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1.

Basic Information
1.1.

Summary

This document outlines the engineering work done by the Oregon Tech Rocketry and
Aerospace club (OTRA) Propulsion Team on Oregon Tech Rocketry Project (OTRP) over the
last year. OTRA is used to refer to the members or facilitators. OTRP refers to the project itself.
The objective of the overall project remains to design and build a liquid-fueled rocket to compete
in the Experimental Sounding Rocket Association (ESRA) Spaceport America Cup. The
objective of the Propulsion Team this year was to design an build a fully functional liquid
bipropellant rocket engine to meet this capability. Substantial progress was made towards that
goal this year with significant design-build work completed on the liquid fueled engine.
The work completed here was supported in part through NASA/Oregon Space Grant
Consortium, grant NNX15AJ14H.
Other sponsors include I3dMFG, Kennametal, SolidWorks (Dassault Systems), Parametric
Technology Corporation (PTC.), Oregon Institute of Technology, and Wordpress.
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1.2.

Contact Information

Faculty Advisor:

Sean Sloan
Associate Professor, OregonTech MMET Department
Sean.Sloan@oit.edu

Senior Project Advisor:

Dongbin Lee
Assistant Professor, OregonTech MMET Department
Don.Lee@oit.edu

Project Members:
David Minar
Engine Development Lead
David.Minar@oit.edu

Micah Hicks
Flight Rocket Development Lead
Micah.Hicks@oit.edu

Julien Mindlin-Davidson
Engine Development Lead
Julien.Mindlindavidson@oit.edu

Brandon Camp
Safety Officer and Manufacturing Lead
Brandon.Camp@oit.ed

Ben Porter
Test Stand Development Lead
Benjamin.Porter@oit.edu

Milo Gullickson
Engine Team
Milo.Gullickson@oit.edu

Jason Peters
Test Stand Team
Jason.Peters@oit.edu

Kiera Sloan
Engine Team
Kiera.Sloan@oit.edu

Website: http://otra.space
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1.3.

Glossary

The following holds true unless specified.
a
A
m
h
H’, V
V’
g
ρ
Cd
Cd-i
m’
Ma
u
R
T
P
F
Cf
L
q
H
Nu
Re
Pr
E
K
𝑣
t
fkmn
λmn

- coefficient of thermal expansion (m/(mK))
- area (m2)
- mass (kg)
- height (m)
- velocity m/s
- acceleration m/s2
- acceleration caused by gravity (9.81 m/s2)
- density of relevant working fluid (kg/m3)
- coefficient of drag (unitless)
- initial coefficient of drag (unitless)
- mass flowrate of propellants. (kg/s)
- Mach Number (unitless)
- propellant velocity (m/s)
- ratio of specific heats (unitless)
- Gas Constant (8.314 J/(mol K))
- Temperature of relevant working fluid (K)
- Pressure of relevant working fluid (Pa)
- Force, typically engine thrust (kN)
- Thrust Coefficient (unitless)
- Length (m)
- Heat flux (W/m2)
- heat transfer coefficient of relevant thermal resistor
- Nusselt Number (Dimensionless)
- Reynolds Number (Dimensionless)
- Prandtl Number (Dimensionless)
- Young’s Modulus of Elasticity (Pa)
- thermal conductivity (W/(mK))
- Poisson’s Ratio (unitless)
- Thickness (m)
- Natural Frequency of the mode k-m-n (Hz)
- m-n mode eigenvalue
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2.

Review of Project Goals

OTRA began this school year with ambitious goals and saw remarkable results. Some goals
were modified or delayed, and others were surpassed. This section revisits details each of our
goals that we set out to accomplish at the beginning of the year.

2.1.

Engine Goals

2.1.1.
Overall Goal
The project’s main goal for The 2017-2018 academic year was to design, build, and test a
functional liquid-bipropellant engine to power our flight rocket planned to be built in the
2018-2019 academic year. The engine needed to be capable of meeting all the demands of our
rocket for the following mission specifications:
●
●
●

Reach a 30,000 ft ± 300 ft target apogee
Carry a 4kg minimum payload to the apogee
Remain under 40,960 N-s (9,208 lb-s) of total impulse

To meet these requirements, we developed sequential design, manufacturing, and testing goals
as follows.
2.1.2.
Design Goals
Several design and simulation goals were set in order to best create an effective design before
manufacturing and to allow for better iteration from testing.
Simulation tool development:
Goal 1: Finalize our apogee simulation tool:
Goal 2: Finalize our combustion chamber and nozzle geometry design tool:
Goal 3: Develop a comprehensive and accurate cooling system simulation and design tool:
Component Design:
Goal 1: Finalize pintle injector design:
Goal 2: Full design of water-cooled test engine and flight weight engines:
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Goal 3: Validate designs using FEA and CFD:

2.1.3.
Manufacturing Goals
To create our complete engine, we set manufacturing goals to produce each part.
Goal 1: Manufacture steel and aluminum test parts for injector.
Goal 2: Manufacture final stainless steel parts for injector.
Goal 3: Manufacture steel engine chamber and nozzle.
Goal 4: Manufacture steel water cooling jacket.
Goal 5: Develop electroplating rig to electroplate steel engine components.
Goal 6: Manufacture copper engine.
Goal 7: Manufacture test flight-weight cooling jacket
2.1.4.
Testing Goals
Finally, we set goals for engine verification and testing to best characterize our completed
engine in order to allow for further modification and future integration into our flight rocket.
Goal: Professional software verification of cooling system and heat transfer.
Goal: Flow characterization testing of injector
Goal: backup ablative cooling testing
Goal: Cold flow testing of full engine
Goal: Hot fire testing of full engine
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3.

Execution

A lot of work was done on the engine this year. This section gives a summary of how we
approached our goals.

3.1.

Gizzard-1 Engine
3.1.1.

Overview

The engine team approached tasks with a philosophy of design for manufacturability. For each
component, we thought “how can we make this?” as we designed. This allowed us to design an
engine that could be both functional, and made with reliable, traditional, and inexpensive
methods. The following sections detail the Design and Simulation, Manufacturing, and Testing
of our engine. Overall, design & manufacturing went smoothly, giving us a quality end product
ready for testing.

Figure 3.1.1.1 - Gizzard-1 Engine in Test Stand
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3.1.2.

Design and Simulation

3.1.2.1.

Design Criteria

The design of our rocket engine is derived from 7 key elements:
● Thrust Level
● Duration
● Reliability
● Envelope/Weight
● Availability
● Cost
● Future Usability
We determined these parameters using our apogee simulator and comparing what capabilities
the rocket would need to have to achieve the goal of competing in the Spaceport America Cup
to what we were capable of creating.

3.1.2.2.

Engine Parameter Selection

Before beginning the physical engine design process, we determined the main performance
specifications required to meet our mission targets. To do this, we ran the requirements of
Spaceport America Cup through our apogee simulator. The apogee simulator is an Excel tool
we developed to cross compare different rocket designs to their respective apogees. The tool
performs in an iterative fashion following a modified architecture of MIT’s Unified Engineering
courses second lab[1]. MIT’s solution is an ordinary differential equation solver set up to solve
the following governing Ordinary Differential Equations:

h′ = V
V′ =g −

(1)
1
2 ρV

|V |

C dA
m

+

V m′f uel uexit
|V |
m

m′ = − m′f uel

(2)
(3)

These three equations can be solved to find the simple apogee focused trajectory when
provided with some straightforward information. However, this makes assumptions that
decreases accuracy in larger rocket systems. In addition, accuracy is decreased based on the
size of the timestep. The larger the timestep, the more error gets built up from approximating the
curve. We implemented a time step size of .05 seconds and took the following steps for the drag
and engine modeling of equation (2). In each iteration, air density is solved for based on the
U.S. Standard Atmosphere: 1976[2] standard table. In each iteration of the solver, the Coefficient
of Drag (Cd) is updated based on Prandtl-Glauert Relationships for different Mach number
regimes. A starting coefficient (Cd-i) of drag was determined experimentally by the use of CFD
and confirmed with experimental data from Oregon Tech’s Wind Tunnel to be 0.22. A Safety
9

