to not present a significanitity to the laboratory. The
condenser can also act as a long term storage vessel fogulierfiethane. The methane used in the

condenser will be a C.P. grade or high purity gas methane in ordeoid any kind of contaminants

11



fouling the condenser. It was determined that in order to supplydbel Imethane demand for the

cSETR experiments a condensation rate of 1.75 L/hr should be achieved.

Figure 2. Methane condensation system with the gas methane in red and liquich mitrioige.

One of the challenges encountered when designing the condenskndirasg an effective way
of measuring the condensate levels. The simplest method is bygpothe condenser on a scale and
measuring the weight change thus yielding the production amount. Etiwodn while convenient,
causes multiple errors due to the forces that the manifoldsegar the condenser. The cryogenic
industry offers several solutions to this problem such as fleat ¢muges, sonar level gauges, and laser
level gauges. Even though these level gauges offer a low pibgsibierror, they also have high
complexity and cost. A simple and practical solution then is to haxestical thermocouple array. This

array would measure the temperature change inside the dewathemencondenses and based on the

12



position of the thermocouple it would provide an accurate level gaugef &lese solutions are valid
and most likely a combination of some of them will be selected for the 25L condenser.

In order to calculate the parameters of the heat exchargenergy and heat transfer model was
formulated. The first step was to calculate the mass and volusedinga between the condensed
methane and the required liquid nitrogen. Utilizing the equation (3.Wast determined the energy
required to condense 10L (4.3kg) of liquid methane at 1Mpa.

T,

Q=m C,dT
T

(3.1)
The pressure of 1Mpa was selected in order to operate in liquid phasethane (see Appendix
B for methane phase diagram). The amount of liquid methane ne@sb$datvarious experiments is
shown in Table 5 along with the rates of demand for other propelldresMDAC requires a maximum
of 7L of liquid methane but to account for ullage and tank transferdpas0% overproduction was

included for a total of 10L.

Table 5. Propellant demand requirements for different test hardware dates. s

Liquid Methane Liquid Oxygen
Max Max
Flow Rates Flow rates
Experimental Pressure Pressure
System Min Max Min Max
(psi) psi
(g9fs) | (9/s) (gfs) | (9/s)
Heat Transfer 0.337 3.37 190 -- -- +
MOAC 0.2 3.8 190 0.09 13.3 190
MASS -- 2.3 115 -- 7.9 115
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The energy determined from equation (3.1) was roughly 3800 KJ in theofoneat removed
from the methane at room temperature. Reiterating the aboveoegat now solving for the mass of
nitrogen, it has been calculated that roughly 17kg of liquid getnoare required to condense 10L of
methane. Once the mass of both fluids was determined, a he&tnnawoslel could be developed to

calculate the geometry of the coil utilizing Newton’s second law of co@diqgation 3.2).

Q =UAAT
(3.2)
A is the outer surface area of the coil and U (equation 3.3) isnthe heat resistive term
(Figure 3) that takes into account the different types of haasfer that occur in the condenser. Nie
term represents the log meant temperature difference whadmmonly used in heat exchanger design

[Cengel, 2007].
1

D
1 In () L1
Rnaturai 21kl h forced

U =

(3.3)

Rnat Rforced

— MWW —

Rcond

Figure 3. Multi resistive heat transfer displayed as electrisateace
The coil line diameter was selected to be .635 cm (.25 in) #ivedl keep a high Reynolds
number (>3000) when the nitrogen is in a liquid phase. In addition, thisofypgbing is readily
available through local vendors. One of the assumptions of the mod#lataise liquid nitrogen would
go through a phase change. This phase change would create a choke point allogéloyteon of the
mass flow of nitrogen possible. This calculation could be perfolrasdd on the tubing dimensions and

upstream pressure of the coil. The phase change would also ybkt hieat transfer due to the latent
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heat of vaporization thus capturing more thermal energy. Theenballwith this assumption was
finding the point at which the nitrogen would phase change. Utiligireg heat transfer model, a
simulation with all gas nitrogen was done. The same simulatsncalculated for all liquid nitrogen in
the coil. The all liquid line yielded a higher heat transfer tegpin a shorter coil. By choosing the

worst case scenario, the all gas coil yielded a minimum length of 17 m.

3.2 PROOF OF CONCEPT

3.2.1 Development

Once the heat transfer model and the parameters of the 25L condaddszen determined, it
was necessary to create a small scale experiment intordalidate the model. The small scale system
was constructed out of a 1L cryogenic dewar with a Staisle=sd lid, a 1 m coil that was manufactured
in-house with a 3.175mm stainless steel line, an E-type thermoca@uplessure relief valve, and a

manifold to a methane tank and liquid nitrogen tank. Figure 4 displays the layout ofupe set

SCHY input

Exhaust GY2 m

180LLN, tank
.-"\
1L-55Thermo Flask

Type E Thermocouple

Figure 4. Proof of concept schematic. 1L dewar depicted with main components
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The entire unit is placed under a scale to monitor the weightgehand the thermocouple
records the temperature of the methane as it is being cooledidotlie nitrogen flowing in the coil. In
addition, the exiting line of the coil is attached to a flow matel a thermocouple in order to record the
amount of LN, used and the respective temperature. The system was inshiatesing aerogel

cryogenic insulation. Figure 5 shows the actual test configuration.

Figure 5. Proof of concept 1L dewar test setup.

322Test

The system was operated by first creating a vacuum in thardesing a vacuum pump. Once
vacuum was achieved, the dewar was pressurized to a constant S@siprafisurization, the liquid
nitrogen line was then opened. The system was operated continuowbyrfonutes with data recorded

each minute gathered from the thermocouple, the scale, and the flow meter.
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3.2.3 Results and validation

In order to validate the heat transfer model it was firsesgary to account for the errors and
uncertainties of the system. Errors in the system are presémt measurement devices (flow meter,
scale, etc.) and the components in the system affecting theunem@@nt devices. The error for the
measurement devices was provided by the manufacturer, but thefeurmt in the components
presented a challenge. The manifold line that connects the metidmatragen bottles to the dewar
creates an error in the scale that had to be accounted for. Anntéd€al was created in order to
calculate the stiffness of the line and the error thatdieated. After several models and calibrations,
the error caused by the stiffness in the stainless steeMia®e calculated to be 1.13%. The final

uncertainty of the measurement devices was found to be 10.06% (equation 3.4).

