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Abstract 

The University of Texas at El Paso (UTEP) Center for Space Exploration and Technology 

Research (cSETR) has focused its research efforts on developing LOX/LCH4 propulsion systems. 

As part of the Janus Sub-orbital vehicle program, UTEP is developing a 2000 lbf throttleable rocket 

engine (Chrome X). The first iteration of this engine design will be geared for further optimization 

towards a flight engine. Components like electric motors, valves, and sealants have been selected 

to achieve throttle ability and sealing of the engine. These components play a crucial part on the 

engine to be able to have a successful firing. As part of the overall engine system integration, the 

components will be tested at conditions meant to simulate expected operating conditions during 

main engine firings. These tests will ultimately give insight regarding component performance, 

thereby allowing for evaluation, verification, and validation of the selected components. This work 

will primarily focus on the description of components selection and will present performance 

elevation test data meant to assess component operation. 

The actuation system is composed of a valve, electric motor, gearbox, thermal standoff, 

and frame. These components were selected and or manufactured using the requirements set for 

the injection. The injection requirements were the first set of requirements where every other set 

of requirements was derived from, for the other components. The injection requirements are 

chamber pressure / injection pressure, flowrates, and upstream pressure. These requirements were 

used to size the valve. The injections system has some other operational requirements, but the 

described parameters are the only set necessary to size a valve. Once a set of valves were selected, 

the breakup torque and response time were obtained. The breakup torque is the torque a valve 

requires to start moving. The response time is the time from close to open or inversely for the valve 

to operate. These requirements that were derived from the valves were used to select the electric 

motor. The electric motor comes with a gearbox, encoder and a digital controller. For the valve 

and motor to work together a couple of more parts needed to be spec out. The thermal standoff 

was designed and manufactured to serve as an insulator for the motor and be a connection between 
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the valve and motor. This part has some special features to improve its insulating capabilities. 

However to be able to manufacture it under conventional methods seemed difficult because of the 

lattice design and titanium was the material picked for manufacturing. For these reasons, it was 

decided to do additive manufacturing for this part. The final component that is needed to make this 

system work is a frame to hold the aforementioned components together.  The frame was made 

out of cylindrical plates where the valve and motor were mounted onto. Studs were used to connect 

the plates together. This whole system was built for the throttling valves that the engine needs.  

There are many forms a component can be inspected for verifications of design. The 

reaction control engine (RCE), throttling system, and the sealants went through a verification test. 

The reaction control engine after it was manufactured, some of its features like the injection 

orifices and the throat went through dimension validation. For these tasks, precision tools were 

obtained. After all of the dimensions were validated. A none destructive test campaign went 

underway to validate assumptions. This test series consisted of flowing water and monitoring the 

pressure, flow rate, and temperature upstream and downstream of the engine. The actuation system 

had a similar test as the RCE. Where a set up meant to be used with water was built and monitored 

the performance of the valve. Finally, the prospect sealants that would be used in the engine had a 

performance test. The purpose of the sealant test was to replicate the kind of environment the 

sealants would be in an engine fire test. From the data gathered it was determined that the gasket 

sealant had a better performance than the tape type.   
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Chapter 1: Introduction 

The Center for Space Exploration Technology Research (cSETR) has the interest of 

developing propulsion systems that would operate with the use of liquid oxygen (LOX) and liquid 

methane (LCH4) as their main propellants. These systems are composed of propellant feed lines, 

injection system, ignition system, combustion chamber, and a converging-diverging nozzle. The 

propellant feed lines are all the tubing and components (filters, flow meters, pressure transducers, 

thermocouples, valves, tanks, etc.) that comes upstream of the injection system. These components 

need to be picked carefully using the requirements set by the injection system. If these components 

are inadequate, it may cause the propellant not to arrive at the desired conditions to the injection 

system and ultimately cause failure in the engine. The injection system for a rocket engine has a 

design dependent on the kind of propellants, pressure in the chamber and machining limitations. 

For example, the chamber pressure and propellant properties were used to size a pintle injection 

and impinging injection for the same rocket. The impinging injection was scrapped because the 

prices to manufacture were too high. For this reason, the pintle injection was picked over the 

impinging injector. Also, an early version of the ignition system has already been tested in the 

university facilities. The necessary adjustments to the engine system were made to adapt this 

injector. The combustions chamber and nozzle design are very closely related because they must 

deal with the combust gases and how these gases allow for the rocket to produce thrust. For the 

chamber and nozzle, it's hard to validate their design without firing propellants. The only validation 

tests these components go through is dimensioning and geometry. Most of these systems and 

components can be tested with non-destructive means to assure they will perform as design. For 

example, water was used to test the flow rates at the injection system and valves. The focus of this 

paper is to explain the development of the hardware, verification testing of the different critical 

components to the performance of the engine. This paper will focus on the verification and 

validation of critical components for the engines being developed at the Center for Space 

Exploration Technology Research (cSETR). 
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1.1 WHY LIQUID OXYGEN (LOX) AND LIQUID METHANE (LCH4) 

The interest to use liquid oxygen (LOX) and liquid methane (LCH4) comes from the many 

advantages that this propellant combination brings, a relative lower toxicity, acceptable 

performance parameters (specific impulse (Isp), and thrust) and the possibility to be harvested in 

the surface of Mars. Hydrazine is an example of a good propellant due to its ability to ignite by 

just being mix with oxygen. However, being exposed to hydrazine causes problems with the 

central nervous system, lungs, and liver. [14] Exposure to methane (not advisable due to its 

flammability) may cause a person to have a mild headache and in extreme cases suffocation. Liquid 

hydrogen and liquid oxygen are among the propellant combinations with the highest Isp having a 

value of 388s. LOX and LCH4 have a value of about 299s, after doing the calculations of thrust 

coefficient and C* have deemed this acceptable combination values for a thruster. The values of 

thrust coefficient and C* will be explained in later chapters. The high levels of carbon dioxide and 

minor amounts of other elements and compounds in the surface of Mars will allow for a process 

to manufacture methane and oxygen that will be used as a fuel for the rocket. LOX and LCH4 is a 

new propellant combination that has many advantages when it comes to deep space exploration, 

and many resources are being used for research. 

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

Texas at El Paso (UTEP) has the interest in using LOX-LCH4 technologies to develop research 

opportunities for students to work on. The projects currently being developed at cSETR are the 

LOX-LCH4 5-8 lbf, 500 lbf, 2000 lbf propulsion engines, the suborbital vehicle Daedalus and the 

robotic lander Janus. The 5-8 lbf engine will be used on both Daedalus and Janus as a reaction 

control engine. This means that this engine will give any necessary adjustment needed on the 

vehicles’ orientation while flying. The 500 lbf engine will be the main propulsion system for 

Daedalus. This engine should be able to throttle a 1:4 ratio depending on the mission statement.  

The purpose of Daedalus is to assess the performance and interaction of the propellant system 

when is under microgravity. The 2000 lbf engine will be the main propulsion system for Janus. 

Like the 500 lbf engine, the 2000 lbf should be able to throttle. The other requirement this engine 
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has is to be able to integrate a gimbal system, that in part will help the Janus vehicle maneuver 

as need. The Janus vehicle purpose is to demonstrate the performance of the LOX and LCH4 

propulsion system in take-off and landing maneuvers. These projects have an end goal to 

integrate a functional LOX LCH4 propulsion system in different environments. The primary focus 

of this thesis is the hardware and component development for the engines. The different 

components were tested for validation of design using non-destructive means like flowing water 

through them or just validating the geometry.  
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Chapter 2: Overview of engine projects 

The three engines that are being developed at cSETR the pencil thruster, Centennial 

Restartable Oxygen Methane Engine (CROME) and CROME X share similar design processes 

and some requirements. All three engines must use LOX.LCH4 as the propellant combination. 

This brings the first parameter to look at, that is the specific impulse (Isp). Then from there, a 

number of parameters can be calculated depending on the mission of the respective engine.For 

example, the thrust coefficient, C*, flow rates, chamber pressure, injection pressure, etc. can be 

derived using some relations that will be later explained. These parameters are needed to start 

designing the geometry that will be required to achieve the initial requirement. The geometry 

consists, but it’s not limited to the chamber diameter, throat diameter, nozzle type and length, 

injection system, etc. 

2.1 BASIC ROCKET EQUATIONS  

To start calculating any of the parameters to design a rocket engine. The understanding of 

how a rocket engine starts moving is imperative. Newton’s third law of motion states that every 

action has an equal and opposite reaction. This helps explain how the production of hot gases when 

combusting inside the chamber, propel the engine in the opposite direction from which they were 

expelled. This principle was used in the Rocket Equation:  

    𝐹 = 𝑚̇𝑣𝑒 + (𝑃𝑒 + 𝑃𝑎)𝐴𝑒                    (2.1) 

In this equation F stands for the thrust of the vehicle, ṁ is for the mass flow rate, ve is the exit 

velocity of the gases, Pe and Pa are the exits and ambient pressure, and Ae is the exit area of the 

nozzle. This equation is composed of a momentum exchange of the fluid and a pressure imbalance 

at the exit of the nozzle. [16] From this equation only, the force (thrust) is known because it is one 

of the first requirements that were given to each engine. To be able to move forward some other 

thermodynamic conditions need to be set. First, since the chamber has a converging-diverging 

nozzle at the throat, there needs to be choke flow. This means that at the throat the Mach number 

is one or sonic flow. This assumption was used for the isentropic flow, with some simplification 
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since at the throat the Mach number is one. For the flow to be able to reach sonic conditions, the 

ratio between exit and chamber pressure needs to be lower than the critical pressure ratio. The 

critical pressure ratio is obtained by using this equation:  

      
𝑃𝑡

𝑃𝑐
= (

2

𝑘+1
)

𝑘

𝑘−1
          (2.2) 

Pt is the pressure at the throat, Pc is the chamber pressure, and k is the specific heat ratio of the gas. 