Factor of 1.75 was applied resulting in an effective coefficient of 0.385. The Prandtl-Glauert
Relationships used are as follows:

Cd =
Cd =
Cd =

C d−i

√1−M a2
C d−i

√1−(0.8)2
C d−i

√M a2 −1

f or
f or

0 < Ma < 1

(4)

0.8 < M a < 1.1

(5)

1.1 < M a

(6)

f or

Equations 4-6 were recommended by Simon Box[3] et al. The coefficient of drag would normally
go to infinity as Mach number approaches 1 following only equations (4) & (6) with ranges
adjusted to ignore equation (5). Equation (5) found in Box’s work is suggested by Ketchledge
[1993] to better fit experimental data.
The engine modeling term in equation (2) is updated by solving for the engine’s exit velocity as
a function of altitude. The U.S Standard Atmosphere: 1976 and Equations from Modern
Engineering for Design of Liquid-Propellant Rocket Engines[4] (1-17) were used to determine the
exit velocity. The equation itself is standard for De Laval Nozzles.

uexit =

√

2gγ
γ−1 RT c [1

−

( PP ec )

γ−1
γ

]

(7)

Note here that 𝛾 is the ratio of specific heats of the propellant combination. The Atmospheric
Model is used to compare the outside “step” pressure to combustion pressure giving us a better
representation of the engine’s performance over the flight. With these considerations, the model
is more accurate.
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Figure 3.1.2.1 - Initial Parameter Design Sheet
By inputting different known parameters collected and verified from NASA’s Chemical
Equilibrium with Applications (CEA) and Alexander Ponomarenko’s Rocket Propulsion Analysis
(RPA), we could compare flights, impulses, projected top speeds, etc. The Dummy Rocket we
used for testing had a dry weight of 75 lbs, and a diameter of 8”. The drag coefficient was the
most impactful place to apply the safety factor since, through the transonic region of flight, it
plays the largest factor in affecting the apogee. Notice that a large number parameters above
were not used in the equations described previously. These numbers are used for engine
design on the same sheet or reference by the design engineers. The output of this simulation
provides graphs such as the following:

11

Figure 3.1.2.2 - Propellant Apogee Comparison

Figure 3.1.2.3 - Acceleration Comparison
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Figure 3.1.2.4 - Thrust Comparison
After running a variety of different engines against the requirements for the Spaceport America
Cup in our apogee simulator, we determined our specifications (table 3.1). The envelope and
weight of the engine would be small, under 15 lbs and 5” diameter, and if done well could see
use for many future missions. Costs for the engine were to be kept low by our philosophy of
design for manufacturability and economical materials use.
Gizzard - 1 Engine Specifications
Propellant

Butanol & Liquid Oxygen

Combustion Pressure (psi)

200

Combustion Temperature (F)

5480

Thrust (lbf)

500

Specific Impulse (sea level, seconds)

238.86

Burn Time Capability (seconds)

20

Power Cycle

Blowdown
Table 3.1.2.1 - Engine Specifications
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3.1.2.3.

Propellant Selection

Before starting on the detailed engine design, we performed an extensive comparative analysis
of propellant combinations. Of primary concern were the performance, thrust to weight, safety,
cost/availability, and cooling properties. Thrust to weight is approximately 1:5 to provide strong
flight stability at take off. In order to determine the performance of each propellant combination,
we used the program RPA (Rocket Propulsion Analysis) to simulate combustion and flow
through a supersonic nozzle.
After comparing several dozen fuel combinations, we settled on ethanol, butanol, and kerosene
as the best targets for more extensive evaluation due to their high performance, low cost, high
stability, decent to high impulse density, lack of corrosive effects, combustion stability concerns,
ability to act as a coolant, and safe handling.
LOX &
Butanol

Fuel
Chamber Pressure psi

LOX &
Butanol

LOX &
Kerosene

LOX & Ethanol

300

200

300

300

C. Pressure kPa

2068.428

1378.952

2068.428

2068.428

Isp (sec) (1 atm)

255.09

238.86

259.44

250.86

1.977

1.934

2.454

1.661

3360.99

3299.4796

3464.3717

3265.7661

K Throat Temp

3201.4562

3144.7792

3295.4425

3113.1011

K Exit Temp

2526.0059

2540.1282

2583.2677

2452.1124

P Inlet kPa

2068.4

2068.4

2068.4

2068.4

Gamma Chamber

1.1705

1.1692

1.1797

1.1627

2501.6133

2412.3774

2544.2516

2460.127

1.4337

1.346

1.4321

1.4341

Boiling Point (C) (Fuel)

117.7

117.7

150

78.37

Fuel Cost (Per Gallon)

$4.00

$4.00

$3.60

$1.31

Mixture Ratio (O/F) (Optimal)
K Inlet Temp

Exit Velocity (Ideal)
Thrust Coefficient (Ideal)

Table 3.1.2.2 - Comparison of Propellants
Comparing the candidate fuels using the previously discussed apogee simulator, we selected
butanol as our fuel of choice. Compared to kerosene, the standard fuel in many of today’s
commercial rocket engines, butanol achieves only slightly lower performance, but burns at a
lower temperature and is much cleaner. This reduces the environmental impact and cooling
system requirements. Compared to ethanol, another common rocket fuel, butanol can achieve
higher performance. In addition, to operate effectively as a coolant, ethanol needs to be mixed
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with a significant amount of water, reducing its performance drastically while butanol is able to
perform well as a coolant without any additions.
Butanol is a promising renewable biofuel for many industries due to its higher performance than
ethanol and is already being tested as a gasoline replacement in cars. Our engine is intended to
test and prove its effectiveness as a rocket fuel.
Initially, we selected 300psi as a reasonable tradeoff between performance and pressure
system component price. Due to cooling necessities, the chamber pressure was dropped to
200psi in order to burn colder while still retaining decent performance. This lower pressure also
reduced costs in the propellant feed system.
We compared reasonable oxidizers based on their safety, performance, storage, and cost. Our
main considerations were liquid oxygen (LOX), gaseous oxygen (GOX) and nitrous oxide (N2O)
due to their common use and relative safety compared to other liquid rocket oxidizers. After
safety research and industry consultation, we chose LOX as our oxidizer since it is safer, more
effective, cheaper, and requires lighter tankage than the alternatives. GOX is less corrosive and
non-cryogenic, but is more flammable and has the potential to combust when impinging on the
plumbing at even moderate speeds (such as in our injector) making it less safe to operate. GOX
also requires very heavy tankage, which limits its usefulness in flight-weight designs. N2O is
commonly used in ameteur liquid rocket designs, but is a massive safety risk due to its
unpredictability. N2O can spontaneously decompose with little to no stimulus, which can
produce heat and explosions. In addition, N2O is much more expensive to purchase than liquid
or gaseous oxygen, much more is required (about three times more than LOX), and it has
significantly lower performance.

3.1.2.4.