Bias Uncertanty = ’E(errorz)

The overall effectiveness)(of the unit is 34.3% +/- 3.45% by considering the production target

(3.4)

of 10L of methane in 3 hours under the 1L dewar production rate of 0.125Kg per 35min (equation 3.5).

masscy, Productiong tya;

Production,, = E= -
n ’ Product
massy, rOAUCtlONTheoretical

(3.5)

The performance of the 1L dewar is at 15% of the targeh®25L dewar, but is important to

note that this figure does not account for a non-dimensional paratdeteever, this proof of concept
was designed to show that the basic concept of the heat exchadgbeaondensation process works

as intended [Pineda, 2011]. Further work should focus on the study of the navsidmaé parameters
and multiple measurement devices as to reduce the error ppesthat system. Future work should also
include a system to safely dispose of the methane creabed leyt means of a burner or boiled off into

the atmosphere.
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3.2.4 Simulation

A heat transfer simulation was performed on the 1L condensedén to benchmark the model
that was first developed. The simulation was performed witAM®YS software and was done under
the assumptions such as no phase change in the coil and constaempalature. Even though these
assumptions do not represent the reality of the conditions presentaarttienser, the simulation will
yield a good benchmark for the hand calculations. Figure 6 shows th&dresder model calculations
compared to the simulation results. The simulation and the calculations wierengerwith a coil filled
with all liquid nitrogen and again with all nitrogen gas. This satioh shows that the heat transfer

coefficient from the simulation is close to the heat transfer model cibmda

Overall Heat Transfer Coefficient

20.00
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&
£ 6000
2
& 50.00
S
5
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3
2 30.00
o B From
: Simulation
©
()]
I

10.00
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Liquid Gas

Figure 6. Compares a heat transfer simulation results to previously cadchést transfer model.
3.3 FUTURE DEVELOPMENT

A second generation condenser is currently being operated and geherdhtion condenser is
being constructed. These condensers are 2.5L and 12L, respectntiyere designed utilizing the
calculations and experiments that were conducted with the desiiga 25L condenser and the proof of

concept design. Different manufacturing techniques are being egach as modification of existing
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systems such as test tank modification or complete custom mamirfgc The full scale 25L dewar is

scheduled to begin construction in Fall 2012. Figure 7 shows the 2L condensing unit.

Figure 7. Second generation 2L condensing unit. A thermocouple array is useducertteas
condensation levels.
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Chapter 4: Cryogenic Delivery Feed System

A delivery system has been developed in order to be able to sinepéxperiments with their
respective propellant supply. The challenges presented by #tesrsynclude: test stand and hardware
integration, delivery of propellants in a cryogenic state, remmpégation of delivery system, and overall
system safety. Furthermore, the system must support the fgedements of the experimental
hardware. This chapter will discuss the design, development, angtiopeof the cryogenic delivery

feed system.
4.1 SYSTEM INTEGRATION

4.1.1 Bunker

Due to the design and corresponding safety concerns, the cryatgiviery feed system is
located inside the Goddard’s ballistic proof bunker. The bunker contains dbpagate ventilation
shafts, double doors that open to the outside of the engineering budduigie doors to the Goddard
laboratory, and a single door that also opens to the laboratory. Tkerhs insulated with ¥4 inch
Kevlar sheets and a bulletproof window making the facility balligtoof and optimal for propulsion or
combustion experimentation. The bunker has six 120V outlets, ventilatitthewiand a compressed
air line. In addition, the bunker has two cable ports that allowdbles to be run from the bunker to the
adjacent control room. The design of the delivery system mushese tesources efficiently and allow
for experiments and other hardware to operate inside the bunker. &igluogvs a CAD design top view

of the bunker.
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Control Room

Double Door
\/ \

Figure 8.Early CAD design showing a top view of the bunker fesglitFrom left to right: Methane
condensation system, tank storage, Kevlar separator walls, hahtrbasfer rig, and
MASS system.

4.1.2 Methane production system

The methane production system will be stored in the bunker and must also operatey feonotel
the control room. The methane production system must integrate riatotank that will be part of the
delivery system. The run tank must be able to store the maxpmuohuction capabilities of the methane

condensation system of 25L.

4.1.3 MASS System

The MASS (Multipurpose Altitude Simulation System) is a systehere combustion and
propulsion experiments can be conducted at a simulated altitude of 86,(® Torr). The MASS is
composed of 2 main components: a 5 ft. long 48 inch wide cylindrical vaduamber and a 2 stage air

ejector system Figure 9.
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Figure 9. MASS system coupled with the two stage air ejectors.

The vacuum chamber has visual ports in the middle that allowlvisstaumentation to be
operated including high speed cameras, P.1.V. (Particle ImalgeiMetry) systems, Schlieren units or
monitoring cameras. Moreover, the vacuum chamber has 16 feedthroughsnyfoadditional
instrumentation or hardware that is needed. The two stage dinrepan create a vacuum of 20 Torr
while operating a 15lb LOXCH,thruster (368 Isp). The air ejectors will be powered by an air
compressor. Currently the system is not operational due to the abskeftite air compressor but is
scheduled to be online by fall 2012. The MASS has a stainledsptée with a grid of screw holes in
the fashion of an optical table in order to allow any type ofunstnts or experiments to be secured.

The delivery system needs to be compatible with the MASS and operate under sucbnsonditi

4.1.4 Atmospheric Test Stand

In order to conduct testing at atmospheric conditions, a test stasdde@veloped that could
accommodate for different experiments to be conducted inside the burikertest stand was

constructed out of 80/20 aluminum beams and is approximately 5ft long by 3ft widee E@yshows an
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example of an experiment installed in the test stand. Due tarthed size of the bunker and the larger
size of the test stand, special accommodations and modificationsendsne in order to operate any

experiment in the atmospheric test stand.

