Abstract
In comparison to solid and liquid fueled rockets, hybrids are attractive for their relatively low cost,
simple design, and safety, while combining some of the characteristics of both liquid and solid fueled
rockets. This paper describes a hybrid rocket motor (HRM) design that was constructed for testing fuels
with little to no known experimental data. The HRM utilizes nitrous oxide as the propellant oxidizer and
was chemically combusted with paraffin wax based fuels. Paraffin wax is a relatively new type of hybrid
rocket fuel and has ample opportunity for research. The paraffin wax was tested alone as a baseline
comparison test as well as mixed with two additives: lithium aluminum hydride and magnesium powder.
These additives act as performance enhancers in the fuel grain with each additive mixed at 5% and 10%
of the fuel mass. This project allowed for 25 total test fires with different propellant combinations. The
data was compiled, analyzed, and has given insight to the magnitude in which the new type of fuel
and/or the use of additives affect the efficiency of the hybrid rocket engine.
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- Regression Rate Coefficient
- Large Venturi Port Area
- Small Venturi Port Area
- Burn Area
- Nozzle Exit Area
- Nozzle Throat Area
- Thrust Coefficient
- Gravity of Earth
- Hybrid Rocket Motor
- Specific Impulse
- Length of Combustion Chamber
- Nozzle Exit Mach Number
- Fuel Mass Flow Rate
- Oxidizer Mass Flow Rate
- Regression Rate Exponent
- Venturi Pressure 1
- Venturi Pressure 2
- Ambient Pressure
- Combustion Chamber Pressure
- Nozzle Exit Pressure
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1.0 HRM Background
Existing rockets most commonly utilize solid or liquid rocket motors. Solid rocket motors are
chosen when simplicity and high thrust are needed, while liquid rocket engines are chosen because of
their high efficiency and throttling/shutdown capabilities. Hybrid rocket motors are a combination of
both liquid and solid rocket engines. They utilize a liquid oxidizer similar to that of liquid engines and an
inert solid fuel grain. This results in performance characteristics that fall between solid and liquid
rockets. For example, hybrid rockets are typically designed to have higher thrust than liquid rockets but
lower than that of solid rockets while having higher efficiency than solid rockets but lower than liquid
rockets. They also have the same throttling/shutdown capability as liquid engines. Lastly, hybrid rockets
are the safest because, in addition to having shutdown capabilities, the solid fuel and liquid oxidizer are
also inert when separated. Hybrid motors provide a compromise between thrust and efficiency while
exceeding all other forms in safety, which is evidence that hybrid rockets are clearly a viable choice for
future propulsive needs.
One of the biggest contributors to hybrid rocket design and research has been performed by Space
Propulsion Group (SPG). They are the leaders in paraffin based fuels and have produced motors
capable of 35,000lbf, with the capability of tailoring the rocket to the specific needs of the customer
through additives. Some of the main additives that they have used are aluminum, magnesium, boron
and aluminum hydride which have shown to increase specific impulse and density specific impulse
performancei.
The Aerospace Corporation performed research on the chemical compound lithium aluminum
hydride as a potential additive to paraffin fuels. Their research was based on the regression rate of
candles with and without the addition of lithium aluminum hydride. From their findings, the additive
increased the regression rate by almost 14 times that of pure paraffin and since paraffin is
hydrophobic, the additive did not decompose in air or react in water meaning the paraffin provided a
protective layer for the additive. This finding provides the proof of concept to pave the way for the
research in the use of additives in hybrid rocket fuel as a means of increasing regression rate and
ultimately the Isp of the engineii.
2.0 HRM Test Stand Goals
This project consists of three main goals. The first of these goals is to build a working hybrid rocket
engine test stand that has a safety shut off switch for the oxidizer flow, swirl injector, reloadable fuel
cell, blast proof test bed and has an operational data acquisition system (DAQ). The second is produce
maximum swirl in order to produce a uniform regression rate and simplify data analysis. The third is to
mix, cast, and test fire a newer and cleaner type of fuel, paraffin (candle) wax, with and without
additives that act as performance enhancers. Then the team will use the acquired data to calculate the
regression rate and efficiency of each fuel combination, i.e. the specific impulse of the motor (ISP).
3.0 HRM Subsystems
Subsystem 1: Oxidizer Delivery System
The first subsystem in the HRM test stand is the oxidizer delivery system, which delivers the
oxidizer to the combustion chamber. The oxidizer delivery system consists of three main components: a
storage tank, a solenoid valve, and a venturi. During the design of the subsystem, pure oxygen (O2) and
nitrous oxide (N2O) were both considered as possible oxidizers. Nitrous oxide was chosen primarily
because it is self-pressurizing, meaning there is not a need for a separate pressurant tank to push the
oxidizer through the system. Nitrous Oxide is also non-toxic, easy to store, stable at room temperature,
and readily available at a number of performance shopsiii.
The nitrous oxide was stored using a 14 lb tank that holds up to 10 lbs of nitrous oxide, The team’s
nitrous oxide tank can be seen in Figure 1. One advantage of having a smaller tank was the ability to
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utilize a scale to measure the total weight of the tank and oxidizer before and after each test fire. This
allowed for one method of calculating the average mass flow rate of the oxidizer.
̇