Injector Design

The injector is responsible for injecting the fuel and oxidizer into the chamber as well as mixing
and atomizing the propellants to promote efficient and smooth combustion. We chose a pintle
injector design for our engine since its characteristics fit our project goals and capabilities the
best. Flat plate injectors, the other common type in industry are capable of slightly better
performance and propellant mixing, however the manufacturing complexity is greatly increased
and combustion stability is often reduced which makes them potentially much more costly to
build and test. Pintle injectors are very simple and increased combustion stability will help make
the engine more reliable.
A pintle injector consists of center pin called a pintle which deflects a center flow radially and an
outer annulus that sprays out an axial flow. When these two flows meet, they mix and atomize
before combusting. The injector can be either fuel centered or oxidizer centered with some
benefits and drawbacks to each configuration.
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Figure 3.1.2.5 - Anatomy of a Pintle Injector
For our design, we selected an oxidizer-centered injector configuration. This allows for less
oxidizer near the walls during combustion which is less damaging to the engine. In addition, it
allows us to fine tune the oxidizer flow and momentum ratio of the propellants to adjust engine
performance without requiring extra manufacturing. Future members of the team will also be
able to easily convert the injector to a throttleable design without a major redesign.
A parametric design sheet was created to generate geometry of the injector based on our flow
rates and stable pressure drop requirements. The primary design equations were referenced
from Modern Engineering for Design of Liquid-Propellant Rocket Engines[4] and Design
Procedure of a Movable Pintle Injector[5] by Min Son et al. Using design equations and empirical
ratios, the gap distances and hole sizes were generated to match our engine’s specifications.
The orifice thicknesses were under a millimeter and thus required tight tolerances.
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Figure 3.1.2.6 - Injector Design Spreadsheet.
The pintle has to withstand both deflection and corrosion from high pressure, high flow rate
liquid oxygen. In order to minimize deflection of the pintle while maximizing corrosion resistance,
we chose 347 stainless steel which maintains better strength than 304 and better corrosion
resistance in oxidizing environments than 321. The thicker parts of the injector were 304
stainless steel which has very good oxidation resistance and good strength while being much
more economical.
To verify the structural stability of the pintle, FEA (Finite Element Analysis) was run in
solidworks. The stresses and deflections of the pintle were analyzed in the worst case
conditions, assuming full pressure tilt to one side of the head. Under those conditions, the
stresses were low and the deflection was approximately 1/10,000” at the most severe location,
which was smaller than our manufacturing tolerances.
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Figure 3.1.2.7 - FEA Worst Case Deflection Analysis of Pintle

3.1.2.5.

Converging-Diverging Nozzle Design

The design of the engine’s De Laval nozzle and combustion chamber starts at the throat. The
mathematics behind a supersonic contraction-expansion nozzle are well known. The area of the
throat is determined by the combustion pressure, desired thrust, chemical properties, and
designed altitude. From the throat, we can then calculate the required geometry of the
combustion chamber and nozzle.
Looking at the throat, equation 1.33 & 1.33a from Modern Engineering for the Design of
Liquid-Propellant Rocket Engines[4] is used.

At =

F
Cf P c

Cf =

√

(8)

γ+1

2γ 2 2 γ−1
γ−1 [ γ+1 ] [1

−

( PP ec )

γ−1
γ

] + ε[ P Pe −P a ]
C

(9)

There are a variety of ways to calculate the required combustion chamber length. The
theoretical approach uses a parameter called stay time, which is the amount of time a particle
will float around inside the combustion chamber before being accelerated out of the nozzle. A
more typical approach is to use the propellants’ characteristic length, a ratio between the
combustion chamber volume and the throat’s cross sectional area. Unfortunately, Butanol does
not have an accessible characteristic length value, as it isn’t a common fuel. Instead, we used
an approximation formula for chamber length as given by, with units in centimeters, Rocket and
Space Technology by Robert A. Braeunig[6].
2

Lc = e0.029·ln(Dt ) +0.47·ln(Dt ) + 1.94

(10)
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The diameter of the combustion chamber was then chosen following a general recommendation
from Modern Engineering for Design of Liquid-Propellant Rocket Engines[4] of having the
contraction ratio set higher than three for combustion stability, performance, & the expectations
set by Braeunig’s[6] equation.
There are a wide variety of approaches to gain optimal rocket nozzle exit velocities against the
spectrum of the atmosphere. In particular, there are two common design approaches. One is a
conical nozzle, a simple cone with a half angle of around 15 degrees. The other, a Bell shaped
nozzle. The bell shape nozzle is superior to it’s conical cousin in two primary ways. First, it can
accelerate the combustion gas approximately 2% faster than a conical nozzle. This is because
the exit of the bell nozzle is parallel to the direction of flight across the entire exit, where as on a
conical nozzle, the father away the angle of expansion is from the central flow axis, the more the
exit velocity gets directed outwards.The other gain is in weight. Bell nozzles have a smaller
envelope, and thus require less material. This advantage is substantial for larger engines, but
for smaller ones is negligible. Our club decided that both gains of the bell nozzle do not
outweigh the manufacturing challenges on our size scale, and that a conical nozzle will perform
fine for our purposes.
To create the optimum nozzle, we optimized our Theoretical nozzle expansion ratio. From
Modern Engineering[4] (1-20):
1

Ae
At

=

2 ] γ−1 [ P c ]
[ γ+1
Pe

1
γ

(11)

γ−1
γ+1
P e γ 1/2
[ γ−1 [1− ( P c ) ]

It’s important to note here that exit pressure is selected depending on which altitude you want
your optimum efficiency. In our case, it is sensible to set our optimal altitude to Above Ground
Level = 0. We chose to set it to the approximate pressure of Spaceport America cup’s launch
site in White Sands, New Mexico. ~1401m above sea level.
The angle of constriction is set to 45 degrees as a reasonable assumption for smooth flow.
Corners are rounded to improve flow and reduce the number of stress risers. Based on the
factors above, we were able to determine our throat, chamber, and nozzle properties. From that,
we generated an axis-symmetric plot of the engine.
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Figure 3.1.2.8 - Geometry of Engine Wall
With the internal geometry, we could begin to analyze gas flow inside the nozzle. To
cross-validate, we did this in two ways: by using a standard compressible flow model, assuming
homogeneous composition, ideal gas, conserved energy, no friction, steady flow, 1D flow,
uniform velocity across normal sections, and equilibrium established within combustion
chamber; and with a computational fluid dynamics model. The standard flow model ran off of a
Ratio of specific heats of 1.1692 as given by CEA & RPA. The equations used for the standard
flow model are Isentropic Flow Functions. From Fundamentals of Engineering
Thermodynamics[7] with notation modified to better fit the engine (9.50, 9.51, & 9.52
respectively):
TC
Tx

= 1 +

Pc
Px

= ( TT cx )

Ax
At

γ−1
2
2 Ma

(12)

γ
(γ−1)

(13)
γ+1

=

1
2
M a [( γ+1 )(1

+

γ−1
2 2(γ−1)
2 M a )]

(14)

The area ratio is known at every point, and a table of the polynomial can be constructed and
interpolated off of equation (14). This gives us the Mach Number at every location in the engine
and thus from equations (12) & (14) temperature and pressure as well.
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Results for our design was:

Figure 3.1.2.9 - Bulk Properties of Combustion Gas
We cross compared these values against CFD values.

Figure 3.1.2.10 - CFD Mach Number Values
With the propellant flow modeled, we could begin simulating how the engine walls will behave in
the thermal environment.
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3.1.2.6.

Cooling Design and Simulation

The goal of the cooling system is to protect the hot side of the combustion chamber & nozzle
from the intense heat environment inside the engine. The parameters that determine the design
come from the performance requirements of the engine and the properties of the propellants
used. These are as follows:
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●

Combustion Temperature
Combustion Pressure
Propellant Mass Flow Rate
Propellant Viscosity (dynamic)
Propellant Specific Heat at Constant Pressure
Ratio of Specific Heats
Prandtl Number
Reynolds Number
Characteristic Velocity
Mach Number
Engine Geometry.
Heat Flux
Wall Thickness
Allowable Wall Temperature
Allowable Wall Stress

The most common way rocket engines are cooled in industry is by regenerative cooling. The
fuel is used as a coolant along the outside of the de Laval nozzle from the exit to the inlet. This
gives a weight efficient solution to cooling the engine walls. In order to see how much heat the
coolant would have to take, the engine design team used numerical models to simulate the
cooling process, with the plan to verify and adjust the models by testing the designs with an
instrumented water cooling jacket. This would allow us to make the most functional cooling
jacket possible in an environment that is safer and more controllable.
The type of cooling channel we selected is called a Coaxial Shell. The choice was determined
by manufacturing simplicity and simplicity of modeling. Equations for stresses were readily
available giving us calculations to compare numerical models to. Other channel options such as
circular, elliptical, and rectangular slots or tubes add intense additional machining difficulties,
and were thus poor choices for our project. We made an exception to this for testing a nickel
super alloy with rectangular slots, discussed further in section 3.1.3.5. In addition, a Coaxial
Shell design is easy to implement in a modular fashion. We can proof our model with data
collected from the water jacket test.
To analyze the heat transfer, a variety of options can be used. The general format for how a
heat transfer problem like this can be solved is as follows:
22

q =

1

1 t
1
hg + k + hc

(T aw − T co )

(15)

This equation captures the convective heat transfer across each of the three resistances, the
hot wall side boundary layer with coefficient hg, the wall, and the coolant side boundary layer
with coefficient hc. The cold side heat transfer is fairly straightforward to examine, using a
Sider-Tate Nusselt number equation (16).