.-‘ --:-.l..r.- '-rl - —

— e

Figure 10. MOAC testing on the atmospheric test stand.
4.1.5 Experimental Hardware
MOAC

The Multipurpose Optically Accessible Combustor (Figure 11) isxqeriment that studies the
combustion characteristics of bi-propellant engines [Navarro, 2011.eKpieriment was developed at
the beginning stages of the delivery system design and at thevtas the test article with the highest
demand for propellants. The delivery system was developed with thatiopal capability of the
MOAC. The demand for this experiment is 3.8 g/s@i, and 13.3 g/s of LOX both at 190 PSI. These
values are the equivalent of a 15lb L@Q&#, thruster at 368 Isp. The combustor would need to be

capable of operating in the atmospheric test stand and the MASS.
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Figure 11. The MOAC experiment.

High Heat Transfer Rig

The high heat transfer rig is an experiment that studiethémmal properties of liquid methane.
When the design process of the delivery system was startealsitone of the objectives to provide
support to this test article. Due to the small demand of propetlanthte experiment required (0.03 g/s
to 3.37 g/s ofL.CH,, shown on Table 5) it was possible to operate this experimentthvtiproof of
concept condenser, thus this experiment will no longer be consided @gective for the delivery

system.

Pencil Thruster

The pencil thruster is an experiment that attempts to cheesctbe performance of a Reaction
Control System (RCS) thruster that utilizes LOM4, as propellants. This experiment was brought to
be coupled with the delivery system when the delivery systenminmag final stages of assembly. Due
to said circumstances, this experiment is not expected to besfyplyorted and will operate at the

maximum performance of the delivery system.
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4.2 DELIVERY SYSTEM DESIGN

The delivery system extends for more than half of the lengttheobbunker (15 ft. long) and
divides the bunker into two sections: the tank compartment side and ghangent side. The tank
compartment side holds all of the k-bottles and cryogenic tanksh&®axperiment side is where the
lines, components, and instrumentation are located. The lines are sufiyyoatextiainless steel support
structure that holds the equipment and the lines in order to avoid unwaintations and stress on the
lines. The delivery system consists of 4 major parts: the oxygen delivehamaeadelivery, chill system,

and purge system.

4.2.1 Layout

The layout of the delivery system was created using an in-housentiomvéor the symbols
representing the instrument. Every component has an inventory tdwethatto keep the inventory and
related information about each component in a database. The invegtaiydanforms the reader about
the position and location of the item in the system. The lastitethe inventory tag represents the type
of component (i.e. AV means Actuated Valve). The tags wereredt caid when the system was

programed in the DAQ and controls system.

25



. ME-04-MF  ME-06-PT  ME0S-AV  ME-10-PRV
ME-01-AY 75 ME-03-CV T e : "R
AA L6 @ TRA
LCH4 o T KITY® o DT . 0
Tank 'ME-02-PRV ME-05-PRV ME-07-TC = ME-09-FM ME-11-AV
/} LN-o1-cv
PNM-01-PR  PNM-03-AV
Purge < | ;
GNZ2 PNM-02-PRV
7
¥® LN-02-AV
/N
LN2 Tank k]
LN-03-PRV
W Ln-0a-AV
i
PNO-01-PR  pNO03AY |
Purge m *|
GN2
PNO-02-PRV
(L | LN-0s-F
OX-03-PRV 0X-10-FM
OX-02-AV ~OX-06-TCou, OX-08-MF sl OX-12-AV
p | T &@ T [K )
LOX Tank | <] - o D; - S b
0OX-04-CV OX-07-PRV OX-09-Ay OX-11-PRV

Figure 12. Cryogenic delivery system layout. The color codes are as f@lewn-oxygen, red-

4.2.2 Liquid Oxygen

methane, light blue- gas nitrogen, navy blue- liquid nitrogen.

The LOX delivery system is different from the methane deliwgistem in a few aspects: There

are two filters in the LOX line, and the purge dm lines pass through a filter before entering the LOX

line. The components on this system are treated with specelaod attention to avoid any type of

contamination. The configuration of the valves allows for the systebe tprimed which is where the

entire line is filled with the propellant and a delivery lag barnavoided. The system ends towards the

test article, but it is important to note that there are ®taps in place: one that goes to the MASS and

another line that goes to the atmospheric test stand. Thesarandsconnected when one of the test

stands is in use. This is shown in green on Figure 12.
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4.2.3Liquid Methane

The methane delivery system is similar to the oxygen butohés one filter. The methane
delivery system also has the lines in place to operate iIMAR®RS. and in the atmospheric test stand.

Figure 12 depicts this in red.

4.2.4 Liquid Nitrogen

It was important for the design of to accommodate a pre-chiksys order to avoid boil-off
and excessive gasified propellants in our ventilation system (Fi@rd he liquid nitrogen will be used
before and in-between tests thus ensuring that the propelldhtsrwve in cryogenic state to the test
article. In order to determine the amount of nitrogen required todovah the system, Figure 13 shows

the relationship between mass of nitrogen, mass of the lines and the temperature

0.1

MASS OF LIQUID No/ MASS OF METAL

0.01 1
0O 100 200 300 400 500 600

STARTING TEMPERATURE (RANKINE)

Figure 13. This graph allows for the approximate calculatidrivgfrequired to perform a system cool
down
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For a 67.7 ft long stainless steel line with a % inch dianeetdra temperature of 540°R, this
relation yields approximately 26 kg or 32 L of liquid nitrogen for ithigal cool down. If conducting

four tests and an overshoot of 40%, a total of 151 ANgfwill be required.

4.2.5Purge

The purge system utilizes gas nitrogen and is required in cvdeveacuate any nitrogen or
trapped propellants between tests helping to clean the lines skdmgent or particulate that might be
trapped in the line. In addition, the lines can be pressurized to pddakrand functionality checks.
This is illustrated in light blue in Figure 12. This systerals& necessary as a safety precaution in case

of an emergency such as a fire or a similar event.