The specific heat ratio is a value gotten by using Chemical Equilibrium with Applications (CEA), 

by setting a chamber pressure, temperature and combination of chemicals. If the pressure ratio is 

greater than the critical pressure ratio, sonic conditions will not be met. Meaning that the velocity 

of the gases will be slowed down through the diverging nozzle. [16] The theoretical exit gas 

velocity can be obtained using this thermodynamic equation: 

     𝑉𝑒 = √2𝑘𝑔𝑅𝑇𝑐

𝑘−1
(1 − (

𝑃𝑒

𝑃𝑐
)

𝑘−1

𝑘
)          (2.3) 

 In this equation R means the specific gas constant of the exhausted gas, g is the 

gravitational constant and Tc is the total temperature of the chamber. As already mentioned, 

another parameter that is used to relate the performance of an engine is the Isp. This can be used 

to get a rough estimate of the flow rates that an engine might require. The definition of this term 

is  

      𝐼𝑠𝑝 =
𝐹

𝑚̇𝑔
         (2.4) 

A relatable way to use this term is to compare it to gallons per mile like on a car. Having a low 

mass flow rate means a higher performance value.  

 The mixture ratio (MR) is a very important parameter that helps size tanks for each of the 

propellants, helps determine the mass flow rate for each of the propellants, and with the use of 

another solver like CEA or RPA the temperature of combustion can be determined. The equation 

for MR is  

      𝑀𝑅 =  
𝑚̇𝑜𝑥

𝑚̇𝑓
          (2.5) 
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The numerator term is the oxidizer mass flowrate, and the denominator is the fuel mass flow rate. 

This MR equation is the same equation used for the car industry to rate if an engine is flowing fuel 

rich or fuel lean. Also, it is worth noting that when an engine is flowing fuel lean, the temperatures 

are hotter than when running fuel rich. Depending on the requirements the ration of this MR value 

is very important when dealing with a materials temperature limit. For all the engines the MR 

value is about 2.7. This value should allow for equal consumption of propellant and have equal 

size tanks. These different relations described were used to design and set the requirements of all 

the three engines.  

2.3 MATERIALS AND ADDITIVE MANUFACTURING  

 The material selection of a rocket engine is an important parameter to analyze because it 

will set the maximum temperature and pressure that the combustion should be allowed to achieve. 

Some of the material properties to look for while analyzing different possibilities are the 

temperature limit, tensile and yield strength and the young modulus. A widely used material in the 

aerospace industry is Inconel 718 and 625 (Nickel base alloy). Both these materials have a high 

corrosion resistance, and they are compatible with pure oxygen use. Oxygen is a very ignitable 

fluid. A particle smaller than the thickness of a hair could be enough to ignite a pure oxygen 

environment. Also, some materials like carbon steel and aluminum among others are very reactive 

to oxygen. These advantages plus the knowledge that this material has been used before on similar 

applications lead to it being picked as the material for the engine.  

 Inconel 625 is a slightly weaker variation of Inconel 718. However, the 718 variation is 

very difficult to machine because of its work hardening properties [10]. Work hardening or strain 

hardening is a property of certain materials that make the material harden whenever there is plastic 

deformation. Work hardening is the reason for this material to have to be continuously machined 

and make it harder for a machinist to work with. Also, the machinability rating for both Inconel 

625 and 718 is 0.12. (values of 1 mean that material is easy to machine). Inconel 625 still has the 

issue of work hardening however its slightly weaker stats make it simpler to machine compared to 
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the 718 variations, and it can be 3D printed. These are the reason for using the 625 variations on 

the injector. The injector has a tolerance of about 0.002” on most of its features.  Table 2.1 shows 

all the some of the properties of Inconel 625 and 718. 

Table 2.1 Inconel 718 and 625 Properties 

 Inconel 718 Inconel 625 

Tensile Strength 180 ksi 120 ksi 

Young Modulus 29 ksi 30.1 ksi 

Melting Temp 1,300˚ 1,800˚ 

2.4 PENCIL THRUSTER  

A reaction control system (RCS) is used on large space vehicles like shuttles, lander, and 

missiles as a mean to readjust trajectory. This system consists of various engines placed in strategic 

position in a vehicle. Propellants are feed through a small connection out of the main propulsion 

system or at times will have their own propellant tanks. The difference between a reaction control 

system and the main propulsion system (MPS) is that the RCS has to pulse when firing and the 

MPS is a continuous firing. Also since the RCS is meant for adjusting trajectory or positioning, 

the thrust requirement is much less than the MPS of the same vehicle.  

Table 2.2: Pencil Thruster Requirements 

Requirements 

Propellant  LOX/LCH4 

Operation Pulsing Thrust 

Material Inconel 718 

Thrust  5-8 lbf 

Chamber 
Pressure 100 ±5 psi 

Specific Impulse  182 sec 

Mixture ration  2 

Fuel Film Cooling 
≤30% of LCH4 flow 
rate 
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Table 2.2 show some of the requirements and specifications for this engine design. This 

engine design has passed through several iterations of the design. This engine will work on both 

Daedalus and Janus.  Figure 2.1 shows the last design that was manufactured.  

Figure 2.1: Pencil Thruster Final Design   

2.5 CHROME X 2000 ENGINE 

The 2000 lbf engine CROME X has a much bigger thrust requirement compared to the 

pencil thruster. One of the major requirements for this engine is that it needs to be throttleable.  As 

already mentioned this engine is meant to propel and maneuver the Janus lander. The way that this 

engine will maneuver the vehicle is by installing a gimbaling system.  The gimbal system will be 

used to hover the vehicle to a predetermined location.  
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Figure 2.2: Janus Expected Flight Profile 

The RCS will be integrated into Janus to aid the gimbal system move to position that on its own it 

would achieve. Figure 2.2 shows a schematic of the mission for the Janus vehicle that the engine 

needs to achieve. The way a gimbal will achieve maneuvering is by tilting the engine to a certain 

degree. The Gimbal system is yet to be developed. Some basic components to start to look at are 

some hydraulic system that will adjust the engine. Depending on how complex the gimbal system 

is a vehicle might not need to have an RCS system. However, having an RCS on the vehicle can 

be used as means for an extra measure to prevent the vehicle from tilting too much and cause any 

catastrophic problems for the vehicle. The CROME X engine is in its final phase for the first 

iteration and is about to be quoted to be machined.    
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2.6 CROME 500 LBF ENGINE 

 The Centennial Restartable Oxygen Methane Engine (CROME) was designed to have 500 

lbf of thrust and to be used on Daedalus. Like CROME X is a throttled engine with a 1:4 ratio. The 

mission of both Daedalus and the CROME is to reach suborbital altitude and record data for 

various thrust levels. [15] Figure 2.3 shows the expected flight path that the vehicle will take when 

testing.  

Figure 2.3: Daedalus Flight Profile 

This engine is already in the process of being manufactured. When its ready it will undergo a series 

of validation test. This test will be performed to make sure that the manufacturers met what was 

agreed on the blueprints. On later chapters, this process will be explained in greater detail. 
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Chapter 3 Hardware selection 

In every project, there is hardware that needs to be selected or designed to achieve any set 

requirements. Some of this hardware is off the shelf products. Like seals, valves, actuators, fittings, 

etc. These objects are necessary to try and lower the total price or to save time when to build a 

complex system. For all three engines, there were certain items that needed to be selected. Also, 

several components needed to be designed, and manufactured since the industry does not have a 

product that complies with a set of requirements. The RCS needed a reliable sparking system and 

valves that would allow for the pulsing functionality. Both the CROME and CROME X have 

similar requirements like having to throttle thrust, and on the assembly, there are several sections 

that require a seal. For these reasons, some of the hardware of both these engines is very similar. 

The selection of the hardware is very dependent on requirements set during the design process and 

also the design of components. Further discussion on these requirements will be discussed in later 

sections. 

3.1 RCE HARDWARE 

The 5-8lbf pencil thruster has two major components to be picked to be able to achieve 

pulsing fire; these are the injection valves and the ignition component. The valves for the pencil 

thruster only require to open and close at a fast rate since this is a pulsing engine.  

Figure 3.1: Gems D-Series Cryogenic Solenoid Valve 
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For the ignition component, it was determined to use a spark plug. It was selected because is a 

widely used component in the industry to start up cars and some radio-controlled planes. The spark 

plug needed some modifications since the spark that it creates does not reach the desired distance. 

How well the valves and spark plug work plus the whole engine response time could be all 

summarized by the minimum impulse bit. Minimum impulse bit means the operational precision 

of a thruster system [2]. In other words, this means the minimum impulse of the system can achieve 

when the thruster starts and the stops rapidly. The valves and the spark plug are components critical 

to the functionality of the of the reaction control engine.  

Table 3.1: Gems Valves Specifications 

D- Series Solenoid Valves 

Open/Close Time 10-20 ms 

Temperature -320°F 

CV 0.7 

Power 15 Watts 

The valves that were picked for the ignition system in the RCE were manufactured by 

Gems Sensors and Controls as shown in Figure 3.1. Table 3.1 shows all the details on these valves. 

The three reasons that these valves were picked was because of the temperature range that was 

within the temperature values for liquid methane (-305F) and liquid oxygen (-296F). These valves 

are made from 316 stainless steel making them compatible with oxygen. Any material that is not 

compatible with pure oxygen like aluminum could ignite as soon as the oxygen contacts it. When 

looking for valves another parameter to look at is the CV coefficient. This is a value mostly used 

by industry to express the valve’s flow capacity. This coefficient is defined as the flow of water at 

a 60 F temperature with a certain pressure drop in psi across the valve. The values for CV on the 

selected valve were very low at about 0.7. For the RCE since the flow rate required to achieve the 

5lbf of thrust is 0.007 ft^3/s the CV value required for the valve is more than enough to achieve 
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what is desired. Also with the flow rate and CV values using the flow coefficient equation the 

value of pressure drop is also not very significant.  

The ignition system of the Pencil Thruster consists of a commercially available automotive 

spark plug. This spark plug is located upstream of the injection orifices. It was placed there for 

ease of installation and functionality, by having it there as shown in Figure 3.2.  