Nu =

hc ⌀hydraulic
k coolant

0.14

μ

= C 1 Re0.8 P r0.4 ( μbulk )
wall

(16)

C1 in this case is a constant, for which we selected a value of .027, this number is propellent
dependant. There is a certain amount of error introduced into our analysis as we don’t have
precise numbers on this value for the propellants we analyzed, however we believe this to still
be within our margin of error. Viscosity (μ) is compared as a ratio of the bulk viscosity to the
viscosity at the hottest location, right next to the wall. Reynold’s Number (Re) & Prandtl’s
Number (Pr) are calculated by bi-linearly interpolating for their components — density, viscosity,
specific heat of constant pressure, & ratio of specific heats — off of data collected from
Dortmund Data Bank[8]. This is done at each location along the cooling channel, updating the
flow’s pressure/temperature as the fluid climbs. We analyzed both the performance of the
coolant as its temperature rises due to the heat flux, and its performance at the minimum
required temperature to pull the required heat flux.
Figuring out what the heat flux needs to be to protect the wall is a more difficult challenge. This
value is determined by comparing the required ΔT across the hot side boundary layer from the
combustion temperatures to the allowable wall temperature. There are a variety of different
equations out there, one very informative paper on this subject is “Modelling of liquid film cooling
in a GOX/Kerosene rocket combustion chamber” by Prof. Luigi T. De Luca[9]. He compares a
variety of different equations for modeling the hot side, the notable performers from his work are
the following:

N uCinjarew =
N uBishop

=

N uKrueger =
N uM okry

=

0.35
0.82 T HG
0.0162(Re · P r) ( T w )
0.43
ρ
0.0069(Re0.9 P r0.66 )( ρHW ) (1 + 2.4 Dx )
M
T HG 0.8 xi −0.2
0.8
0.0307(Reref
P r0.333
)(
ref
T ref ) ( x* )
0564
ρ
0.0061(Re0.904 P r0.684 )( ρHW )
M
23

(17)
(18)
(19)
(20)

The notation of the equations above match that of De Luca’s paper, rather than the notation
generally used in this report, since we ended up choosing to not use any of these correlations.
These equations are all semi-empirical Nusselt models which were published in the 1960s-70s
and are used still today. Each equation has nuances and tricks for optimization that De Luca[10]
gets into with more detail. The equations are all simple enough and are known empirically to
perform well. After some design review with engineers at Blue Origin however, we decided to
stick to an “American Standard” of sorts: The Bartz Method. This method was developed
primarily for use in nozzle, is known to be conservative, and is used commonly in analyzing
combustion chambers as well.
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Where σ is a correction factor. The equation also has the following highly useful approximations:

Pr =

4γ
9γ−5

(23)

μ = (46.6 · 10−10 )M a0.5 T 0.6

(24)

Equations (21) through (24) come from Modern[4]. The methodology for the heat transfer
numerical simulation is shown in flowchart 3.1.2.11

Figure 3.1.2.11 - Heat Transfer Simulation Flowchart
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The results of our numerical analysis on the regenerative cooling design for copper were as
follows:

Figure 3.1.2.12 - Wall and Coolant Temperatures

Figure: 3.1.2.13 - note that the yield stress for copper at this temperature is 123.29 MPa. This
gives us a safety factor of 1.1276.
From figure 3.1.2.12 we can see that the fuel won’t be able to handle the incoming heat across
the engine. In addition, the safety factor is lower than desirable. To provide appropriate cooling
and improve the safety factor we decided to use film cooling as a supplement. Film cooling
operates by injecting fuel along the inside surface of the combustion chamber, to be be boiled
off on the wall. The phase change of the coolant absorbs a large amount of heat, which allows
us to better protect the wall. Unfortunately, the modeling of multiphase flow to numerically
analyze the film cooling process at a comprehensive level is immensely time intensive. Instead,
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we applied several simplified methods to approximate the general geometrical features required
as recommended through NASA documentation. To fine tune the film cooling, we need hard
data, which we designed to be gathered with a partial system during water-cooled testing and a
full system during later testing.
The design of our film cooling system was derived primarily from NASA design
recommendations and simplified equations from NASA SP-8087[10] and NASA SP-8124[11]
approximating the behavior of the liquid film. From our calculations we derived an estimated film
length of 3.9in before evaporation. The primary location that requires film cooling to reach its
stress targets is the throat, however to prevent the coolant from overheating, there are three
rows of cooling ports along the length of the engine including one row directed axially from the
injector. This attempts to provide an unbroken film from the top of the combustion chamber
down through the throat. The angle of the ports is such that it becomes attached to the wall as
soon as possible. The spacing of coolant ports as well as size of each port meets the general
design minimums that the NASA documents we used suggest.

Figure 3.1.2.14 - Film Coolant Ports. The injector ports are shown on the left in a circle around
the pintle and the chamber ports are shown on the right.
In the event during testing that the film cooling and regenerative cooling don’t yield satisfactory
performance results, we can force the engine to work by adding SiO2 to the propellant. It has
been shown that the addition of SiO2 powder into the propellant mix can provide as high as 30%
heat flux reduction by Copenhagen Suborbitals[12]. This is accomplished by adding a deposit
onto the nozzle & combustion chamber, transforming equation(15) into:

q =

1

1
+Rd + kt + h1c
hg

(T aw − T co )

(24)

In which Rd is the thermal resistance of the SiO2.
The stresses of the design were then cross-validated through the use of equations and FEA.
The main area of concern was the throat due to its high thermal loading. Both pressure and
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thermal stresses were simulated and the range of wall thicknesses that could accept these
stresses was evaluated. For calculating stress, Modern[4] recommends this following:

σ critical =

(P coolant − P gas )R
t

+

Eaqt
2(1 − υ)k

(25)

The first term is the hoop stress acting on the chamber due to the difference in pressure
between the coolant & the combusting gas. The second term is the thermal stress caused by
the expansion of the wall.
Overall, the FEA results were in the same general range as the calculated stresses and
appeared to corroborate our data.

Figure 3.1.2.15 - FEA stress analysis of engine constriction & throat.

3.1.2.7.

Material Selection

In order to survive the extreme thermal environment of the combustion chamber and nozzle, the
engine wall materials had to balance the conduction of heat avoid reaching their maximum
temperature with the thermal stresses caused by the large temperature delta between the
chamber and the coolant.
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To give our engine the safest possible margins, we attempted to select materials so that we
could get as close as possible to a working pure regenerative cooling condition before adding
film cooling.
We compared a variety of different materials by using different heat fluxes for a range of ΔTs,
and then comparing the material properties per ΔT using equation (25). We compared the
performance of around 30 promising materials when under the thermal conditions of our engine
and at various wall temperatures. The material properties come from a variety of sources and
the specifics can be found on OTRA’s Material Comparison Sheet[13]. In addition, more graphics
for stresses at different hot side temperatures can be found on OTRA’s Material Comparison
Sheet[13].