4.3 COMPONENTS

Most of the components in the delivery system utilize NPT or Salagdtings. The high
availability of NPT fittings in the cryogenic industry perrfat the standardization of this type of fitting
in our system. In addition, the laboratory has had training and expertandling Swagelok equipment
and fittings, allowing for the convenient use of this fitting typewleen lines and some other

components.
431Lines

The lines of the delivery system consist of ¥z inch high purity 30dleta steel lines. For the
flow rates that were required, a ¥z inch line provides a low Rdgrmaimber (<2000), thus reducing the
heat losses and minimizing the risk of a sudden detonation in thelib@XAll of the bends in the
system are at least 3 times the size of the line (1.5 aming) in order to avoid any instability in the
LOX. Most of the components have an NPT fitting therefore a NP3wagelok fitting is used to
connect the components to a section of line. At the end of the delystgm there is a cryogenic
flexible stainless steel hose that connects to the MASS. ddnisection can be disconnected and
attached to a line that redirects to the atmospheric @@st.sAll of the cryogenic lines are insulated

using Cryogel Insulation. This insulation provides optimum insulation for cryogppications.
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4.3.2 Tanks

Current testing does not involve the use of any cryogens thus most of the testingoneincted
involves the use of gases. These gases come stored in K-bo#lsstgtressure of 3000 psi. The flow
rate is controlled by regulating the pressure out of the tanksk-blogtles are stored in bottle holders
that are specifically made for this purpose. The tanks willdapiired from local vendors once testing
requires the use of cryogens. The tanks can be set by thbuli@tto the desired pressure dictated by
the test. These tanks can be pressurized up to 250 PSI which is over the maximungaopgratement
of 190 PSI for the M.O.A.C. The liquid methane run tank will be a 28tpsessurized tank that will be
able to be also pressurized up to 250 psi. The methane run tank wilelk®e abluple with the methane

production system and transfer the fuel from one tank to the other.

4.3.3Valves

The delivery system is composed of a variety of valves sugbressure relief valves, actuated
valves, and check valves. The valves play an important role in tignddgsthe system since they are
the determining factor in the ceiling performance of the esfisgem. The actuated valves that have
been found to be compatible in the system range in expense fromedisirafrdollars to thousands.
Ultimately, through our findings the increase in cost came witinerease of performance and features.
Due to budget constrains the actuated valves that were chosen detkth@ performance of the entire
system. The valves have the following specifications: 120V, brass B&RT connections, oxygen

service ready, and a maximum pressure of 225 psi (figure 14).

Figure 14. Cryogenic solenoid valve.
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The pressure relief valves are industry standard and are bed Witrst pressure of 200 psi. The
pressure relief valves have a brass body and a Y2 inch MNRg.fifivery pressure relief valve is
located in a potential cryogenic liquid trap point and will potentiedlease any built up pressure that
might be generated by the boil off of the cryogen. The checkvalgealso composed of a brass body
with FNPT fittings and a burst pressure of 5 psi. The check yvalwe located in places where there
could be a backflow issue, for example in the joints between the fe@Xsystem and the purge/cool
down union. Both the pressure relief valves and check valves werkapadc from the Ratermann
manufacturing catalog. The valves have an important role in feeasa controlled delivery of the

propellants to the test article.

434 Filters

The handling of LOX requires extensive safety precautionsderdo avoid the risks associated
with handling the cryogen. The delivery system has a seriesltefs fthat attempt to clear any
particulates from the delivery system and avoid ignition souirtebe LOX lines. The filters are
cryogenic specific filters with a stainless steel body &2 inch FNPT fittings. The LOX system
incorporates a total of 3 filters: one in the purge/chill down systed two on the LOX line. The filters
in the LOX line are 25 p while the rest of the filters in dedivery system are 40 u. The filter size was

determined by the desired cleanliness level.

4.3.5 M easurement devices

In order to monitor and record the delivery process to the tesleaia series of sensors are
located along the delivery system. These sensors such asdampeliodes, pressure transducers and

flow meters are combined with a Data Acquisition system (DAQ) and a cosyitm.

Diodes

When the proof of concept condenser was developed an E-type thermogaspleed. The use
of this thermocouple presented unforeseen issues like erratingeaid long term heavy cycle issues.

These issues created the need to find a replacement sensorotitwithstand the extreme
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temperatures of the cryogenic propellants for long cycles. Sasbisevas the Lakeshore cryogenic
temperature diode, which is a sensor that is widely used in tlogestic industry for temperature

monitoring and offers a longer service life than a conventional thermocouple (fi§ur

0.98 mm 216 mm 1.4 mm
node (+
s .

Leads (mm): 0.38 W x0.10T x 219 L
Sensor Mass: 0.03 gram

Figure 15. Lakeshore silicon diode.TD-400 series diagram

The diodes can be installed in different ways; but the selecettooh was to use a low
temperature epoxy and attach it to the surface of the stastlssline. By installing the diode in this
way there will be a temperature lag however a fast tesyrer response is not necessary. The
temperature diode has an excitation signal 10 pA and an output efghdl/ DC. These diodes are

connected to a temperature monitor and the DAQ system for redundancy.

Pressure Transducers

Due to the requirement of remote operation, a cryogenic presanselticer is accommodated in
to the system. This pressure transducer is an Omega crydigieniiim pressure transducer (Figure 16)
that is designed to operate in a minimum temperature of 77K.tr@heducer requires a 10 V DC
excitation and provides a 0-30 mV DC feedback signal. Since thiersensonsidered critical it is also
connected to the DAQ and a separate Omega pressure controllere$tere transducer has a stainless

steel body and it is supplied by the manufacturer as oxygen service ready.
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Figure 16. Thin film cryogenic pressure transducer.