(1)

Figure 1: Nitrous Oxide Storage Tank
The next component of the oxidizer delivery system is the solenoid valve. The primary reason this
type of valve was chosen was because it is operated electronically. As a result, the motor operation
does not require anyone to be near the HRM because the oxidizer flow can be controlled remotely.
Additionally, the solenoid valve was connected to the DAQ system, which allowed the implementation
of a kill switch if any dangerous conditions were detected. This would starve the combustion chamber
of the oxidizer, and thus stop combustion. The solenoid valve for the system can be seen in Figure 2.

Figure 2: Solenoid Valve
The final component of this subsystem was a venturi. This enables a second method for attaining
accurate oxidizer mass flow rate measurements. The advantage of this method, as opposed to
weighing the oxidizer tank before and after each test fire, was that it allowed for calculation of the
instantaneous mass flow rate of the oxidizer. The venturi functions by measuring the static pressure in
the flow twice: once at the inlet area, and again at the contracted area. Using the continuity equationiv
and Bernoulli’s equationv (see equations (1) and (2), respectively),
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The team machined the venturi, as see in Figure 3, using Aluminum 6061. This material was chosen
because it is easy to machine and it is strong enough for this application.

Figure 3: Venturi
To connect all three components of the oxidizer delivery system, ¼” steel-braided hoses were
chosen due to their high rupture pressure. Rubber hoses were considered, but steel-braided hoses
were chosen for safety because they can withstand higher pressures without rupturing.
Subsystem 2: Injection Bulkhead
There are two main components to the injector bulkhead subsystem, the injector and the injector
bulkhead. Several design choices were presented when it came to conceptualizing the injector and
injector bulkhead. Among these were material selections and the type of injector needed to have the
most efficient combustion process.
Two injectors were found to be the most common in the design of a hybrid rocket, swirl and cone
injectors. The effective spray of each can be seen in Figures 4 and 5.
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Figure 4: Cone Injector Sprayvi

Figure 5: Swirl Injector Sprayvii

The cone injector, although commonly used, is not necessarily optimal for rocket injections. There
are several advantages of a swirl injector. In the technical paper Effects of Swirl Injector Design on
Hybrid Rocket Fuel Regression Rate by Raul Lugo it is concluded that "Swirl injectors have the ability to
improve motor performance and efficiencies. Previous research has shown that injectors producing a
strong CTRZ (radial flow), which will result in a stable combustion and higher regression rate than axial
flowviii." Trying to maximize the regression rate of the rocket was one of the main goals for this project.
For this reasons, a swirl injector was chosen instead of a cone injector.
Another important function of an injector is to sufficiently atomize the oxidizer so that it combusts
and reacts with the fuel. The more efficiently the oxidizer reacts, the more thrust that can be attained.
The ability of the injector to atomize the oxidizer could not be validated until the first prototype was
built. However, by reducing the diameter of the injection ports to a sufficient size (for this system
0.046”) the exit velocity was increased, such that the probability of atomization was higher. In order to
maintain the desired mass flow rate of the oxidizer (0.33 lbs/sec) the number of ports must increase as
their diameter decreases.
To design the injector, an iterative process using SolidWorks Flow Simulation was used. After
seventeen iterations, the injector design that produced optimum swirl characteristics can be seen in
Figure 6. The flow simulation analysis for the chosen injector design can be seen in Figures 7 and 8.