Figure 3.2: Spark-Plug Positioning and Injection Labels 

The spark plug has an ideal position in the middle of the chamber. The layout spark plugs usually 

must be able to spark does not favor the ignition of propellants very much since proportionally is 

far from the mixture zone in the chamber. This is the reason the spark plug needed some 

modifications. The spark plug was modified by removing the tip and adding a custom-made 

electrode made from tungsten. Tungsten has the highest melting point of any metal at 6,170 F. It 

is also very commonly used for welding tools. 
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Figure 3.3: Manufactured Spark-Plug with Modified Tungsten Tip  

Figure 3.3 shows the spark plug with the tungsten tip. The length and shape of the tip were designed 

to allow a spark arc to be formed with the wall of the chamber and to be position in a zone with an 

ignitable mixture. Using these modifications on the spark plug allowed for a spark to occur in an 

area with a good mix of propellant.  

3.2 CROME AND CROME X HARDWARE (THROTTLING SYSTEM) 

The CROME and CROME X share a lot of similar hardware the major difference is size 

and layout. As mentioned before these engines need to throttle thrust as a requirement for this an 

actuation system need to spec out. The components that they have in common are the seals and the 

actuation system. Since both engines are modular, there are many matting parts that needed a form 

of sealant to be placed. Our NASA Johnson Space Center (JSC) mentors for their modular engines 

they used Teflon Gore seal to prevent any leaking of mating parts. They claimed that this seal gave 

an acceptable performance and the ease of installation and replacement made it worth it. For 

CROME and CROME X it was chosen to achieve throttling by placing valves upstream of the 

injection. The derived requirements for this actuation system are to be able to flow LCH4 and LOX 

effectively; they should be able to move from closed to open in 5 seconds and have a vertical 

length no longer than 36 inches. There aren’t many commercially available systems that could 

achieve these requirements. The major setback to find a system in the industry was the required 
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velocity to open the valve. The speed of most system was around 30 seconds to open the valves 

fully. Also, the size of the system was too big and heavy from what it was required. For these 

reasons, a custom-made system needed to be designed. First a set of valves needed to be picked. 

Using the information from these valves an electric motor was sized to be able to open the valves 

in the required time. These components will allow the engines to achieve the requirements once 

the full assemble engines are available for fire testing. To be able to pick a type of valve suitable 

for the engines requirement to throttle, there are a couple of things to look for. Also, whenever 

sizing a valve, many companies use the CV coefficient. This value is obtained by using a variation 

of the Darcy formula. The CV coefficient is a way company characterize a valves capacity and 

flow coefficient. 

     𝐶𝑉 = 𝑄√
𝑆𝐺

∆𝑃
         (3.1) 

In this equation Q is the mass flow rate in gallons per minute (GPM), SG is the specific 

gravity of the fluid and ΔP is the pressure change in psi across the valve. The flow rates were 

obtained by setting what the optimum expansion and the throat area of the engine will be. The 

decision to use 1250 lbf as the thrust for optimum expansion was made because as throttling down 

to 500 lbf would cause the nozzle to over-expand. The opposite would happen if the optimum 

expansion was considered for 2000 lbf, where the nozzle would under expand as shown in Figure 

3.4.  
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Figure 3.4: Visual Representation of Nozzle Performance 

Then the mass flow rate and the pressure at injections were calculated. This information was used 

plus the respective density and specific gravity of LOX and LCH4 to size the valves. Equation 3.1 

calculated that at 2000lbf the CV coefficient that was needed was 14.7. Any valve with a CV 

coefficient less than 14.7 meant that the flow capacity of the valve was not enough to accommodate 

the desired flow rate. On the other hand, having a CV greater than 19 meant for a coarse control 

over the flow rate as the valve approaches full open. Figure 3.5 shows a graph of % open vs. flow 

rate for LOX. In this comparison it was assumed a ΔP of 7.2 psi for a fully open valve with a 

resulting CV of 14.7. Figure 3.6 shows a graph of % open vs. flow rate for LCH4. In this 

comparison it was assumed a ΔP of 5.4 psi for a fully open with a resulting CV of 14.7. For both 

fluids as the valves moves to a new position or % open. The values for ΔP, volume flow rate, and 

CV changed. These values and graphs were used to find an adequate throttle valve. Habonim 

Industrial Valves and Actuators was the company from which the valves were sized and bought. 
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Figure 3.5: Habonim Valve % Open vs. Flow Rate with a CV of 14.7 

Figure 3.6: Habonim Valve % Open vs. Flow Rate with a CV of 14.7 
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A round port for a throttle application is highly unadvisable. The circular area as seen in Figure 

3.7, makes the flow control very difficult. The difficulty comes from, as the valve is opened or 

closed and reaches the middle section of the circle with a small rotation a lot of areas is either 

exposed or blocked, allowing or blocking the flow. Then the flow rate recorded would be very 

sporatic. For the engine to be able to throttle this type of response does not work. Many companies 

including Habonim Industrial Valves and Actuators have the option to switch the circular port to 

a V-shaped port as shown in Figure 3.7.  

Figure 3.7: Valve V-port comparison (30°, 60°, 90° and Round Port) 

For the V- port Habonim offered 3 variances a 90, 60, and 30-degree size port, as seen in Figure 

3.7. As previously mentioned a CV coefficient of more than 14.7 was required. The 60˚ variance 

offered a 15.2 value for CV. Table 3.2 shows a comparison of %open vs. CV for the LOX and 

LCH4 valves and comparing it to the manufacturers values for a 60˚ v-port. These information’s 

would be useful when the valve system is ready to be tested. 

Table 3.2: Theoretical CV values and the manufacturers 60˚ port values at different % open  

LOX Valve LCH4 Valve 60˚ V-port manufacturer 

values 

% Open CV % Open CV % Open CV 

20 0.3 20 0.4 20 0.4 

30 0.8 30 1.0 30 0.9 
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40 1.7 40 1.8 40 1.7 

50 2.7 50 2.6 50 2.6 

60 4.1 60 4.1 60 4.1 

70 5.8 70 6.0 70 5.8 

80 8.4 80 8.5 80 8.2 

90 11.7 90 11.4 90 11.0 

100 14.7 100 14.7 100 15.2 

The CV values between the theoretical desired and the manufacturers ports were very closed. For 

this reason, the green light to buy the 60˚ v-port valves was given.  

 Habonim offered a distinct valve for the liquid oxygen and liquid methane. In appearance, 

they both were 3-piece ball valves with a V-port and safety features. The inside components like 

the seats and seal were made from different materials to accommodate the fluid that was going to 

flow through. The seats are the seal that are placed next to the ball port. The valve that is going to 

be used to flow the liquid methane has a carbon filled polytetrafluoroethylene (CF PTFE). This 

seal is used for valves that transport flammable fluids because in the case there is a fire inside the 

pipeline they can allow a few moments before the fire comes out of the valve. The oxygen valve 

has a modified polytetrafluoroethylene (TFM PTFE) seal. This seal is known to be inert or 

compatible with pure oxygen making it safe to transport the liquid oxygen. TFM PTFE offers a 

temperature range of -328°F to 448°F. -328°F is 8° colder than what has required the valve to 

handle. Also since the valve is not directly in touch with the combustion chamber, the heat from 

combustion should not reach the valves after firing. Another property that these valves have is that 

they are anti-static. This feature prevents the valves from building electricity and causing a spark 

that could ignite these highly flammable materials. The different components and properties the 

valves have the transport of both the liquid oxygen and liquid methane should be manageable. 
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There was a modification from the manufacturer that was made of these valves by request 

of cSETR. Cryogenic service valves come with a bonnet as shown in figure 3.8. 

Figure 3.8: Cryogenic Service Valve  

 The bonnet was designed to put some distance between the seals and the cold fluid usually 

9” away. This is to prevent the seal from getting frozen. Inside the bonnet, the gases also act as an 

insulator to give the seal extra protection. The modification that was requested was to remove this 

bonnet because there is a limited space where the valves are going to be placed. Also, a separate 

actuation system is going to be added to the stem of the valve for autonomous open and closing of 

the valve further adding to the length. Assuming the risk of damaging these seals and leaking 

propellant the valves were bought without the bonnet. However, the valves are going to have the 

same seals that valves with bonnets have. Before, fully relying on these valve for the injection 

system a couple of tests will be performed. These tests are fully discussed in later chapters.  

From the start, it was said that a pneumatic type of motor would not be used because of the 

cryogenic conditions. Since this kind of motor relays in the air to move, exposure to -320F 

environment could further compress the air inside the cylinder. Since the engine is going to get 
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above 500 F, this sudden change in temperature can cause a rise in pressure and destroy the 

pneumatic system. For this reason, the decision to use an electric system was made.  

The valves that were selected have some properties that were used to size an electric motor. 

One of them is the amount of torque required to open  the valve. The other is the amount of time 

that is desired to fully open a valve from 0 % to 100% open. 

Table 3.3: Valve Requirements for Motor Selection 

Autonomous Valve Requirements 

Torque 187 lbf-in 

Response Time 0.5 sec 

Power 144 watts 

 Table 3.3 shows the values necessary to size the electric motor. Using the torque and time 

some algebraic manipulation was used to get the power required to operate the valve. The power 

value was used to find a suitable electric motor. The speed that the motor should operate at is about 

30 RPM. From the Habonim, it was said that the valve used for methane has a breakout torque of 

187 lb-in. Then using the diameter of the stem that is 7/16” the force required to open the valve is 

524.84 lbf.  

The motor that was picked is a Maxon Motors stepper electrical motor. The model for the 

motor is a 200 watt with graphite brushes. Maxon offered a combination of an electric motor and 

a gearbox.  

Table 3.4 Electric Motor specifications 

Maxon Motor and Gearbox Specifications 

Power 200 Watts 

Torque 3.7 lbf-in 

Speed 5,420 RPM 

Gear Ratio  71:1 
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Max Amperage 7.07 amps 

Table 3.4 shows the specifications of the motor and gearbox. The voltage and current are 

parameters that can be adjusted depending on the speed and torque desired. The motor and gearbox 

combination give a max speed of about 76 RPM and a max torque of 262 lbf-in. Maxon also 

provided some relations to help calculate the torque and velocity the motor will output depending 

on the amount of voltage and current. Figure 3.9 shows an illustration of the motor and gearbox. 