Flow Meters

There are many ways of monitoring cryogenic flow rates butctst and complexity of the
sensor can vary drastically. Some of the different flow medeieties are: Ultrasonic, mass vortex,
electromagnetic induction, turbine, and Coriolis flow meters. The fete in the system varied from
0.013 to 0.018 GPM in the LOX and 0.01 to .014 GPM forliti¢,. These flow rates are the flow
requirements for the MOAC system operational range of 1-17lb aefstthAccording to several
companies that were contacted, said flow rates were detertaidee “small” thus limiting the selection
of flow meters that could operate at this range. A Hoffer nerlliow meter for the LOX system was
selected with an operational range of 0.017 to 0.12 GPM. Note théiothimeter will not provide the
desired range of operations as dictated by the MOAC regeivesmFigure 18 shows the cryogenic flow
meter controller that is connected to the DAQ system. This fit@ter will only provide a theoretical
thrust measurement of 1 Ib to 11 Ibs. One of the drawbacks of agutbw meter is to avoid the
overspinning of the turbine as it could lose the calibration or dantegéutbine, therefore special
attention must be given to the flow meter when running gases. Curteate is na.CH, flow meter
installed in the delivery system. During the first stagedeselopment only gas propellants were being
tested and the cryogenic flow meters could not be operated, therefdl@engaseters were used. Omega
FMA1800 gas flow meters were selected with a range of 0 to 500 (Liegé per minute). These flow
meters require an excitation voltage of 12V DC and yield a fe&d&ignal of O to 5V DC back to the

DAQ system. Figure 19 shows the gas flow meters.
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Figure 17. Hoffer turbine flow meter.

Figure 18. Hoffer flow controller.
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Figure 19. Omega Gas flow meters.
4.4 DATA ACQUISITION AND REMOTE CONTROL SYSTEM

In order to provide a safe remote operation and monitoring of tieidesystem the Data
Acquisition and Remote Control System (DARCS) was createdebys Betancourt (J. Betancourt-
Roque). This system supports the test operations conducted in the farikiées of the Goddard
laboratory. The DARCS integrates all of the instrumentation antbonents into an operable interface
by means of a patch panel, a computer/DAQ, an array of relaysaaver supplies. Figure 20 shows the

control room from where all testing is conducted.

Figure 20. The control room.
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4.4.1 Patch Pand

To have a convenient interface between the bunker and the adjactrot toom, a patch panel
was constructed out of an electrical cabinet with an arrax ofch audio plugs installed in the front.
One of the panels was placed in the middle of the bunker while thewrdkenstalled inside the control
room. Connections were soldered from one array of the audio plugsdthéreBy having these panels
it was easy to connect an instrument such as a valve or a tloemph®drom the bunker to the control
room and rearrange it for different experiments. On the control thenpanel was wired to a relay
array and the computer/DAQ. This configuration allows the deliwstem to be controlled through the
computer interface (e.g. LabView) or a set of manual switchescalse the computer loses
communication to the delivery system, the manual switches acteatindancy to the operation. Figure

21 shows the patch panel with the connections in place.

Figure 21. Patch panel located inside the bunker.

4.4.2 Computer/DAQ

An industrial computer equipped with PCI cards from National Instnisnes used as the
primary operations interface with the use of the LabView so#twThe PCI cards are connected to the
patch panel and are able to control and record the experiments conduttedbunker (Figure 22).

Once the hardware was implemented, Virtual Instrument was apmcelto control the experiments
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(Figure 23). This program allows for steady state or pulsed tipeia the experiment, displays instant

sensor information, and records the generated data.

= Patch panel
Diode and
pressure
monitors
== DC power
supplies
,,,,,,,,,,,,,,,,,,,,,,,,,,,,, Computer
AC power
supply / Battery
back up

Figure 22. DARCS system on the control room. The patch panel (top), Pressure tramsshiigrand
diode monitor (center left), DC power supplies (center right), computer (cen@power
supply/back up system (bottom)

Figure 23. GUI of program that was developed to operate the DARCS
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4.4.3 Power system

Due to the different components that must be powered, the DARE®Gaand AC power
supplies (Figure 22). DC power is provided by two EXTECH power suppliee DC power is
provided by an APC power supply that also acts as a battekypathis battery backup has enough

power to provide the DARCS with 30 minutes of power in the event of a power outage.

4.4.4Video monitoring

The entire operations that are conducted in the bunker can be monitorest@naed through a
Digital Video Recording (DVR) system. This system is equippitkhl &vcameras that can be positioned
in most locations inside the bunker. The DVR system is displayedd & in. TV that allows for the

simultaneous display of the 4 video feeds (Figure 24).

Figure 24. Video monitoring being displayed on the TV

4.5 SAFETY

The delivery system is equipped with several safety featbhe¢sate in place to maintain safe

conditions for the facilities and the personnel.

37



4.5.1 Ventilation System

The ballistic proof bunker is equipped with three different exhauss.pOrte of the ventilation
ports is connected to an exhaust fan that services the exhaustopahts entire Goddard laboratory.
The other two ports are powered by separate inline exhaust faese Tans provide approximately 100
CFM of air flow and are attached to separate 4 inch schedulealess steel pipes. These pipes or
“exhaust vents” eject the exhaust gases to opposite sides iasthgde of the bunker. By extending the
stainless steel pipes with stainless steel ducting, a agoilsystem was assembled and configured to
capture any type of gases that might be ejected by tted valves of the tanks or the delivery system.

The ventilation system captures methane and nitrogen independently from the &ggen25b).

—
- I.'!‘-'.' f"

Figure 25. Stainless steel ducting on top of the delivery system.

4.5.2 Kevlar separator walls

Utilizing the same material that was used to insulate the bukdédar sheets were modified and
turned into 4 movable walls (Figure 26). These walls separateuttieer into two separate sides: the

side that contains the tanks and the side where experimemisnaigcted. The tank storage side is then
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separated into the fuel and oxidizer sections. All of these sepeare meant to block any debris in
case of an explosion and to slow the diffusion of any combustible ¢fasemight not be captured by

the ventilation system.

Figure 26. Modified movable Kevlar wall.