Figure 3.1.2.16 - Stress Analysis of Wall Materials Under Engine Conditions at 800°F Wall
Temp
From our analysis, we found that outside of exotic materials such as niobium and molybdenum
alloys, the best performers were all copper alloys. High strength, high conductivity alloys such
as beryllium copper performed very well, as did pure copper. After the copper alloys, the only
other economical materials that came close were basic carbon steels such as SAE 1018, 1040,
and 1060. No stainless steel came close to working, even in the relatively low thermal
conditions of the nozzle exit. The nickel based superalloys, such as inconel, likewise performed
badly and at best were about on par with regular steel but at a massively increased price. The
performance of nickel based superalloys improved dramatically with decreased wall thicknesses
to around half a millimeter, allowing the coolant to require significantly less thermal capacity &
increasing stress safety factors. Unfortunately, the manufacturability of such a system is
complicated and not cost effective.
From the data above, we selected pure copper and carbon steel as our materials of choice.
Copper was relatively economical and has both very high thermal conductivity and resistance to
oxidation. In theory copper could withstand the stresses without film cooling if enough fluid is
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run through the regenerative channel to cool it. The main difficulties would come with machining
and brazing the parts together. Low and medium carbon steel on the other hand is cheap and
very easy to machine and weld. This allowed us to make several steel engines for testing
purposes. The primary drawback is that without very thin walls, film cooling a necessity in order
for the steel to survive the thermal stresses. In order to resist corrosion in the high oxidation
environment, the steel engines also required copper and nickel plating.

3.1.2.8.

Combustion Stability

Combustion Stability is a complicated subject. In practicality, basic steps should be taken to
improve over stability. To analyze and solve stability problems is a nightmare both mechanically
and financially. Conveniently, small engines typically don’t have large combustion stability
concerns, however we have taken a variety of design steps to help avoid the issue.
The analysis of acoustic modes in the in the chamber has a basic approach in which one finds
the first acoustic longitudinal, tangential, and radial modes of the chamber, and then proceeds
to ensure that other components of the injector and feed system are not triggering or resonating
with these modes. In addition, there are low-frequency non-acoustic modes of instability called
“chugging”. Chugging is either caused by the feed system or faulty ignition.
For promoting combustion stability, the injector plays a large role. We have chosen a more
stable injector type by using a pintle configuration. This allows us to avoid huge problems with
poor pressure differentials across an injection face. This improves resistance to tangential &
radial instabilities drastically.
It is of the utmost importance to ensure reliable mixing from the injector, as unreliable mixture
will trigger instability events. The mounting mechanism between the injector and chamber
features a contoured-wall divergent filler block. The effectiveness of blocks like this is typically
determined experimentally, however the implementation into the injector design is rather simple.
In general, blocks of this type are shown to dramatically improve stability, and can help an
engine recover from a triggered instability event.
In chamber design, stability is addressed by following standard practices with constriction ratios
between combustion chamber diameter & throat diameter. In addition, we have opted for a
larger wall thickness. You may notice that the majority of the stress in figure 3.1.2.13 comes
from thermal stresses. However with the thicker wall, we can reduce pressure stresses enabling
us to handle small instabilities better. From equation (25) the tradeoff of thickness should be
apparent. Further clarification is shown in the graph 3.1.2.17.
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Figure 3.1.2.17a Haynes 282 stresses v.s. thickness for q =13.073 MW/m^2

Figure 3.1.2.17b Haynes 282 stresses v.s. thickness for q = 6.537 MW/m^2
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There is clearly a manufacturing concern, as thickness of 0.18mm are impractical with our
budget and scale. The greater wall thickness allows us to have plenty of breathing room for
small combustion instabilities but is quite impractical in regions of high heat flux like the throat,
where thermal stresses are far more dominant. We decided that a varying thickness across the
combustion chamber would be ideal. We controlled the thickness with this relationship.
A
q

t = tthroat

(

throat

qx

)

(28)

Where t is the final thickness & t throat was the smallest thickness of the system. For Haynes
282, our 3d printed engine, that number is at .48 mm. A is a constant selected to control the
ratio of the change in thickness. For Haynes 282, the value is set close to zero. For the copper
chamber, the value of A is set to .65 before the throat and 0 after.
As suggested by Modern Engineering[4] & Rogerio Prik et al[14], modes are calculated using
classical acoustic theory. We can assume it is a closed system, as it behaves like one until the
flow begins to approach the shock at the throat.

f kmn =

c
2π

√

λ2mn
Rc2

+

k2 π2
Lc2

(27)

Where f is the natural frequency, c is the speed of sound, λ is m-n mode eigenvalue, Rc is the
combustion chamber radius, k,m, & n are the longitudinal, tangential, and radial mode number
of directions, and Lc is the effective acoustic length. The effective acoustic length is
approximately the distance between the injector faceplate and halfway down the constriction.
Using the lambda values provided on Table 2. Of Rogerio’s paper, we found the following.
Modes or Natural Frequencies of Combustion Chamber
Lambda

LOX & Butanol

GOX & Butenol

GOX & Ethanol

c (m/s)

1171.443

1171.443

1171.443

1-Longitudinal 0

4203.998467

4773.399044

4763.922451

2-Longitudinal 0

8407.996934

9546.798088

9527.844901

3-Longitudinal 0

12611.9954

14320.19713

14291.76735

1-Tangental

1.8412

10147.88511

12826.63207

12779.1242

2-Tangental

3.0542

16833.40794

21276.93877

21198.13227

1-Radial

3.8317

21118.64619

26693.35548

26594.4874

2-Radial

7.0156

38666.90351

48873.84312

48692.82194

Table 3.1.2.18 Frequency modes, in which red highlighted cells have error greater than ±10%
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These numbers appear reasonable comparing to Rogerio et al. We have no plans on testing
these numbers, as the high pressure/frequency instrumentation required to do so is very
expensive. If we encounter combustion stability issues, these numbers will stand as reference to
compare the rest of the design to, but from the above discussion we believe we have no reason
to pursue this further at this time.

3.1.2.9.

Test and Flight Engine Design Comparison

Our full engine design consists of the injector and combustion chamber/nozzle as well as a
system of manifolds and passages for the fuel and oxidizer, seals and o-rings, instrumentation
ports, and connections to the propellant feed system.
In order to perform well, all the manifolds and passages must be sized large enough to not
impede and to evenly distribute the flow. In addition, all the components must be strong enough
to accommodate the forces and pressures of the system without warping while minimizing their
weight to a reasonable extent.
An initial design created and CAD modeled based on our computed specifications. This model
served as a proof of concept for the direction we would take with the engine assembly and laid
out the general configuration.
Further iterations of the design were made to increase its manufacturability and fix various
design issues such as the fitment of external connectors. The engine assembly was designed to
be easily disassembled for investigation after testing as well as parts replacement if necessary.
O-rings and gaskets were required to prevent leakage in a variety of thermal and chemical
conditions. To seal LOX leakage pathways, the injector uses cleaned teflon o-rings for their
superior LOX compatibility. For areas in proximity to alcohol, moderately high temperatures, or
both, silicone o-rings were used due to their chemical and high temperature compatibility. To
prevent hot combustion gases from leaking through the injector attachment point, a metal c-ring
gasket was originally intended for reusability, but due to lack of availability, we switched to a
disposable copper crush gasket.
Design of the Water Jacket Test Engine
The water-cooled engine for initial testing forgoes a regenerative cooling channel an instead
uses a large water channel. An excess of water runs through the channel at low pressure,
keeping the system cool and giving more space for instrumentation. The water jacket consists of
a steel pipe welded to sealed top and bottom flanges. The water enters through a pipe at the
bottom and exits at the top.
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For chamber pressure verification, we designed the engine chamber wall to mount a pressure
tap. The pressure sensor is protected from the hot combustion gases by a stem filled with
extreme temperature grease that screws into the wall mount.
A series of temperature sensors are mounted into the water jacket walls to provide temperature
data at key points along the cooling channel. This data allows us to determine the heat
absorbed by the water at each station and verify the performance of our cooling system and our
mathematical models.