     𝑀𝑎𝑐𝑡 = 𝐴𝐴𝑣 ∗ 𝑀𝐶𝑜𝑛𝑠                    (3.2) 

    𝑉𝑎𝑐𝑡 = (𝑉𝑛 ∗ 𝑉𝑠𝑢𝑝𝑝) − (𝑀𝑎𝑐𝑡 ∗
𝑆

𝑇𝐺𝑟𝑎𝑑
)      (3.3) 

Figure 3.9: Electric Motor, Gearbox, and encoder assembly 

Equation 3.2 is used to calculate the torque the motor generates depending on the current 

the motor can grab. Mact is the amount of torque the motor generates, AAV is the amount of current 

available for the motor to grab and Mcons is the torque constant of the motor (this value is found in 

the motor's spec sheet). Equation 3.3 calculates the velocity of the motor where Vact is the velocity 

if the motor, vsupp is the voltage supplied to the motor, Vn is the speed constant of the motor found 
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in the spec sheet, Mact is the actual torque of the motor as previously mentioned and (S/T)grad is a 

constant found in the spec sheet of the motor. The spec sheet of the motor is found in the Appendix 

. As a note, these values are for the motor only no gearbox. The motor is rated for 36 VDC; this is 

the maximum voltage that the motor needs to operate.  

Table 3.5: Expected performance parameter for motor  

AAV 6.06 Amps 

Mcons 60.4 mNm/Amps 

Vsupp 24 V 

Vn 158 RPM/V 

(S/T)grad 0.638 RPM/mNm 

Mact 366 mNm /3.24 lbf-in 

Vact 3558 RPM 

Power Supplied 145 W 

With Gearbox Speed 50 RPM 

With Gearbox Torque 25986mNm / 230lbf-in 

If the full voltage can not is supplied, the motor is able to operate in a range of 12 to 36 

VDC this would only affect the velocity of the motor. A similar thing happens with the current if 

the max amount of current cannot be made available for the motor. The motor would only grab the 

max amount of current that is available by the system. 

Table 3.5 show the expected speed and torque the motor will delivered having a supply of 

24 V and 6.06 amps. The torque with the gearbox is expected to be at around 230 lbf-in. This value 

exceeds the required 187 lbf-in, giving assurance that the actuation system would be able to move 

the valve. The speed the motor would deliver is at about 50 RPM. If this speed is attainable when 

operating the valve, the time for the valve to go from fully closed to fully open reduces to 0.3 sec. 

Since the values for torque and speed are greater than what it was required, it gives confidence that 

the system will work for the throttling purposes and even achieved more than originally desired. 
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The components that are going to allow for the communication between the motor and a 

computer are the encoder and the EPOS 70/10. Figure 3.10 has an illustration of the encoder and 

EPOS 70/10. The encoder is the primary communication between the stepper motor and the 

computer. In simple terms, this piece of equipment counts the steps of the shaft of the motor. Then 

the EPOS 70/10 is the modular controller that sends the position of the motor and receives the 

signal from the computer to the encoder then to the motor.  
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Figure 3.10: Epos 70/10 (Left) and Encoder (Right) 

Since the actuation system (motor, gearbox, and encoder) and the valve is a custom-made 

system made to comply with the requirements. Some additional parts needed to be manufactured. 

The connection between the actuation system and the valve needed to be made. This part is going 

to be referred as the thermal standoff. The standoff should not allow heat from the actuation system 

to be absorbed to the point where the temperature at the shaft of the actuation system be -4˚F. This 

temperature was gotten from the low-level temperature limit of the actuation system.  

Figure 3.11 Thermal Standoff Motor connection dimensions, motor (Left) and valve (Right) 

connection 

0.58” 0.43” 
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The stem on the valve where the handle is and the shaft of the motor was used to design the 

interfaces of the standoff that connects the valve and actuation system. A simulation of the Thermal 

Stand-off will be further discussed in a later chapter. Figure 3.11 shows the connection of both the 

actuator shaft and valve stem. The section for the stem has a diameter of 0.43" and to straight 

features to allow for a shaft with a similar shape to rotate the stem. The other connection with a 

diameter of 0.58" was made for the motor shaft. The key groove is the part of the shaft that allows 

it to rotate whatever is attached to it, to help with the transfer of torque. One of the distinguishable 

features of the thermal standoff is that it has many holes in the middle section. It is pretty much a 

shell with holes. The idea behind this design is to allow air to pass through that section and act as 

an insulation to prevent heat absorption out of the motor. These features are to help prevent the 

actuation system from reaching its temperature limit. 

The thermal standoff from the beginning it was chosen to be made from titanium. This 

decision was made because Titanium has a low heat transfer coefficient and a high strength value. 

Also, it was  

Figure 3.12: Full Frame Assembly with Valve and Motor Included 
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one of the materials that can be additive manufacture at the Keck Center. Also, thermal analysis 

was performed using Ansys Fluent. The process of how the boundary conditions were determined 

and the results will be discussed in a later chapter 

Also, a frame was designed to hold together the valve, actuation system, and the thermal 

standoff. Without this frame, either the valve or the actuation system would spin out of control. 

This frame is going to hold I place the valve and the actuation system and only allow the thermal 

standoff to move. Figure 3.12 shows the CAD of the frame. The primary requirement is that it 

should hold the torque of 187 lb-in.  

Figure 3.13: Manufactured Frame Assembly 

Figure 3.13 shows the manufactured frame with the valve and actuator. The frame consists of 1/4" 

studs 9” long. These studs were picked over a rod because using nuts the positioning along the 

stud of any of the plate can be adjusted. Also, a longer stud could be employed to hold any other 
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component or to hold this frame on to any other structure of the engine. Two 5” diameter plates 

with a thickness of ¼,” were used. One of them is to hold the actuator from the already 

manufactured holds on the gearbox. The other plates were used to place the valve. A set of three 

S shape brackets are going to be used to hold the valve in place attaching it to a plate. These 

components make part of the autonomous injection valves that will allow the CROME and 

CROME X engines throttle. 

3.2.1 Finite Element Analysis On Thermal Standoff 

As previously mentioned the thermal standoff was designed to be a connection between 

the actuator and the valve. The requirements that this component needed to accomplish are to be 

able to withstand the torque and speed of the actuator. Also, it had to act as an insulator for the 

actuator that had a low-temperature limit of about -30˚C and not let the temperature on the side of 

the actuator drop below the limit. On the other side of the thermal standoff is the valve. When 

flowing the propellants, the valve would have a temperature of about ≤-151˚C. For this reason, the 

actuator needs protection from the low temperatures. The overall design of the thermal standoff is 

a cylindrical rod with a hollow mid-section with a lattice. The purpose of the mid-section lattice is 

to increase the thermal resistance and by result increase the thermal gradient between the actuator 

and the valve. Thermal analysis was performed to find the optimal length for the thermal standoff. 

Since the large thermal gradient of 120˚C, more than likely will affect the mechanical properties 

of the thermal standoff a stress analysis was done in parallel with the thermal analysis. These 

analyses were performed using Ansys Workbench. Also, the thermal standoff required a safety 

factor to yield of at least 3.0. The material of the valve is stainless steel 316 and for the thermal 

standoff is a titanium alloy (Ti6Al4V ELI). Titanium was selected for the thermal standoff because 

it had a low thermal conductivity. Table 3.6 shows the properties of Ti6Al4V ELI. 

Table 3.6: Ti6Al4V ELI Material Properties used for Analisis 

Ti6Al4V ELI Material Properties 
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Yield Strength  930Mpa/134.9 ksi 

Ultimate Tensile Strength 970Mpa/140.7 ksi 

For the simulations, a couple of different lengths and lattices arrangements were designed 

for comparison. The changes went from changing the quantity of hole and arrangement of the 

lattice to doing different length.  Figure 3.14 shows a couple of examples of the different designs 

that were used for the simulation.  

Figure 3.14: Thermal Standoff Lattice Iterations, (A) 2 Row Linear Pattern, (B) 2 Row Scattered 

Pattern, (C) 4 Row Linear Pattern, (D) 4 Row Scattered Pattern 

For the thermal and mechanical analysis, there are a couple of boundary conditions that 

were used for the simulation these are shown in Table 3.7. 
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Table 3.7: Thermal Properties used for Simulation  

Methane Convection (Inside Valve) (A) 

Heat Transfer Coefficient  16,012 W/m2*˚C 

Temperature -162˚C 

Oxygen Convection (Inside Valve) (A) 

Heat Transfer Coefficient  14,560 W/m2*˚C 

Temperature -183˚C 

Ambient (Around the Rod) (B) 

Heat Transfer Coefficient  10 W/m2*˚C 

Temperature 10 ˚C 

These conditions were applied in a certain section of the valve assembly as seen in Figure 

3.14. 

Figure 3.15: (A) Location where the Oxygen/Methane convection was applied, (B) Location 

where Ambient conditions were applied 

As seen in Figure 3.15, the values for the oxygen conditions were applied there over the 

methane conditions because oxygen is colder in cryogenic conditions. For the mechanical analysis, 

the boundary conditions that were used were to apply a force of about 524.8 lbf where on the side 

of the thermal standoff where the actuator will be connected. On the opposite side, a frictionless 
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support was placed in all the faces inside the connections for the valve is. Figure 3.16 shows the 

location of these boundary conditions. Table 3.8 a comparison of all the designs results and helped 

decide of which design was better.  

 

Figure 3.16: (Left) Actuator Connection Side the red mark shows the location where the load 

was applied, (Right) Valve connection side.  