4.5.3 Safety Lights

A safety tree light was installed outside the bunker in orderféom all personnel of the status
of the bunker. The light has three lights that can be activatedtfiemmontrol room: green, yellow, and
red. The safety team assigned different codes to each respective color:

e Green: Proceed with caution, authorized personnel only.
e Yellow: restricted area except safety and test personnel. Proceexiveme caution.

e Red: Area off limits to all personnel, test in progress.
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4.5.4 Cleaning

All of the components in the delivery system are oxygen seremayr This allowed having a
system that is fully-functional out of the box. Due to the requawedl of cleanliness of a LOX system,
all components were cleaned separately and reassembled. Stieotébrawas given to the stainless
steel pipes in order to avoid any shavings that might have beatedrin the cutting process. The
cleaning process includes soaking the component in nitric acid, soddmoxlde, and then being rinsed
in distilled (DI) water. Components with brass or copper were omged with DI water. The
components are then stored in a double sealed bag and installed whetoresel As part of the test
procedure, the system is purged for long periods of time to remgveocataminants that might still

remain in the lines.

4.6 TEST AND PERFORMANCE

The initial tests were performed with the DAARCS as the control ineedad the MOAC as the
experimental hardware on the atmospheric test stand. The firgf desting was done with gas
propellants in order to debug and correct possible issues that aniggt The delivery system has also

been tested with the pencil thruster in the MASS system.

4.6.1 Procedures

All testing first needs to be approved by the center’s dire¢toe test application must contain
the procedure and a Failure Mode Effects Analysis (FMEA) Aggeendix C and D). Once these forms
are approved the team can begin the physical test. The controlsaperated by a minimum of three
operators: a test director, test operator, and safety supervisaol&lod the test director is to dictate the
procedures and set the test parameters. The test operatoh#@ge of executing the test through either
the LabView software or the switch panel. The safety supengsorcharge of overlooking the test and
ensuring the safety of the hardware and personnel. Before the tefstive hardware can be executed, a
delivery systems check must be done first. The tests are divitte@ major parts: functionality testing,

pressure testing, and hot fire testing.

40



Functionality testing

Before a test is conducted a functionality test of the deliggsyem must be performed. This is
done by checking that the cameras are functioning, the valvepaning, and the sensors are reading
the correct information. Usually the test operator will activiagedelivery system, while the test director
will check the valves in the control room. Please note that duringtdpsall propellant and purge tanks

are closed.

Pressuretesting

After the functionality test is executed and approved, a pressstrevill be conducted. In this
test the nitrogen tanks are opened and the system is pressurid@dP&l. The test operator will
pressurize the system and then shut the tank valves. A leak vditbeted as a constant decrease in
pressure shown in the pressure transducer display. With the aisoapavater solution, a leak check
can be performed. Any leak check should be done with caution and an oxpgérnio prevent

asphyxiation or dizziness that may occur because of the leak.

Hot firetesting

Once the system is checked for any malfunctions and leaks, rardwyill be performed. This
dry run will simulate the duration and operation of the systemdardp prepare the test personnel for
the hot test. After the system is approved for the hot test byatfie¢y supervisor, the propellant tanks
are set to the desired pressure and the test can commencediDgman the type of test and the use of

either cryogenic or gas propellants, the cool down process can be skipped or executed.

Post testing

After the tests have been completed the system must be purgeddoperiod of time, usually
30 seconds. After the bunker has been declared safe to entée ksafety supervisor, a system
inspection must be performed. This system inspection should observenyfodaaage or loose
equipment that might have occurred during the test. The shutdown procedudesncdosing off all
tanks and depressurizing the delivery system. Data can then dbgzeah and processed. It is

recommended that a test log or report be submitted to the center’s director.
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Maintenance

Most of the equipment used in the laboratory is either Swagelok or NPT. Thess &timgd be
replaced when a seal is no longer possible or when fitting yielgsrastent leak. All flow meters
should be calibrated frequently to guarantee quality data. The gediystem is the first of its kind to be
operational at UTEP and further experiences gathered by thaiopsraf this system should dictate the
life of the rest of the components on this system. Frequent apamirpurging cycles should be

scheduled for any time LOX testing is conducted.
4.7 RESULTS

4.7.1 Gastesting

Initial testing used the MOAC as the experimental hardwatle gas oxygen and methane as
primary propellants. The main objective of this testing was terahe the operability and performance
of the delivery system, to achieve ignition of the MOAC, and sustmbustion. Flow control in the
system is achieved by setting the tank pressure. Since ttensygs designed to operate with gas
propellants, gas flow meters were installed and the cryogentcflov meter was removed. By varying
the propellant tank pressure, flow rates were determined in aradatain the desired mixture ratio as
depicted in Tables 5 and 6. The MOAC successfully sustainedbigait a mixture ratio of 4 by setting
the oxygen line to 40 psi and the methane to 10 psi. The systemstemkttea maximum pressure of 50
psi on gas nitrogen and 40 psi on oxygen/methane. The MOAC did rmgsstudly sustain stable

combustion at any other pressures above of what was stated.
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Table 5. line pressure vs. flow rate of methane in the delivery system

Line Methane  mass
Pressure [PSl] flow rate[L/min]

4 14

6 25

8 35

10 48

20 80

30 110

40 137

50 170

60 192

Table 6. Line pressure vs. flow rate of oxygen in the delivery system

Oxygen

Line Pressure

mass flow rate

[PSI]

[L/min]
5 12
10 20
15 26
20 32
25 40
30 46
35 53
40 60
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4.7.2 Liquid testing

Preliminary testing with liquid nitrogen shows promising resbiliscurrently there has been no
need for liquid propellant testing on any of the experimentalvweie. There are plans for liquid testing

to occur during the summer of 2012 that will include chilled methane and eventGédi.aH,.
4.7.3 Expected performance

The delivery system is expected to perform at a maximunsymesf 190 psi. The most limiting
factor of the delivery system is the actuated valves. Saidssale a maximum pressure rating of 225
psi thus setting the system operation at a MWP of 190 psi. In @dditie maximum flow that the
current liquid flow meter can read is 0.12 GPM. The system canteperder the current hardware to a
theoretical maximum thrust of 11 Lbs. Changing key components subk 8ew meters can bring the

performance of the system up to 17 psi of theoretical thurst.
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Chapter 5: Conclusions and recommendations

A propulsion facility has been developed at the cSETR laboratati€STEP. The propulsion
facility has the capabilities of researching the next geimer of propulsion systems by trying to
understand the physics and engineering behind LG/ engines. The work presented here was

performed with an understanding of the physics of fluid mechanics, thermodyraardibgat transfer.