Figure 3.1.2.19 - Water-Cooled Engine Assembly
Design of Regenerative Engine
The flight weight version of the engine is identical to the water-cooled engine except that the
water jacket is replaced with a much smaller regenerative cooling jacket that feeds directly to
the injector. In order to accommodate the flow rate required to cool the engine, the regenerative
channels a very thin such that a high velocity is created.
The regenerative jacket is made from nickel-plated steel to avoid corrosion clogging of the
channels. The steel allows for a relatively high strength but lightweight structure while still being
readily machinable and economical. Steel was a better choice than aluminum or stainless steel.
If aluminum was used, there could be severe galvanic corrosion with the copper combustion
chamber and nozzle. Stainless steel is both expensive, difficult to machine, and offers
effectively no weight reduction. A potential future material to explore would be fiberglass
composite which could offer the weight of aluminum or better without the corrosion issues.
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To fit the jacket onto the engine it will be made in two halves. Early test jacket will be bolted
together and sealed. Flight-weight jackets will be welded together and will remain on the engine
permanently.

Figure 3.1.2.20 - Regenerative Flight-Weight Engine Assembly
In order to verify the design of our engine, we performed FEA calculations. For more
information, see section 3.1.2.6. Cooling Design and Simulation.

3.1.3.

Manufacturing

3.1.3.1.

Injector Machining
CNC Machining

Machining of the major fuel injector components was performed on a Haas CNC turning center
in the OIT machine shop. Prior to beginning the manufacturing process multiple design reviews
were completed to ensure that each of the components could be machined on the available
equipment with minimal effort without sacrificing performance. The lathe itself is limited by the
number of adjacent tools which can be used (due to an oversized chuck), and the tooling
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available. It also lacks a tailstock which limits the length of the parts to roughly 2.5 times their
diameter, depending on the material type and operations to be performed.
Once a component design had been finalized, the 3D solid model was exported to the CAM
software for programming, in this case FeatureCAM. Within FeatureCAM the part geometry is
first verified and checked for errors in the export process, then aligned with stock material, which
is defined based on real material properties and sizes. Features and toolpaths are created
based desired geometry. Details of tool selection, cutting speed and feed rates are fine tuned,
as well as how the post-processor generates tool movements and clearances.
After all cutting parameters are set, a series of simulations are run within CAM. The first is a 2D
wireframe simulation, showing only the outlines of the part geometry, the cutting tool, and it’s
path. This first simulation is used to visualize the machine movements, checking cut depths and
clearance moves, looking for anything which may cause a tool crash or undesired cuts. Any
necessary changes to the toolpath or part parameters are made and another 2D simulation is
run.

Figure 3.1.3.1 - 2D Wireframe Simulation
The second simulation is a 3D solid, which uses the CAM software and machine definitions to
check for collisions and undercuts. This step is more accurate for detecting these undesired
movements because the software is calculating material removal; it is a simulation of the actual
machining process, not just tool motions. Each simulation has its uses and are used multiple
times together to get an accurate picture of how the program will operate. Once a satisfactory
program is developed, the post processor generates the G&M code to be run on the CNC
machine.
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Figure 3.1.3.2 - 3D Solid Simulation
Steel and Aluminum Test Parts
Due to the cost and unforgiving nature of the 304 stainless steel chosen for the fuel injectors, it
was decided to manufacture test pieces from aluminum and plain carbon steel to validate the
machining process and assembly. In more than one case this resulted in significant changes to
how the parts were to be made and interfaced, saving us the expense of replacing stainless
steel and worn tools. Aluminum fixturing was machined to hold partially completed parts for
finish machining; 6 inch vise jaws for drilling and milling operations, contoured soft-jaws for CNC
turning operations.

Figure 3.1.3.3 - Butanol fuel injection components during manufacture. Aluminum.
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Pintle
The liquid oxygen pintle proved to be a very challenging piece, despite its simplicity. Its long
length and small diameter required that it be made on a manual engine lathe, as the available
CNC lathe lacked a tailstock to support the threaded end. The first several attempts came out
bent due to the high cutting pressures of the threading tool, even in mild steel. The final piece
was achieved with stainless steel by leaving the bulk of the material in place and only turning
the threaded portion first, then finishing the rest of the part features and parting it off.

3.1.3.4 - Liquid oxygen injector and pintle, stainless steel.

3.1.3.2.

Combustion Chamber and Nozzle

In order to manufacture the thin, complicated geometry of combustion chamber and nozzle,
CNC machining was required beyond the capabilities of OIT’s equipment. We were able to form
a partnership with a local machine shop, Quality Machined Products, who were able to
manufacture these parts for us.
To aid in machining, the combustion chamber and nozzle were manufactured in two parts. We
then press fit the parts together and tig welded the seams with the assistance of the OIT/KCC
welding instructors and students. After welding, we normalized the parts in the heat treat oven
to remove internal stresses and even out the grain structure.
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Figure 3.1.3.5 - Left: the Two Engine Pieces. Center: The Full Engine After Welding Including
Pressure Plug. Right: Engine Normalization Heat Treatment

3.1.3.3.

Water Jacket Machining

The water jacket was made from steel pipe and steel flanges that were manufactured on a
manual engine lathe and mill at OIT. The pipe had four holes drilled in it for fittings for the flow of
water in and out of the jacket. Steel pipe nipples with one end ½ NPT threaded were welded to
each hole. The flanges were also welded to either end of the pipe using a MIG welder at OIT,
then the entire assembly grinded down. Water flows in two holes, and out the other two at the
opposite end. The temperature change will be measured to determine the heat transfer from the
engine during testing.

.
Figure 3.1.3.7 - Water jacket, steel, shown with injector components.
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Pressure Plug
In order for engineers to properly analyze the performance of our engine, we needed a port into
the engine to tap off gas inorder to measure pressure. The part itself was simple. A small piece
of material drilled and tapped into for ⅛” NPT. This step was done before making the mating
hole on the water jacket in order to locate the part if it needed to be moved last minute.

Figure 3.1.3.8 - Pressure Adapter/Plug Before Welding.

3.1.3.4.

Electroplating Jig Design, Testing, and Manufacture

Steel numerically shows to be a strong material choice for combustion chamber wall, however it
will oxidize rapidly in oxygen heavy environment that is the combustion chamber. To prevent
this, we opted to electroplate our engine. Electroplating is a process in which a piece of material
is coated with plating material ions inside a salt solution via electric charge to create a very thin
layer of material. We developed a plating process, and an assisting machine, that is suitable for
use on our engine.
Our process consists of cleaning the part with acetone, and then dipping the part into a 30%
copper acetate solution. We start with copper since it has a stronger bond to steel than just bare
nickel. Then we leave the part in the solution, slowly rotating it to acquire an even plating of
copper. The part is left in the copper acetate solution for only short periods of time and checked
often since the plating process for copper is quick, and can be ruined if left in too long. The part,
and holding arms of the rig, are then rinsed in distilled water to clean off any stray particles,
dust, or copper acetate. The part is then placed into 30% nickel acetate solution, in which it is
left to slowly rotate for a few hours. In both steps, the part and a plating material electrode are
connected to a low voltage power supply with the part to be plated as the cathode and the
planting electrode as the anode.

39

Design
Prototype
Figure 3.1.3.9: Design Render v.s. Printed Model of Electroplating Jig
The jig itself was designed as a working prototype to be a testbed for potential future plating
needs. It’s Claws are replaceable to make custom grippers of any geometry or material as
needed. In addition it is operated by Arduino. In the event that a specific rotation cycle is found
to be optimal, or if future OTRA engineers decide to implement systems to further improve the
plating process, the Arduino base is easy to manipulate to achieve those goals. This could
range from pumps to allow better flow of the copper and nickel acetates, or any other solution
the club deems fit . Cost on this prototype was kept low by 3D printing the whole jig using PLA
plastic, containing the acid in common High Density Polyethylene (HDPE) buckets, and
selecting the cheapest and least hazardous working chemical for the plating process. We have
performed some small scale testing to ensure that we can perform the process in general which
is discussed in 3.1.4.2

3.1.3.5.