 

Table 3.8: Simulation Results for The Different Designs 

Length 

(in) 
Pattern 

Temperature 

(LCH4) 
Status 

Stress 

(LCH4) 

psi 

Safety 

Factor 

(LCH4 

Temperature 

(LOX) 
Status 

Stress 

(LOX) 

psi 

Safety 

Factor 

(LOX) 

3.80 Linear 
12.3˚C 

54.2˚F 
Success 

Max: 

31,600 / 

Min:40.0 

3.6 
11.2˚C  

52.2˚F 
Success 

Max: 

35,100 / 

Min: 6.81 

3.3 

3.35 Scattered 
5.8˚C 

42.5˚F 
Success 

Max: 

31,400 / 

Min: 30.4 

3.7 
4.0˚C  

39.2˚F 
Success 

Max: 

35,000/ 

Min: 35.5 

3.3 

2.85 Linear 
-11.3˚C 

11.5˚F 
Success 

Max: 

30,100 / 

Min: 585 

3.7 
-15.2˚C  

4.7˚F 
Success 

Max: 

34,600 / 

Min: 504 

3.3 

2.85 Scattered 
-9.6˚C 

14.6˚F 
Success 

Max: 

33,400 / 

Min: 412 

3.3 
-13.3˚C  

8.13˚F 
Success 

Max: 

38,700 / 

Min: 521 

3.0 

2.60 Linear 
-22.5˚C 

 -8.5˚F 
Failure 

Max: 

31,800 / 

Min: 460 

3.6 
-27.6˚C  

17.7˚F 
Failure 

Max: 

35,600 / 

Min: 566 

3.2 

Looking through the different designs, all of the tested configurations had passing values 

for the stress even with the big thermal gradient. These results show that the titanium alloy is a 

very good when dealing with the stresses and the temperature gradient. The 3.80" design had the 

largest thermal gradient registered,but the length does not work.In the other end the design with 

the length of 2.60" has a temperature too close to the limit of the actuator causing the design to 

fail. The design that was ultimately selected was the one with the length of 3.35". This design had 
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the second highest thermal gradient, and the length is within the boundaries that were set by the 

vehicle team. Figure 3.18 shows where the stresses concentrated in the rod having both the thermal 

and stress analysis performed at the same time 

 

 

 

Figure 3.17: Visual Representation for Stress Concentration, (Left) Valve Connection Side, 

(Right) Lattice View 

Most of the stress is located on the side where the valve is connected because in this section 

is where the highest thermal gradient is. Some of the stress also gets distributed through the lattice 

because of its one of the weakest sections of the thermal standoff. However, the values of stress in 

this section is not big enough to cause issues unless the stress gets to high. This scenario seems 

unlikely because the force that was used for the boundary conditions is the maximum torque the 

actuator system can deliver. An outside force needs to come in to cause any damage. The 3.35" 

long design was selected to be the design to be used as the thermal standoff because it's thermal 

gradient and stress concentration are adequate to work under the conditions that were set.  

3.2.2 Finite Element Analysis in Frame 

The frame was designed to keep the actuator-valve assembly together without any physical 

rotation of neither of the valve or actuator. The frame is made from two cylindrical plates. One 
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would hold the valve by latching to it using some Z shaped brackets. The other plate is going the 

hold the actuator by using the bolt circle included in the actuator. This will prevent the actuator 

from spinning out of control. For the pillars, it was decided to use studs because they would allow 

for adjustment of the frame and also if need be other components could be bolted into the frame. 

These studs could also be  

Figure 3.18: Location of Boundary Condition In The Frame 

used for hooking the frame to any other structured that would allow it. All of these 

components were made out of stainless steel 316. Figure 3.13 shows the full manufactured frame 

design. To be sure that the frame was going to be able to handle the stress of the actuator an FEA 

was done and to determine the adequate diameter of the studs and thickness of the plates. Figure 

3.19 shows the location of the boundary conditions that were applied. The red arrows represent 

the torque applied. The value of the torque was 187 lbf-in. The pillars were fixed. Figure 3.20 

Shows the results of the FEA.  
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Figure 3.19: FEA Results in Plate Holding Actuator 

From the results, it can be concluded that the max stress was located near the holes where 

the actuator is going to be held with bolts. The max stress was about 5,700 psi making the safety 

factor 7. These results showed that the frame should not have any issues with the torque that the 

actuator delivers, and the design conceptually works. 

3.3 CROME AND CROME X HARDWARE (SEALS) 

The first iterations of the CROME and CROME X engines have many mating parts. Certain 

sections have either propellants or combustion products running on one side of them. The engine 

was made modular to allow ease of dissembling because the first iterations of both engines are 

only meant for testing purposes. For example, if there is any catastrophic incident where a 

component of the engine like the nozzle was destroyed. The damaged nozzle and the sealant that’s 

in the injector could be removed and replaced with  

Figure 3.20: Teflon Sealant Locations within The CROME X 
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a new nozzle, and sealant. Figure 3.20 shows the mating parts that required seals in the engine. On 

the left side is the connection between the injector tubing into the injector body. This junction will 

have to pass through liquid methane at temperatures of around -280˚F at a pressure of about 300 

psi. On the right is the connection between the injector body and the chamber. Ignition is going to 

happen inside the junction between the injector body and the chamber. Through this junction, the 

combusted material is going to pass by at temperatures of around 5,000˚F without film cooling 

and pressures of 200 psi. These junctions need a seal that will contain the cold fluid and the hot 

combusted products.  

The seal that was picked for this task was a Teflon type seal from GORE. Johnson Space 

Center (JSC), engineers/mentors, uses this material regularly on their test engines with no major 

incident. JSC mentors explained that they used this material and brand because of its easy 

installation to almost any surface. The seal performance at the harsh conditions was acceptable. 

They said that they indeed saw some leaks however they had to fail-safe around the delicate section 

to prevent further damage to the equipment. This fail-safe consisted of running nitrogen an inert 

fluid through sensitive to leaks sections of their system. They also mentioned that they rarely had 

to replace a seal after a fire. The only occasion they replaced any of the seals was when they had 

taken apart the chamber from the injector body. This was because as the Teflon was compressed 

between the interfaces, and it went through a plastic deformation making it unusable after 

compressed. Also as time passed and the harsh conditions, the Teflon start flowing/creeping 

through the surfaces where it was placed. Also, Teflon is a material that is safe to use with pure 

oxygen and methane because it is inert to any of these fluids. The only requirement that the seal 

has is that it requires an installation pressure of about 2,500 psi evenly distributed. The low-end 

temperature limit of -400˚F the seal makes it adequate to be used on the propellant system. The 

lowest expected temperature for this system is -320˚F. The -320˚F value was obtained from the 

boiling temperature of liquefied nitrogen that is -320˚F at atmospheric pressures. The high-end 

temperature limit of the Gore seal is 600˚F. This limit brings doubt because the expected 

temperature for combustion is at around 1000˚F. Even though JSC engineers recommended the 
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use of this type of seal and this brand a test was developed to assure the use of this seal is safe 

when firing. On a later chapter, the test for this seal will be further discussed. One thing to 

understand is that the Teflon seal is not an adhesive that holds together any two mating parts. The 

Teflon is more for filling up any possible leak path that is left from uniting two solid surfaces. For 

this reason, this seal has an installation pressure requirement. The max pressure in the system and 

installation pressure work hand in hand with how good the seal was. For example, if the seal is 

placed in a flange to unite piping. The pressure inside the piping will mostly be along the walls of 

the piping not affecting the way the seal was connected. Another case is when the Teflon is used 

to seal two hemispheres. When pressurizing, part of the pressure will try to pull apart the flanges 

where the Teflon was installed. In this circumstance, the amount of pressure used when installing 

the Teflon become very critical to the success of it preventing any leaks. Some other factors come 

to play too with type and grade of the bolts used.     
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Chapter 4 Injector Sealants 

4.1 SEAL TEST 

As previously mentioned, the Gore Teflon sealant has a high-end temperature limit of 

600˚F that causes concern, because when the engine starts combusting the liquid methane and 

liquid oxygen the flange might reach temperatures of about 1000˚F. There is a possibility that the 

sealant my get burned to the point where it’s sealing capabilities is depleted. This temperature is 

about 60 % higher than what the seal limit is. A test campaign was started to reassure that the 

Teflon will keep a good seal even after being cycled through temperatures of about -200˚F to 

600˚F, having a temperature gradient of 800˚F. A flange was developed using similar dimensions 

as the 500 lbf engine chamber to test the temperature parameters. Another objective to test is how 

bad is the creep for the seal when undergoing a big temperature change of about 1,700˚F. Creep, 

in this case, means that over time as the sealant has a constant pressure being applied. The sealant 

starts flowing, and the initial pressure that was applied at first will start to decrease. This behavior 

might cause the sealant to stop sealing properly and cause leakage in the system. The decreased 

pressure can be quantified by measuring the change in length of the bolts after they were tightening 

by a certain torque. 

     𝐹 =
𝐸∗𝐴𝑇∗∆𝐿

𝐿𝐸
       (4.1) 

Equation 4.1 was used to calculate the amount of force applied to each bolt. In this equation E is 

Young's modulus of the bolt, AT id the tensile area of the bolts, ΔL is the elongation the bolt gets 

when putting force and LE is the effective length of the bolt. The effective length of the bolt is the 

section that is a stretch when applying a torque. The section of the bolt that remains outside the 

nut that is not considered within what is being stretched.  AT or the tensile area of the bolt is the 

cross-sectional area that falls in between the pitch diameter and the minor diameter of a bolt. The 

value for AT is a very standard that it comes in charts where the information of the bolt sizes and 

grades come. However, equation 4.2 is another method of finding the tensile area of a United 

Thread Coarse (UNC) bolt.  
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     𝐴𝑇 =
𝜋

4
(

𝑑𝑚+𝑑𝑝

2
)

2

              (4.2) 

In equation 4.2, Dm is the minor diameter, and Dp is the pitch diameter of a bolt. Figure 4.1 shows 

an illustration of all the measurements of a bolt. The effective length can be calculated using 

equation 4.3. 