5.1 CONCLUSIONS

This project concludes that:

e A methane condensation system was designed and validated threugftal ssmall scale
experiments that showed that the mechanics of the design were valid.

e A cryogenic propellant delivery system was designed, developed, pamdted with different
experimental hardware and on different test stands

e The delivery system was operated from a remote location indjaeesat control room with the
help of the DARCS system.

e The system has shown to be a safe design with design festigreas the ventilation system and
the DAARCS safety features.

e Experimental hardware has been successfully tested with the requiredormnditi

e Some of the experiments such as the MOAC will not be testetthetomaximum design
parameters due to low performance items (e.g. actuatedsydloer meters) in the delivery
system

e Said items can be replaced and increase the maximum presdioe oating of the delivery

system to accommodate higher demands.

5.2 RECOMMENDATIONS AND FUTURE WORK

The cryogenic delivery system constitutes the first gemeraif feed systems that have been
developed at the cSETR. The condenser design has been improving withtenagign of the small

condensers. Future improvements should include:
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Further non-dimensional analysis should evaludte?l?, and %' generation condensers and
determine a more accurate predicted performance for the 25 L condenser.

Build and test the 25L condenser.

Test with liquid propellants and benchmark the system to maximum allowed peréeman
Upgrade the delivery system to allow for higher demand testing. carisbe achieved by
changing the key components that are currently limiting the performance.

Change the feed lines from Swagelok fittings to AN 37° flateds since they provide higher
operational cycles without leaking.

Build a vacuum insulated delivery system
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Appendix

Appendix A: Recommended Nonmetals for Oxygen Serfiitynn, 2005

e Nonmetals have lower ignition temperatures, thermal conductivities, and heat capacities
e Acceptable nonmetals include
Tetrafluoroethylene polymer (TFE, Halon TFE, Teflon, or equivalent)
Unplasticized chlorotrifluoroethylene polymer (Kel F, Halon CTF, or equivalent)
Fluoro-silicone rubbers (Viton type), of a NASA tested compound
e Acceptable lubricants include
Kryotox (Dupont)
Tribolube 16 (Aerospace lubricants)
e The nonmetallic materials used should be based on data presented in the NASA Publication

JSC 02681, Non-Metallic Materials Design Guidelines and Test Data Handbook, Latest
Edition

Appendix B: Methane phase diagral. Setzmann and W\agner, 199
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Appendix B: Testing procedure.

Procedural Actions: Qc
# Required Actions Expected Results Action Upon Adverse Result
1 Complete pre assembly of combustor. Combustor is assembled with all Postpone test until completed Q
components. Sealed with gaskets and RTV.
No smudges on windows. All bolts in place
2 Install Combustor on frame bracket with | Combustor and bracket are secure to the Postpone test until completed a
ceramic insulators testing frame. Insulators are installed below
each leg. Bolts should not be lose
3 Ensure Bunker is free from foreign No lose parts in area. Area cleaned. No Postpone test until completed a
objects that pose a fire hazard foreign flammable objects
4 Ensure MOAC chamber exhaust will not | All Wires and structures should not be in Postpone test until completed a
interact with any structure, wire, or front of the exhaust area. Any lose items to
foreign object be secured
5 Connect Data instrumentation to MOAC | Instrumentation is connected to DAQ. Postpone test until completed a
chamber, thermocouples and pressure Fittings to be Teflon tape wrapped and
transducers torqued to chamber
6 Ensure exhaust fans are on Fans working and pulling air from vents Postpone test until completed O
7 Ensure Kevlar barriers are in place Barriers should be placed in front of test Postpone test until completed g
section and in between fuels and oxidizers
8 Via lab view, assure that all data Labview monitors show proper data Postpone test until completed Q
transmissions is working properly
9 Pre check to see all fluid connections Connections should be tight to hand torque Postpone test until completed a
are connected and tight
10 Turn bunker light from green to yellow Light should show yellow Postpone test until completed a
11 Verify CCTV cameras are situated Cameras should show proper viewing angles | Postpone test until completed a
correctly and be secure
12 Verify Optical imagery equipment is Optical equipment should work correctly Postpone test until completed a
working correctly and is focused on and transmit remotely to computer
target
13 Prepare optical imagery for recording Instrumentation should be ready to record Postpone test until completed a
with one click on computer
14 Verify test pressures for all tanks and Pre test preparedness should declare what Postpone test until completed a

bottles

pressures the system should be at
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15 Ensure all regulators are set to close Regulator should be turned to the left Postpone test until completed
16 Open testing bottles internal valve Valve should be fully open Postpone test until completed
17 Regulate oxygen, methane, and Regulator displays should be at pressure Postpone test until completed
nitrogen bottles to required pressures
18 Regulate secondary regulators to testing | regulator displays should be at pressure Postpone test until completed
pressures
19 Evacuate bunker and ensure that Doors | No personnel in bunker and doors do not Postpone test until completed
are closed and latched open unless handle is activated
20 Turn bunker light from yellow to red Light should show red Postpone test until completed
21 Personnel should be situated at testing Testing teams should be situated at control, | Postpone test until completed
stations and video and data stations for test
monitoring
22 Press Purge Ox and Purge fuel buttons Purge valves should open Stop test, trouble shoot
in lab view
23 Igniter transformer voltage brought up Transformer to be charged Postpone test until completed
to proper voltage by using switch on lab
view 12V igniter
24 Ensure Powersupplys are at correct Power supply should display correct Postpone test until completed
voltage voltages
25 Ensure Killswitch is disengaged Switch should be pulled out and ready to Postpone test until completed
use in the event of abort
26 Press Deliver fuel button to charge Fuel system will be charged for test Postpone test until completed
system for 1 second the turn off
27 Begin optical recording Computer and hardware to display in Postpone test until completed
recording mode
28 Begin lab view recording labview should begin recording data Postpone test until completed
29 Begin Countdown process Count down leader will comense Postpone test until completed
countdown
30 Press Deliver Oxidizer and Fuel buttons Oxidizer and Fuel valves should open Stop test, Trouble shoot
on MOAC
31 Press Igniter O/F button to deliver Valves should open Stop test, Trouble shoot
ignition fuels to igniter
32 Engage igniter on via switch Igniter should spark, pilot flame should Stop test, Trouble shoot once