3D Printed Engine

Since a coaxial shell design consists of two walls with relatively little support between them,
there can be some structural support issues. In industry, channel or tubular wall cooling
structures are common since they can support greater stresses and fluid pressures. Both
channel and tube wall designs are exceedingly difficult to manufacture using traditional
processes. However, with the modern advent of metal 3D printing technologies, these types of
complex designs have become much easier to manufacture.
As a potential flight-weight engine, we designed a 3D-printed engine with an integrated
channel-wall cooling structure. The channel wall configuration would be a much more robust
design and allow us to better support the intense wall stresses during operation. This design
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was made to use the DMLS (Direct Metal Laser Sintering) printing process and incorporated the
various manufacturing restrictions of that technology such as maximum overhangs, minimum
wall thicknesses, and hole sizes. i3DMFG printed a prototype of this engine design out of
Haynes alloy 282, a 3D printable nickel super alloy similar to inconel, at significant discount.

Figure 3.1.3.10 - Design of 3D Printed Engine vs. Failed Print
Unfortunately, the first round of the print did not go well, and is rescheduled to be printed later
this year. The wall thickness & lack of support for the nozzle wall around the exit manifold had
the print fail by curling inwards. See Image 3.1.3.10.

3.1.4.

Testing

3.1.4.1.

Injector Water Flow Testing

In order to characterize our injector spray pattern, we tested our injector assembly using low
pressure water. We made a steel mock-up assembly to perform this test. From this testing, we
hoped to analyze the spray angles, evenness of flow, and mixing of the two flows. To better
approximate our engine, we fastened the injector to a Lexan tube of approximately the
combustion chamber diameter. We attempted to color the axial and radial streams to help
evaluate mixing using colored dyes, however we were not able to gather useful data from that
method due to mistiming. From this testing, we identified small injector modifications that would
aid the evenness of the flow.
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Figure 3.1.4.1 - Water Testing of Injector

3.1.4.2.

Plating Testing

We performed 6 separate heuristic tests of different plating times and different plating materials:
nickel & copper. Results varied, and unfortunately finding documentation on specifics is
challenging as plating companies prefer to keep that information close. We would place a
sample of 1018 steel into a 30% nickel or copper acetate, leave the sample in solution with the
negative lead attached to the sample, and the positive lead attached to a lead of either nickel or
copper respective to the acetate. Voltage was at 1v, and current kept as low as possible, but
typically at about .02 A. As the part didn’t move during these tests, only one side of the sample
was plated. The nickel required a substantial amount of time, but the copper plated readily.
Approximately half an hour for a decent coat. We tested the effectiveness of the coats by
placing the sample in salt water and comparing the corrosion of the bare material to coat.
Results seem promising with nickel, and conclusive with copper. More testing is needed before
we are happy with the process to be used on the engine.

Figure 3.1.4.2 - Nickel Plating Setup for Testing
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4.

Outcomes and Analysis
4.1.

Engine Outcomes and Assessment
4.1.1.

Assessment of Goals

4.1.1.1.

Overview

In spite of the testing setbacks,the majority of our engine design and manufacturing goals were
met or surpassed.
In the fall and winter, were able to finish all of our main design and simulation tools to the point
where they could be used to reliably output parameters for the physical engine design. We were
then able to fully complete design and software verification on our test and flight-ready engines.
The great majority of manufacturing was completed in spite of a split focus on sudden
administrative and legal issues and requirements, and the initial water-cooled test engine was
effectively ready to be assembled and tested. Some water-flow testing was done with the
injector, but cold flow and hot fire testing were not completed using the engine due to
bureaucratic and insurance issues.

4.1.1.2.

Simulation and Design

We were able to finalize our apogee simulation design tool with the goal of making it more
accurately reflect the trajectory and weight requirements of our rocket design.
The combustion chamber and nozzle geometry design tool was also finalized to properly
generate the base engine geometry.
The engine team put extensive effort into and was successfully able to develop an accurate
cooling simulation design tool in order to analyze our theoretical heat transfer, model
regenerative cooling, select optimal materials and design the cooling system geometries. We
were also able to add simplified film cooling parameters.
We developed a parametric injector design tool and iterated the design and configuration many
times to develop a finalized injector designed for manufacturability.
A major design focus was developing full engine system designs for both a water cooled test
engine and a regenerative and film cooled flight-weight engine. The designs were iterated
extensively for manufacturability and equipment compatibility and finalized designs were
created for several different material selections.
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To validate our designs, work was put into performing finite-element stress analysis of critical
components. In addition, some computational fluid dynamics simulation was done to verify our
propellant model. We were able to successfully verify the general magnitude of our stresses and
the fluid flow inside our engine after combustion.

4.1.1.3.

Manufacturing

To prove out our CNC and manual manufacturing processes as well as produce parts for initial
water testing, we successfully manufactured a preliminary batch of injector parts out of steel and
aluminum.
Some parts, such as an outer fuel manifold ring were finalized in their aluminum form due to
less stringent structural conditions and lighter weight.
We then were able to complete the manufacturing of almost all of our finalized stainless steel
injector components, including multiple iterations of the pintle to fine tune the manufacturing
process.
To meet the goal of producing our combustion chamber and nozzle, we had a steel engine
manufactured in multiple pieces by our partner, QMP, and then welded together with the help of
our school’s welding instructors. Materials were also sent to our manufacturing partner to
machine our copper engine, however manufacturing has not been completed.
We also manufactured our water cooling jacket for testing out of steel pipe and steel flanges.
In order to finish the steel components of our engine, we developed and tested an electroplating
rig for plating copper and nickel.
Since we did not have time to manufacture a flight weight regenerative cooling jacket, and to
manufacture a more advanced flight-weight test engine, we developed a 3d printed engine with
a revised cooling design to be made from a nickel-based superalloy and had it manufactured by
i3D Mfg.

4.1.1.4.

Testing

Due to the cessation of our ability to run full engine tests, we were not able to complete most of
our primary testing goals. However, we were able to complete many of our preliminary testing
and verification goals.
Using an advanced version of the professional RPA software, we simulated our full engine and
parts of our cooling system design and compared the results versus our own calculations and
in-house design tools successfully.
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We were also able to test our injector components using pressurized water to characterize the
injector flow pattern and verify even flow.
Due to complications in acquiring phenolic resole resin in small batch quantities and low priority
for the project, we were unable to purchase all the materials we needed to test ablative material
performance for an engine cooling backup.
Due to equipment liability requirements from Oregon Tech, we needed to have custom tanks
professionally manufactured to ASME standards before we could set up our system. The long
lead times on the tanks meant that we were unable to get them before the end of the school
year. Thus, cold flow testing was delayed until the system could be fully set up.
Because of the reversal of implied school decisions from earlier in the year, we were and are
unable to carry out any hot fire tests of our engine until Oregon Tech is able to obtain insurance
for the experimental use of liquid oxygen. Thus the ability to perform hot fires of our engine was
taken out of our hands.

4.1.2.

Outstanding/deferred items

Although testing was canceled for this year, once insurance is procured, we should be able
resume the project as planned. We have a bit more manufacturing to do. We need to normalize
our welded combustion chamber/nozzle piece. This piece also needs to get nickel plated. Our
stainless steel injector pieces are almost completed, but have some finishing operations to be
done. We won’t receive the 3D printed engine component until Late September- Early October
and it has a few finishing operations that we have to do on it. We hope to complete testing of
our engine in fall through winter of the 2018/2019 school year. Once that is complete, we also
plan proceed with the build and testing of our flight-weight engine that same year.

4.1.3.