Figure 4.1 Bolt Measurements Illustration  

     𝐿𝐸 = (
𝑑𝑡𝑠

𝑑
)

2
∗

𝐻𝐵

2
+ 𝐿𝐽 +

𝐻𝑁

2
     (4.3) 

Table4.1: values used to calculate pressure applied to sealant 

E 28000000 psi 

AT 0.05 in^2 

ΔL 0.003 

LE 1.46 in 

HB 0.19 in 

HN 0.26 in 

LJ 1.35 in 
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DTS 0.25 in 

F/bolt 2876 lbf 

Pressure on sealant  3,600 psi 

Where dts is the diameter of the tensile area or the mean between the pitch diameter and 

the minor diameter, d is the diameter of the bolt, HB is the height of the bolt’s head, LJ is the overall 

length of the bolt and HN is the height of the nut used. As a note, the height of the washer was 

taken added to the height of the head of the bolt and nut. This equation considers the section of the 

bolt inside the nut and the head of the bolt that gets stretched. A factor that affects the way the 

force in the bolt is calculated is if the bolt is fully or partially threaded. This affects the bolt 

calculations because when calculating the force that can go through the bolt. The cross-sectional 

area of the bolt is different. The fully threaded bolt cross-sectional area need to be calculated using 

equation 4.3 is different. In this case, there would be two different tensile areas one for the threaded 

and the other for the solid section. On the other hand, the cross-sectional area of the bolt that is not 

fully threaded is just the area of a circle using the diameter of the bolt. The force will need to be 

calculated using a combination of both cross-sectional areas. For these tests, a fully threaded bolt 

was used, and equation 4.3 stands as it is. 

Table 4.1 show the values used in the equations to calculate the pressure administered to 

the sealant. The force per bolt is also known as preload. The sealant needs an installation pressure 

of 2,500 psi. However a safety factor of 1.5 was included to assure that the sealant had enough 

pressure to be considered sealed.  
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Figure 4.2 Gore Seal Tape Variety 

4.1.1 Gore seals used 

For these tests, there were two kinds of Gore Teflon sealant used. There is the tape; this 

sealant has adhesive on one side to prevent it from moving when installing it on a surface. There 

is also a set of tips on how to cut the ends of the seal to have the best seal possible. Figure 4.2 

shows the Gore tape seal  

Figure 4.3: Tape Sealant Installation  
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variety.  Figure 4.3 shows how to lay down the seal into a surface and how to cut and 

connect both ends. For this type of sealant, there were many widths to choose from. The way that 

a width for the tape was picked was through Mcmaster Carr selection criteria. When going through 

the selection of the different widths, there is a column that says different flange sizes. The pipe 

sizes were used as a reference to get a width for the Teflon tape. For the 500 lbf engine, the flange 

that connects the injector body and the chamber is approximately 5 ½”, This size corresponded 

with a width of 3/8" for the sealant. Also, the ¼” wide tape was obtained to have a comparison of 

the different widths. The other kind of seal that was tested was a gasket type. This gasket comes 

in squared sheets; the picked size was a 6” by 6” with a thickness of 1/8”.  Unlike the tape Teflon, 

the gasket needs to be cut out from the gasket sheet.   

Figure 4.4 Gore Gasket Sheet  
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Figure 4.4 shows the gasket before being cut out to fit into the test article. The only requirement 

for the dimension of the cut-out gasket was that the inner diameter needed to be slightly bigger 

than the diameter of the hole in the test article (will be discussed on a later chapter). The width of 

the gasket was decided to be 3/8” like the Teflon tape to have a comparison of their performance 

when comparing both.  These configurations of seals will go through to temperature cycling using 

temperatures as low as -200˚F and go up to 600˚F and be pressurized to about 100 psi. This data 

is meant to be used to gain confidence in the use of either the Teflon gasket or the Teflon tape on 

the actual fire test of the CROME or CROME X engines  

Figure 4.5: Manufactured Test Article Plates, Base (Left) and Top (Right) 

4.1.2 Test article 

A test article was developed to represent the method of how the injector body and the 

chamber of the 500 lbf engine were designed. Figure 4.5 shows the two pieces that were 

manufactured for these test. It consists of two plates of the same thickness of about an. One of the 

plates has hole 0.5” in depth, this plate was called base, and the other that only has the bolt circle 

is called the top. This hole acts as a chamber to hold pressurized nitrogen when both plates are 

bolted together. The diameter of the hole is about 5 1/2”.  This diameter is not the same diameter 



 43 

of the 500 lbf engine chamber diameter as seen in the comparison if the plate and the actual engine 

chamber as seen in Figure 4.6.  

Figure 4.6: 500 lbf Chamber (Left) and Test Article (Right) 

The larger diameter of the test article was done that way to accommodate the grooves of the 

acoustic cavities within where the sealants are going to be placed. Also, this chamber design is 

meant to hold 100 psi of nitrogen. Both plates had a simulation done using FEA to validate that 

indeed having pressurized nitrogen up to 100 psi was going to be safe.  

Table 4.1 SS 316 Properties 

SS 316 Properties 

Tensile Strength  84 ksi 

Young Modulus  28000 ksi 

Melting Temperature  2,500 ˚F 
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Table 4.1 shows the properties of stainless steel 316. A simulation was performed on the plates to 

assure that they will work under pressure. To start the simulation, the boundary conditions that 

were set are to put a fixed condition in the area where the washers would be. This condition was 

set because that is the area that will hold the flange from being taken apart as the chamber is being 

pressurized. Both plates had the same kind of boundary condition. Then the base and top had a 

pressure of 100 psi on the inside to simulate the pressure trying to take apart the plates when in 

pressure. Stainless steel was picked since it’s a material that is very commonly used when dealing 

with cryogenic fluids for tubing, fittings, and any critical component. Ansys Mechanica was used 

to  

Figure 4.7: Stress simulation for Test Article Components Base (Left) and Top (Right) 

perform the FEA of both plates. Figure 4.7 shows the results of the simulation for both plates. 

From Figure 4.7 the max stress is in the area close to the bolts circles for the base plate. The value 

of this stress is about 18,200 psi. This gives the design to have a factor of safety of about 4.6. The 

top plate showed a similar behavior near the bolts in the stress distribution, and the stress still has 

a high safety factor. The results from this FEA showed that the plates are going to be able to work 

under the conditions set for this test. 
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The bolt circle load distribution and bolt selection are important because the Teflon gasket 

and tape depend on the amount and equal distribution of the load administered during installation 

to seal properly. The fasteners in the bolt circle should be able to evenly distribute and deliver a 

pressure of 1,500 psi to the sealant. These criteria were used to size and set the number of bolts for 

the test. As a rule of thumb, the bolts should be tightening to a minimum of 75% of their material 

tensile strength (proof strength). The term proof strength is used for the bolts maximum strength 

before there is any plastic deformation. In other words, this value stays within the bolts elastic 

deformation spectrum. This value is to assure that the bolt is tightened enough that it would not 

come loose on their own. Another parameter that was considered when sizing the bolts was the 

pressure inside the chamber when pressurizing the system. This pressure was added to the forces 

the bolts should be able to handle when testing. The reason for adding this force was because as 

the test article is being pressurized. The pressure will remove 100 psi from the installation pressure 

the sealant has from installation. This could generate a leak as the test article is being pressurized. 

For the bolt design, it was decided to use 18-5/16” diameter bolts. Also, when picking 

bolts, they have force grading going from 1 to 8, varying in their proof strength and material 

composition. For this project, it was chosen to use grade 8 bolts.  

Table 4.2: Properties Used for Force Calculations  

Grade 8 Bolts Properties 

Tensile Strength  150 ksi 

Material  Zinc Yellow-Chromate Plated Steel 

Young’s Modulus 28,000 ksi 

Thread Type  UNC 

Thread Spacing Coarse 

Table 4.2, shows the properties of the bolts used. The length of these bolts was picked to 

be 2.5”. Since both the plates were 1” in thickness and a section of the bolts needed to stick out to 

be able to use washer and nuts to tighten them properly. Since each bolt have a tensile strength of 
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about 150,000 psi and a proof load of about 6,800 lbf. The proof load is the maximum amount of 

load the bolt can handle. The number of bolts can be obtained by using equation 4.4. 

    3 ≤
𝜋𝐷𝑏

𝑁𝑑
≥ 6        (4.4) 

Db is the bolt circle diameter, N is the number of bolts within the circle and d is the nominal 

diameter of the bolt. This equation is used to obtain the optimal value of the bolt circle diameter. 

The parameters that need to be followed are that if the equation has a value of 3 or less the bolt 

circle is too small that a wrench does not fit and makes it almost impossible to tighten the bolts. 

On the other hand, if the value is greater than 6. The bolt circle diameter is too big, causing the 

force distribution not to be evenly spread out when tightening the bolt circle. Using the force that 

each bolt will have and the diameter the torque can be calculated. In a number of mechanical design 

books, it is suggested to add a stiffness factor when trying to calculate the torque because almost 

every torque wrench has a plus or minus 20% of error when applying a torque. The calculated 

torque for each bolt was 225 lb-in. The total elongation of the bolt was calculated too to proof that 

the bolt was applying an approximate load of 2,500 psi to the seal. This bolt patterned calculations 

were used to prove that the quantity and type of bolts picked are adequate to be used in this test. 

4.1.3 Seal Installation requirement  

The Teflon gasket and tape have different methods of installation, but both have the same 

pressure requirement of 2,500 psi at installation. The Teflon tape has a very simple process of 

installation. Since in one side of it has adhesive the application in a surface become very simple. 

In the  

 

Figure 4.8: Illustration of How to Place Ends of Tape Sealant 
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gore website it is suggested to cut both tips at a 45-degree angle as shown in Figure 4.8 to improve 

the seal in that area. As mentioned before the gasket must be cut from the 6” by 6” sheet.  The 

Teflon tape layout and dimensions were used as a reference to cut out the gasket. Since the gasket 

does not have any sort of adhesive the assembly of both plates has to be done carefully. Once of 

plates are assembled together, and the bolts are placed in each hole with their nut and washer. The 

bolts will be torqued using a torque wrench. 

Figure 4.9: Test Article Bolt Labeling 
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 Figure 4.9 was used to arrange a pattern to try an equally tightened the sealant. The order of the 

pattern followed was 1, 4, 7, 2, 5, 8, 3, and 6 at increments of 40 lb-in with the torque until 185 

lbf-in was achieved. 