Figure 6: Swirl Injector
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Figure 7: Flow Simulation Analysis of Swirl Injector

Figure 8: Zoomed in View of Flow Simulation Analysis of Swirl Injector
6061-T6 Aluminum was selected as the material for the injector because it is easy to machine. By
utilizing an indexer as seen in Figure 9, the aluminum is held in such a way that the corners can be
machined at the desired angle and the radial holes can be drilled at the correct spacing and angle.

Figure 9: Machining of the Injector
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Due to the angled face the holes should break the surface of the inlet shaft, but be off centered. This is
critical if the injector is supposed to produce a swirl effect. After all of the corners and holes have been
drilled, the injector is machined to size using an end-mill and lathe.
The second component of this subsystem is the injector bulkhead, seen in Figure 10. The swirl
injector is press fit into the injection bulkhead and secured with a snap ring. Since the injection
bulkhead is before the actual combustion chamber, it is not expected to see high temperatures. For
this reason the material selected was 6061-T6 Aluminum.

Figure 10: Bulkhead
The injector bulkhead has three primary functions. The first is to hold the injector in place. The second
is to provide an opening for the pressure transducer, so measurements can be taken inside of the
combustion chamber. Lastly, it is to be used to hold the rocket motor together via a pressure fit. Four
threaded bolts spanning between the injection bulkhead and nozzle bulkhead are used to compress the
hybrid motor together.
The swirl injector and bulkhead comprise the injection bulkhead subsystem. These elements have
been designed and selected to produce optimal results of the ISP and regression rate. Additionally,
they promote ease of assembly to minimize the transitional time between test firings.
Subsystem 3: Combustion Chamber
One of the main research aspects of this project will be to determine a better solution for
increasing regression rate and improving ISP within hybrid rocket motors. There are three main
components of this sub system which will include: fuel and additives, the combustion chamber and the
ignition system. In order to achieve an improved Isp and regression rate, one fuel will be tested with
two different additives. The base fuel being used will be: paraffin wax while the two additives that will
be tested are lithium aluminum hydride (LiAlH4) and magnesium powder. Additives will be mixed in
10% and 20% quantities by weight of the paraffin wax and a minimum of 5 test firings for each
configuration will be examined totaling 25 test fires.
Paraffin wax is a fairly new research field for hybrid rocket motors, but it has been shown to greatly
increase regression rate and overall performance of hybrid motors. This is due to a liquid boundary
layer that forms over the fuel grain as it burns. Because of the liquid layer, droplets of fuel form on the

10
surface of the boundary layer allowing them to get caught in the oxidizer stream as it passes creating a
fuel rich mixture throughout the grain as seen in Figure 11. This oxidizer stream coupled with the liquid
boundary layer begins to act like a spray nozzle of fuel and increases the fuel mass transfer of the
systemix. Due to the increased regression rate and boundary layer characteristics, paraffin fuels can
utilize a single port fuel grain construction without the need to maximize surface area by casting
complicated port shapes into the fuel.

Figure 11: Hybrid Engine Combustion Chamber Mixing Layer
Furthermore, paraffin wax is a readily available, inexpensive fuel that is nontoxic to the environment. If
performance can be proven comparative to that of solid rockets then this could potentially be a
replacement for solid rocket motors, which produce environmentally toxic exhaust plumes.
Since paraffin alone does not produce the needed thrust to replace solid rockets, several additives
have been considered. As a little background, a hydride is the anion of hydrogen and when mixed with
metals, has shown to produce a safe way of storing hydrogen. Hydrogen gas has been an ongoing
research field for the automotive industry, because of the added performance and lower emission
characteristics of the gas. Hydrogen gas is extremely flammable and will burn in air, but when bonded
with lithium and aluminum, can produce a highly flammable energetic solid. This was, therefore,
considered as an additive due to all the above characteristics and mixed with the paraffin will hopefully
increase performance. Lithium aluminum hydride will not be used as a fuel alone, however, because it
would be economically unfeasible to cast into a fuel grain, but should prove to be a worthy additive.
The second additive considered was magnesium powder; it will likely be used due to its economic cost
and reactivity. It is almost four times cheaper than LiAlH4 and has similar thermal capabilities, with
LiAlH4 being slightly more reactive. Magnesium is the eighth most abundant element on Earth making it
readily available for use, nontoxic and when ignited produces a very hot burning fuel, which will aid in
the formation of the paraffin liquid boundary layer. When magnesium is in a powder form it can be
very easily ignited and burns readily in the presence of nitrogen gas forming magnesium nitride. This is
an added advantage for using nitrous oxide as the oxidizer.
The combustion chamber was designed to have the ability to insert phenolic liners into a tube so
the propellant grains could be swapped out quickly when multiple test fires are necessary (see Figure
12). By modeling the combustion chamber as a closed, flat end pressure vessel, the finite element
analysis program, ANSYS, used to conduct a structural loading analysis for the duration of an average
test fire2. Figure 13 shows this analysis and the maximum stress of 4.15 MPa while aluminum 6061 has
a yield stress of 24.7 MPa suggesting that aluminum is a viable choice for the combustion chamber
tubing material.
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Figure 12: Combustion Chamber Tube
with Fuel Grain Insert