Plans for the future

From our experiences manufacturing engine components, we discovered a few small
optimizations that should make the assembly more reliable. This include such modifications
such as adding more length to the pintle mount to keep it steadier and better aligned as well as
shaving a little more thickness off the nozzle near the throat to better address thermal stresses.
We have also learned that our process for normalizing internal stresses in steel requires
modification for a cleaner end product.
We have water tested with comforting heuristic results, however we would like to formalize this
and support it with cleaner analysis. With the images we have, we can analyze the momentum
ratio by looking at the exit angle of the test, however we cannot truly analyze mixing from the
current data and more testing is needed.
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We also need to acquire better thermodynamic data for Butanol since it is such a novel fuel that
there is little data available for its use in rocketry. We are currently gathering data and
developing a NASA database-style thermodynamic characteristic equation for use in the RPA
program. This would also let us use a more standardized method of designing the combustion
chamber by relying on Characteristic Length (L*) equations instead of Robert A. Braeunig’s[6]
approximations in equation (10).
We also believe it would be a good idea to perform acoustic simulation and testing of the
injector to analyze possible sources of combustion instabilities. We have calculated out the
modes for the engine, and would like to compare them to injector modes.
In addition, we would like to explore a comparison of The Bartz Method to Nusselt equations
(17) through (20). In addition, we would like to include Ievlev’s Method as shown in the
Alexander Ponomarenko’s documentation of RPA[15]. Our current tool is in a large spreadsheet
that OTRA club members experienced with it have found to be useful. However training new
members with it is somewhat challenging. We would like to move our analysis tool into a more
useful and friendly piece of software such as a python code. This would make our knowledge
transfer more successful going forward, as well as allow us to efficiently input more heat transfer
methods for comparison.
The current design is meant primarily for testing purposes. We have done some modeling and
analysis of flight weight components, but the focus on those parts have taken a back seat. In
addition, the current design does not include a clean attachment mechanism to the flight rocket.
The test stand side of OTRA has designed an attachment mechanism for the stand, but we
would like to design a weight efficient mount for the flight rocket.
Our current ignition system is an outstanding system that is rather rudimentary, and we would
like to make something more reliable/long lasting.
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5.

Budget and Expenditures

The Oregon Tech Rocketry Project was well-funded this year by several sources. This section
contains summaries of how that money was spent. The accounts are listed with Oregon Space
Grant Consortium funds first, then matching funds by received amount in descending order, and
finally a list of non-fiscal support. Access to detailed receipts and purchase forms can be made
available upon request.

5.1.

OSGC - Liquid Rocket Engine Development

The NASA OSGC Undergraduate Team Experience Award Program awarded OTRA with
$6000.00 for the development of a liquid-fueled rocket engine. The expenses here total to
$6007.07, The balance was drawn from funds reserved for the project by the school.
Purchase description

Date

Vendor

Cost

1/19/2018

MSC Direct

$130.62

Boring bar sleeve

2/1/2018

Rovi Products

$74.67

SS bar for pintle

2/5/2018

Amazon

$54.72

Copper round bar for combustion chamber

2/13/2018

Online Metal Supply

$177.55

O-rings for engine

2/16/2018

McMaster-Carr

$40.39

SS bars for injector

2/16/2018

Midwest Steel and
Aluminum

$251.79

Drills and taps for injector and film cooling.

2/27/2018

MSC Direct

$109``.49

Copper engine stock

4/9/2018

sequoia brass and copper

$683.23

Steel for water jacket

4/9/2018

Heaton Steel

$68.70

3/8" NPT Pipe Tap

4/6/2018

MSC Direct

$39.83

Engine electroplating rig components

4/7/2018

Amazon

$128.63

Drills, die, nuts

4/4/2018

McMaster-Carr

$65.99

SS brushes and clean bags

4/10/2018

McMaster-Carr

$43.20

Center drills and copper

4/10/2018

MSC Direct

$104.98

Nickel round bars

4/10/2018

Online Metals

$162.00

LOX cleaning fluid - Brulin 815GD

4/10/2018

Star Metal Fluids

$136.31

Boring bar, cutting inserts, and 'P' twist drill
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LOX cleaning supplies

4/10/2018

Amazon

$290.88

Clean plastic wrap

4/10/2018

VWR

$29.88

Nickel stock for electroplating

4/10/2018

Ebay

$29.99

Small pipe taps

4/11/2018

MSC Direct

$18.06

Nitrogen regulator for LOX cleaning setup

4/12/2018

Amazon

$61.82

Hole saw and collet

4/12/2018

MSC Direct

$74.76

Ignition system components

4/12/2018

amazon.com

$83.44

Nitrogen drying fittings

4/13/2018

amazon.com

$29.29

Hose and wye for water testing

4/13/2018

Diamond

$52.47

Gizzard-1N DMLS print

4/18/2018

i3DMFG

$3,195.00

5.2.

Non-Fiscal Support

Multiple sources donated work hours, licenses, or physical materials. These donations total to
$37 269.35.
Meeting room use

2017-2018 Oregon Tech

$2,250.00

Faculty advisory hours

2017-2018 Oregon Tech

$18,000.00

Solidworks license

11/13/2017 Dassault Systemes

Personal level subscription

11/13/2017 Wordpress

$6,999.50
$48.00

Certification rocket kits

12/1/2018

Micah Hicks

$200.00

Stickers

12/1/2018

Micah Hicks

$20.00

Lexan Tube

1/15/2017

Julien Mindlin-Davidson

$16.00

Injector Materials
lathe tool/inserts
Creo Simulate
Electroplating Equipment

12/12/2017 Brandon Camp
1/31/2018

Kennametal Tooling

12/13/2017 PTC

$47.00
$371.92
$2,088.00

2/8/2018

Julien Mindlin-Davidson

$28.49

Nickel 200 Sheet

2/11/2018

Julien Mindlin-Davidson

$18.44

Steel material

2/18/2018

Modoc Contracting Co.,
LLC

$637.00
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Bench Power Supply

3/21/2018

Tooling

2/1/2018

Machining time

5.3.

4/15/2018

Julien Mindlin-Davidson

$45.00

Kennametal Tooling

$1,500.00

Quality Machined
Products

$5,000.00

Summary and Totals

In total, OTRA received $52 358.35 of support from sources other than NASA, more than
sufficient for the required 150% ($18 000.00) fund matching.
Donation

Donated amount

Spent amount

Remainder

OSGC - Engine

$6 000.00

$6 007.07

-$7.07

OSGC - Test Stand

$6 000.00

$5 967.11

$32.89

OIT RBC - Testing

$10 000.00

$10 000.00

$0.00

OIT RBC - Flight

$3 089.00

$3 089.00

$0.00

GoFundMe

$2 000.00

$1 721.87

$287.13

$11 974.81

$25.82

Non-Fiscal Support

$37 269.35

Total OSGC

$12 000.00

Total Non-OSGC

$52 358.35

Grand Total

$64 358.35
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6.

Conclusion

A lot has been accomplished this year by OTRA’s Propulsion team. More importantly, there
were a lot of valuable lessons learned as well as infrastructure built within the club and the
school for handling projects like ours. Participating members got a large amount of hands on
experience within a wide range of engineering experiences, as well as gained ties within our
local community and the rocket community as a whole. This experience has been challenging,
frustrating, and complicated at times, but has also provided some of the most rewarding and
interesting work in the students’ education. There is no doubt in our’ minds that the inspiration
from a project like this has propelled us to heights that may have been otherwise left untouched.
We can’t wait to take what we’ve learned and make use of it in other arenas, as well as pass it
on to the next generation of OTRA team members.
We would like to thank the faculty members who have helped us: Prof. Sean Sloan, Prof. Don
Lee, Prof. Steve Edgemen, Prof. Cristina Negoita, Prof. Brian Moravec, Prof. David Culler, Prof.
Anthony Marostica, Philip Dussel, Stuart Sockman, and Barbara Metcalf.
In addition we’d like to thank our sponsors: Oregon Nasa Space Grant Consortium,
Kennametal, Dassault Systems (Solidworks), Parametric Technology Corporation (PTC),
Quality Machined Products, i3D MFG, Oregon Institute of Technology, and Wordpress.com
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