Figure 4.10: Fully Assembled Test Article, Test Ready  

Figure 4.10 shows a fully assembled test article. For both the sealant types, the test article was 

assembled the same way. After all the bolts have been fully loaded, a micrometer was used to 

measure how much displacement the bolts went through. This same instrumentation was used to 

record the length of the bolts before they were put in the test article. Equation 4.1 was used to get 

the total force in each bolt.  
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4.1.4 Testing Results  

Figure 4.11 Seal Test Pipe and Instrumentation Diagram 

Figure 4.11 shows the pipe and instrumentation diagram for this test. This schematic shows 

an overall picture of how the test looks like on paper. Figure 4.12 is the actual test set up fully 

assembled with the required torque in each bolt. For the first results, the Teflon tape was used. As 

the Teflon tape was applied, the location where both ends meant was noted.  To have a better 

measurement of the force  
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Figure 4.12: Physical Representation of Seal Test 

in each bolt, the elongation of the bolts was recorded. The elongation of the bolts was done by 

measuring the original length of the bolts and after applying the torque with a torque wrench. The 

length of the bolt was measured once more, and the difference between both measurements is the 

elongation. The test article and the bolts used were labeled as shown in Figure 4.9 to keep track of 

the measurements of each bolt and the location where both ends of the sealant tape met. The figures 

previously mentioned can be used to follow what happened during testing as far as flowing the 

LN2 and pressurizing the test article with gaseous nitrogen (GN2). Following the procedures 

document that was drafted for this test, the liquid nitrogen (LN2) was flowed through to get the 

test article cold to -200F. Having the test article at this temperature meant that neither water nor 

snoop was adequate to check for any possible leaks. The test article was warmed up to room 

ambient temperatures to be able to measure the elongation of the bolts and leaks check the system. 
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Table 4.3: The Total Force and Pressure Before and After Installation Applied to the Sealant 

Tape 

 Measurements at Installation Measurements after Cold Treatment 

Total Force (lbf) 22,093 20,214 

Total Pressure (psi) 2,975 2,722 

 Table 4.3 shows the total force and pressure before and after the test article was put through the 

cold treatment. Also, the measurements were taken when the test article was at room temperature. 

Once the flange was taken back to room temperature, it was placed in a bucket full of water to 

inspect if there was any leak visually. A pressure of 100 psi using gaseous nitrogen (GN2) was put 

through the flange. This visual inspection showed a very small bubble if any throughout the flange. 

Overall, this leak check, it was concluded that the sealant did not leak or that it passed the leak 

check.  Then the flange bolts were retightened to have 185 lbf-in. The 185 lbf-in showed to be a 

leak-tight torque quantity for the flange. This procedure was done several times to see if there was 

any fatigue in the sealant to cause any major leakage. After each cold cycle and checking for 

leakage using water. Every time there was either a small bubble that sporadically floated up or no 

bubbles were showed. Through this test, it was shown that the Teflon tape is very effective when 

dealing with low temperatures.  

The next step was to place it in a heat treatment. The equipment that was readily available 

and that was big enough to fit the 5” diameter flange had a high-end temperature limit of 480˚F. 

The time for the test article to achieved 480˚F is about 45 minutes. The decision was made to leave 

the flange inside the oven for 2 hours. After letting the flange cool down to room temperature the 

force was measured.  

Table 4.4: The Total Force and Pressure Before and After Installation Applied to the Sealant 

Tape 

 Measurements at Installation Measurements after Heat Treatment 

Total Force (lbf) 25,581 14,814 
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Total Pressure (psi) 3,445 1,995 

Table 4.4 shows the results of the force of each bolt after it was heated up. The results 

showed that there was a drop of about 11,000 lbf in the force. Then the test article was placed in 

the bucket of water and pressurized to 100 psi. The sealant leaked from almost half of its 

circumference. Also in between the circumference where it leaked was the part of the sealant where 

both ends meet.  Then the flange was retightened to 185 lbf-in and successfully passed the leak 

check. The test article was placed once again in the oven under the same conditions that were 

previously mentioned. Once more the test article leaked from the same location leaking at a 

constant rate. The location where both ends of the sealant meet where located in the area where 

there was leaking. It can be concluded that the zone where the two ends of the tape meet are very 

susceptible to losing its sealing capabilities because more tests were conducted, and similar results 

were obtained.  

Figure 4.13: Sealant After Being Put in the Oven 
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Figure 4.13 shows the image of the sealant tape after it was put in the oven. The sealant was not 

too damage from being put through a temperature of 480 F. However, the adhesive that the tape 

had was left completely useless and probably affecting the performance of the sealant. 

Figure 4.14: Teflon Gasket after being Cut off from the Sheet  
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Figure 4.14 shows the Teflon gasket. As previously mentioned the gasket dimensions were 

taken by using the tape sealant as a reference for the width inner and outer radius. The gasket has 

similar installation requirements as the tape sealant for this reason the pressure/torque values were 

the same as the sealing tape. The same process that was previously described for the sealant tape 

was followed for the sealant gasket. However, the decision was taken to double the amount of 

torque. As a result, the load doubled in the sealant. The results after cold treating the flange showed 

that the force placed in the gasket remains almost the same except for a few exemptions in some 

bolts. The leak inspection was successful as no bubbles formed. The next part was to place the test 

article inside the oven for two hours at a temperature of 480˚F like before. After, the flange had 

cooled down to room temperature it was leaked check. This gasket also leaked but the area where 

it did was much smaller. Figure 4.15 shows a representation of where it leaked. The red highlight 

in the circumference of the flange shows the location where it leaked. Then the flange was 

retightened to 185 lbf-in of torque, leaked check, and placed inside the oven. The results were 

identical to what was seen before for the gasket, however, the location where the leak happened 

changed. After, the flange was disassembled. The gasket had very few burned spots.  

Figure 4.15: Representation of Leak Area in the Test Article (Red) 
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After these tests were done in the sealant tape and the gasket, both test subjects showed to 

be very reliable when dealing with temperatures of -200˚F. The leak rate was very minimal if none 

existent. The only occasion a leak was seen was for the sealant tape. The bubbles were almost the 

width of a quarter (.069”) .  Also, the time between each bubble was about 20 to 30 seconds 

between bubble. When retightening the test article, a torque of 185 lbf-in was sufficient to stop 

any leaking if it was spotted. The real difference between the sealants was shown when using the 

oven.  The results showed that the gasket has a better performance when dealing with high 

temperatures. A probable reason for the gasket to have had better results could be since it is a solid 

piece without having an overlapping section like the tape sealant. The tape sealant had a few 

aspects going against it. Number one was the overlapping of the end tips, even though the 

manufacturer had suggestions on how to prevent a leak path through this section. The leak check 

showed that when put through the temperature of 480˚F the seal would not hold. The adhesive 

could have been another problem because after the flange was heated up. The adhesive would burn 

as seen in figure 4.13. The burn marks that are seen in the figure are mostly the burn adhesive. On 

the other hand, the gasket was damaged very little, and the leaks were not very big nor constant.  
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Chapter 5 RCS Validation  

Whenever costume hardware is developed, there is a need to validate the features of the 

part as specified in the blueprints or any other requirement document after manufacturing. For 

example, on a rocket engine assembly one of the most crucial section of it, is the nozzle diameter. 

This diameter can be defined by using the thermodynamic relation for expansion ratio: 
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       (5.1) 

In this relation Ae and At are the exit and throat area respectively, Pe and Pa are the 

chambers, and exit pressure and k is the specific heat ratio of the gas. This equation and a few 

others like the thrust coefficient were used to size different component of an engine. Table 5.1 

shows the different  

Table 5.1: Comparison Of Designed and Actual Dimensions 

Engine Features  Designed Value (in) Actual Nominal Value (in) 

Chamber Diameter 0.500 0.499 

LOX Injection Orifice 0.018 0.017 

LCH4 Injection Orifice 0.016 0.016 

FFC Injection Orifice 0.020 0.020 

Throat Diameter 0.230 0.239 

Chamber Wall Thickness 0.125 0.127 



 57 

 

Figure 5.1: Visual Representation of what the Throat Area could be 

component names and dimension of the pencil thruster. The dimensions listed were used plus some 

other call outs for the manufacturer to machine the engine. These dimensions are important in the 

performance of the engine. For example, the throat area is very important for the thrust and/or 

performance of the engine. If the throat comes too big from the manufacturer, the combusted 

material would not flow at Mach 1 or choke. This phenomenon is called over-expanded nozzle. 

The other case where the nozzle is smaller than calculated. The pressure inside the chamber will 

be larger than expected causing an under-expanded nozzle.  Figure 5.1 shows these performance 

parameters that occur within the engine depending on the throat size results from manufacturing. 

It also includes the image of an optimum expanded nozzle. For this kind of performance, the engine 

was designed, and the dimension of the throat come into play. 
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Figure 5.2: (A) Modified Spark Plug, (B) Chamber, (C) Nozzle  

The engine assembly was divided into four different sections for ease of manufacturing and 

inspection. These four parts are a chamber, nozzle, injection rings and sparker.  

 

A 
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Figure 5.2 shows all the different parts. After all the components were manufactured, an 

inspection process was performed for each part. The instrumentation used to be able to validate 

these values were go and no-go gauges, and a caliper.  

Figure 5.3: Go-No-Go Gauge (Left) and Caliper (Right) used for Validation 

Figure 5.3 shows the go and no-go gauges and the caliper. The tolerance that the go and 

no-go gauge provide is ±0.0001”. This allowed for high confidence in the size of the injector holes 

that are  

Figure 5.4: Fully Assembled and Welded Pencil Thruster 

In the 0.001 magnitudes. With these tools, the engine was inspected, approved and ready to go into 

the final step of assembly. Figure 5.4 shows a fully assembled and welded pencil thruster. 
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5.1 WATER TESTING 

After the dimensions of the RCE were inspected and deemed acceptable, the next step is 

to do validation of the injector flow rates using water. These tests series was used to understand 

the performance and design of the injector orifices.  The injector performance parameters consist 

of the pressure drop across the injectors and volume flow rater leading to them. These test results 

were used to validate the theoretical values previously used to size the injectors. These 

comparisons and test experiences are also going to be very valuable when dealing with the hot fire 

testing of the engine and as experience for any future testing of any other system.  