begin to prorogate

safe
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33 Close igniter O/F button after 3 seconds | Pilot flame should stop Stop test, Trouble shoot once O
safe
34 Turn igniter switch off after 3 seconds Igniter should stop sparking, pilot flame Stop test, Trouble shoot once a
should cease, flame should anchor in safe
system.
35 Monitor test carefully for test interval. Observe to see if no anomalies occur Stop test, Trouble shoot once a
safe
36 After interval of testing close deliver Ox | MOAC flame should extinguish Stop test, Trouble shoot once a
and deliver fuel buttons safe
37 Press Purge Ox and Purge fuel buttons MOAC system should be purged and ensure | Stop test, Trouble shoot once a
in lab view any flame system to be controlled safe
38 Ensure via CCTV or windows that no All hardware should be normal Trouble shoot once safe to a
anomalies have occurred enter
39 If additional tests are to be conducted Test should go as repeated Stop test, Trouble shoot once a
repeat steps 19 through 33 safe
40 Ensure bunker is safe to enter and No hazards pose risk, light to show yellow Stop test, Trouble shoot once a
switch light from red to yellow safe
41 Close all fuel and oxidizer gas bottles Valves should be fully closed Stop test, Trouble shoot once a
from tank valve safe
42 Close regulators on fuel and oxidizer Regulators should be set to zero Stop test, Trouble shoot once a
lines safe
43 Exit bunker No personnel in bunker and doors do not Stop test, Trouble shoot once a
open unless handle is activated safe
44 Run purge system Nitrogen purge should occur Stop test, Trouble shoot once a
safe
45 Ensure via CCTV or windows that no All hardware should be normal Stop test, Trouble shoot once a
anomalies have occurred safe
46 Close all nitrogen gas bottles from tank Valves should be fully closed Stop test, Trouble shoot once a
valve safe
47 Close regulators on nitrogen lines Regulators should be set to zero Stop test, Trouble shoot once a
safe
48 Open valves to ensure no gas is trapped | Valves should open Stop test, Trouble shoot once a
safe
49 Inspect hardware for damage No damage should occur Investigate and repair a
50 Save data and video recording Data should be stored and immediately Do not proceed until a
backed up completed
51 Turn light from yellow to green Light should show green Trouble shoot a
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52 Begin post test maintance Cleaning assemblies and rechecking for N/A a
damage

53 Record events in test log Log to be completed for testing N/A a

54 Turn off Vent fans Fans to be shut down by audio inspection N/A a

a

Appendix C: Hazards Analysis
HA
System Hazard Severity Likelihood Index Mitigation
1 | Methane | Leak 1 — Minor 1- 1 Leak test system prior to operation
Unlikely with methane. Methane detector to
be uitilzed for leakage
2 | Methane | fire 3- 1- 2 minimize ignition sources, leak check
Significant | Unlikely system, Keep oxygen separate
3  Oxygen | leak 1 — Minor 1- 1 Leak test system prior to operation
Unlikely with Oxygen
4 | Oxygen | fire 3- 1- 2 minimize ignition sources, leak check
Significant | Unlikely system, Keep fuel separate

5 | MOAC Overpressure | 2 - 1- 1 MOAC contained in bunker during
ignition Moderate Unlikely testing, Ignition to not occur after 1.5

seconds of propellant build up

6 | MOAC fire 3- 1- 2 Clear bunker of all non essential

Significant | Unlikely objects. No items in flame path
during testing.

7  MOAC high 2- 1- 1 Allow proper cooling prior to post test
temperature | Moderate Unlikely handling. Proper PPE to be worn.
surface

8 | Methane | Overpressure | 2 - 1- 1 two stage regulator systems installed

/ Oxygen Moderate Unlikely on feed lines. Pressure relief valves
installed in system. All components
pressure rated above MWP

9  MOAC flame or heat | 3 - 1- 2 All personal to be involved in testing
injury Significant | Unlikely to be evacuated outside of bunker

during testing. All operations to be
done remotely

10 | MOAC chamber fire | 2 - 1- 1 Nitrogen purge to occur if conditions

Moderate Unlikely inside chamber require immediate
shutdown
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11 Methane | explosion 3- 1- Propellants stored behind Kevlar walls
/ Oxygen Significant | Unlikely to protect from damage. Propellants
stored apart from each other. Video
observation of tanks to ensure
protection, all propellants stored
inside bunker.
12 | Methane | valve failure | 2 - 1- All valves are normally closed valves.
/ Oxygen Moderate Unlikely Failure of valve closes valve
completely and stops test
13  Methane | regulator 2- 1- Two stage regulator systems installed
/ Oxygen | failure Moderate Unlikely on feed lines. Pressure relief valves
installed in system. Regulators set to
pressures below MWP
14 | Control Power 2- 1- Battery back up to ensure systems
system outage/ Moderate Unlikely stay operational for 30 mins. Proper
power surge grounding from electronic
components used through out
system.
Control | Computer 2- 1- Manual remote override switches are
system failure Moderate Unlikely installed on control panel to shut
down system.
Feed Component 2- 1- Nitrogen purge to occur to attempt to
system fire Moderate Unlikely quench fire. All components in
bunker.
Exhaust | Fan failure 1 — Minor 1- Fans to be checked prior to each test
system Unlikely per test procedure. Exhaust system
contains separate systems for fuel and
oxidizer.
15 | Ignition | Transformer | 2 - 1- Transformer is to be installed in a
system voltage Moderate Unlikely Plexiglas insulation chamber to

prevent personnel from touching
while charged. Warning signs to be
present on chamber.
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