Figure 5.5: Pipe and Instrumentation Diagram for RCS Water Test Set Up 

Figure 5.5 shows the piping and instrumentation diagram used to develop the water test. 

The sensors used in this set up were pressure transducers, flow meters, and thermocouples. These 

sensors plus valves (solenoids, needle, and globe valves) are shown in figure 5.6 within the test set 

up.  
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Figure 5.6: Physical Hardware with Sensor 

The way this system is going to work is by filling the tank with water up to 20 gallons. 

Then the tank was pressurized with compressed air varying the pressure from 20 to 80 psi. The 

flow meters  

 

Figure 5.7 Discharge Coefficient vs. Reynolds Number 
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Figure 5.8: Comparison Between Theoretical and Measured Discharge Coefficient For LCH4 
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Figure 5.9: Comparison Between Theoretical and Measured Discharge Coefficient For LOX 

required a bypass to protect them from over spinning because of a sudden increase in the pressure. 

This can be prevented by slowly pressurizing the flow meter. Once the tubing is filled with water 

up to the solenoid valves that are placed right before the injectors. The test is ready to commence. 

For this test, the injectors were tested separately and compared results to their respected theoretical 

values of flow rate and pressure drop.  
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Table 5.2: Tests Results for Water Test Validation for the RCE 

 

Table 5.2 shows the results of pressure drop and flow rate for the LOX and LCH4 sections 

separately. The uncertainties that were displayed for the pressure and flow rate for both sections 

were ±0.5 psi and ±0.0002 lbm/s. The results were used to obtain the discharge coefficient (CD) 

for both injection geometries. The values that were obtained for the discharge coefficient were 

0.86 for LCH4 and 0.76 for LOX. These orifices discharge more fluid than what was calculated. 

The theoretical values for both orifices were 0.65. To further analyze the discharge coefficient 

through the injectors, the values of CD were plotted against the Reynolds number. Figure 5.7 shows 

CD vs. Reynolds number for both LOX and LCH4. The CD values of LCH4 can be seen to remain 
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constant as the Reynolds number changes, and it can be concluded that the CD is dependent form 

the flow velocity. This trend is not followed by the LOX CD, as the value for Reynolds number 

increased the CD decreased. Equation 5.2  

   ∆𝑃 =
1

2𝑔𝑐𝜌
(

𝜔̇

𝐶𝐷𝐴
) → 𝜔̇ = 𝐶𝐷𝐴√2𝜌𝑔𝑐∆𝑃       (5.2)  

was used to determine the values of flow rate using the calculated CD and the ΔP across the 

injectors. Figure 5.8 and 5.9 are graphs that show the results for the mass flow rates based in the 

theoretical CD and the mass flow rates based on the CD obtained from testing. From these results, 

it was determined that the CD difference for the LOX section is about 15 % and for the LCH4 

section is 24%. For both injection orifices, the flow rates were higher than expected. These results 

are going to be used to adjust some variables of the fire test to be able to adjust to what the injectors 

are giving.  

  



 66 

Chapter 6 Actuation System Water Test 

As previously mentioned, the CROME and CROME X requires a custom-made throttleable 

system. There are various methods to be able to throttle a rocket engine one of them is through the 

valves or through the injection system. For both engines, it was decided to throttle using valves. 

Out in the market, there are many automated valves however none of these systems were able to 

achieve the time open requirement of 0.5 seconds. For this reason, an electric motor was size 

separately from the valves to be able to achieve the time open requirement. Then the valves had 

the v port feature to allow for a more linear control in the flow as the position of the port changes. 

Then for these components to be able to work together, two more systems were generated to couple 

the motor and valves together. These were the thermal standoff and the frame. The thermal standoff 

was designed to directly connect the valve and motor and transfer the required torque to open the 

valve from the motor. Also, it was designed thinking to protect the motor from the cryogenic 

temperatures the valves will get. The frame is meant to hold the motor, valve, and thermal stand-

off together. The frame and the thermal stand-off will have a visual test to see if they are able to 

allow the motor to move the valve successfully. The valve will go through a verification test, to 

calculate how much flow or CV it will allow at every position and if the manufacturer values 

correspond to the actual valve. Another parameter that will be analyzed is the position vs. ΔP. The 

motor can only be as good as the frame and thermal stand-off if the frame and thermal-standoff 

are not stiff enough for the values and actuator not to move. This test will help understand how 

stiff the frame should be and what kind of redesign could need. 
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6.1 TEST SET UP 

The system was constructed using pipes, some needle valves, quarter turn valves and a 

positive displacement pump.  

Figure 6.1: Pipe and Instrumentation Diagram of the Valve Water Test 

 Figure 6.1 shows the pipe and instrumentation diagram for the valve water test set up. This set up 

has two outlets. The system is configured this way because the pump should not be operated fully 

blocked by flowing water. For this reason, the outlet that does not have the flow meter should 

remain open as the pump is turned on. Like in the RCS system the flow meter is put through a 

bypass system to protect it. The water will be let into the flow meter slowly until the valves 
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upstream and downstream of the flow meter are fully open. Both these procedures are to protect 

the pump and flow meter.  

The positive displacement pump is a kind of pump that is meant to always deliver the same 

amount of flow rate under a range of conditions. The operational requirements for the pump are 

that it has a pressure limit of 125 psi if this pressure was to be exceeded the risk of damaging the 

pump was great. Since for this system, the use of a GN2 k-bottle or an air compressor is not 

possible to pressurize the system. The pump was used to increase the pressure in the system, and 

that way get pressure change across the actuation system.  The increase in pressure was achieved 

by adjusting both of the glove valves at the end of both outlets. As the actuation system switched 

positions, one of these valves would get adjusted until a pressure of around 55±5 psi, after the 

adjustment data would be obtained by the data acquisition. A further explanation of the procedures 

of how this system was operated is in the approved procedural document. Figure 6.2 shows the 

physical representation of the system.  
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Figure 6.2: Physical Representation of Valve Water Test  

6.2 RESULTS  

During the test campaign, the desired pressure that wanted to be achieved was 100 psi. 

However, this was not possible because of power limitations. Every time the system at around 85 

to 90 psi the transformer would jump the circuit inside it. For this reason, it was decided to only 

go up to 55±5 psi in the system. After the valve water test was fully operational, testing went 

underway. Table 6.1 shows the pressure change across the valve, flow rates and CV values from 

the test at every position. 

Table 6.1: Valve Water Test Results 

% Open ΔP across Valve (psi) CV Flow Rates (GPM) 

40 50.4 0.9 6.0 

50 41.16 2.1 12.0 
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60 27.2 3.9 15.4 

70 17.2 6.3 19.3 

80 5.5 8.4 18.6 

90 3.8 9.6 18.6 

100 3.65 10.2 19.5 

The Results of ΔP and flow rate were used to obtain the CV value at each position. 

However, by looking at the results. The values after 40% were not consistent. This was attributed 

to the fact that as soon as the actuation system was almost closed. The pressure control was difficult 

to achieve. Any small adjustment had a large pressure change. Also, the flow meter is only rated 

to read flow rates above 3 GPM. Any value below this should be considered useless. For these 

reasons, the data below 40% open was not considered.  

  



 71 

Figure 6.3: % Open v. ΔP Graph Experimental 

Figure 6.4: Theoretical % Open vs. ΔP Graph LOX 

Figure 6.5: Theoretical % Open vs. ΔP Graph LCH4 
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Figure 6.6 % Open v. CV Experimental  

Figure 6.7: Theoretical % Open v. CV LOX 

Figure 6.8: Theoretical % Open v. CV LCH4 
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Figure 6.3 shows the graph for % open v. ΔP. It can be seen that the values of ΔP decrease 

in a linear manner as the valve get opened more and more. As the % open get the 80%, the ΔP 

stops decreasing to the point where at 80, 90, and 100 the values are very similar. In this zone 

where the valve is almost fully open the pressure change should not be very significant. Since in 

the v-port, the round section of it should be most exposed allowing almost all of the flow rates to 

go through. Figure 6.4 and 6.5 the theoretical of % open vs. ΔP for LOX and LCH4 respectively 

The graphs were compared with the experimental graph , it can be seen that as the valve opens the 

pressure change decreases in a linear manner. This shows tha the valve operates as expected. 

However. The theoretical graphs show the results for a system that has a tank pressure of about 

300 psi. The theoretical values need to be change so that they match the experimental system max 

pressure of 50 psi. The CV behavior follows a similar trend as the ΔP. This can be seen in Figure 

6.6. The CV value maxes out at around 10.2 making it a problem.Figure 6.7 and 6.8 show the 

theoretical values for LOX and LCH4 resulting  CV calculations. In the theoretical graphs for the 

valve, it was seen that a value less than 14.7 for the CV would not allow the sufficient flow rate 

the engine requires.the solution to this problem is to contact Habonim and get a 90˚ port. The 

replacement of the port is not very difficult and easy to do.  
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Chapter 7 Conclusion and Future Work 

The nondestructive testing and validation procedures are important when dealing with 

hardware. This kind of procedures could prevent any kind of surprised or accident during a system 

test. If there is any parameter that does not fit was first required. This kind of procedure gives an 

assessment and possible solution for a problem. For example in the case of a manufactured part, if 

any feature of a part does not meet what was stipulated in the blueprints. The part could be returned 

to the manufacturer for it to be corrected. The water flow testing for the RCE and the actuation 

system helped to get familiar with each of the system and in a certain way is risk-free. For example, 

both of these systems will be used in a rocket engine where very dangerous propellants would be 

used. Doing a water test before a fire test is very convenient  to correlate the values of the water 

flow with the propellants at a low risk but a high learning experience. The next step for the 

actuation system is to undergo low-temperature shock testing. This test is to see the insulating 

capabilities of the thermal standoff.  
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