Figure 13: Von Mises Equivalent Stress
Analysis

In order to fully understand the combustion characteristics of paraffin and to aid in the nozzle
calculations and material selection, a few thermochemical calculations where performed to find the
combustion chamber temperature (See Appendix C). As seen in these calculations, there are a few
more products that are formed from the reaction and the amount of each element will need to be
determined to produce a balanced equation. This whole process was already done The University of
Minnesota Duluth Department of Mechanical Engineeringx and also through a program called Pro Pep
to further check the accuracy of the results. The combustion temperature was found to be between
3200K and 3500K.
Since the temperature of the combustion chamber increases as the fuel burns and is time
dependent, in order to limit the peak temperature, each test will be limited to five seconds. This will
limit the combustion chamber temperature to around 2500K. Due to the variables listed above, 6061T6 Aluminum was chosen because it has thermal capabilities of about 931K. Although this is much
lower than 2500K, the fuel grain and the phenolic liner act as insulators causing the aluminum casing to
not be exposed to temperatures that exceed 800K.
The ignition system employed for this motor is an ematch-pyrogen-solid rocket propellant
combination. The ematch is a conductive wire that is heated to a high temperature via an electrical
current. The wire will be encased with a pyrogen and then attached to a small piece of solid rocket
propellant. When the ematch heats up to the proper temperature it will ignite the pyrogen which will
then cause a chain reaction and ignite the solid rocket propellant. As the solid rocket propellant burns,
the oxidizer flow is initiated through the system allowing the heat and flame from the burning solid
rocket propellant to provide the necessary energy to begin the combustion of the fuel and oxidizer.
This method was chosen for a couple of reasons. First, because of its simplicity; the ignition system has
the capability to be set up quickly between test firings and it can be replicated multiple times. Second,
the addition of the solid rocket propellant with the pyrogen will prevent a miss-fire because of the
constant heat/flame being produced from the system.
Subsystem 4: Nozzle Bulkhead
The fourth subsystem in the HRM test stand is the nozzle bulkhead. It is an integral piece of the
HRM because it is the last of three subsystems that form the fuel cell of the HRM. Along with the
previously mentioned injection bulkhead and the combustion chamber, the nozzle bulkhead completes
the removable fuel cell allowing for efficient reloading capabilities for multiple test fires. The nozzle
bulkhead amplifies the energy produced in the combustion chamber and is the main factor for
producing usable thrust from the hybrid rocket motor. This subsystem contains two components: the
bulkhead and the nozzle; both are essential to the subsystem’s contributions to the performance of the
HRM.

12
The less complex of the two components in the subsystem is the bulkhead. The material chosen for
the bulkhead is aluminum 6061 because it is easier to machine than steel. The drawback is aluminum
does not have the thermal capabilities to withstand the 2500K temperature produced in the
combustion processxi. By not allowing any of the bulkhead to be exposed to the inside of the
combustion chamber, this problem is eliminated and aluminum is a viable material to use for the
bulkhead. The bulkhead will be 4” wide, 4” tall, and 1” thick with a countersink where the bigger hole is
3” in diameter and extrudes ½” into the bulkhead and the smaller hole is 2” in diameter that extrudes
through the rest of the material. It will also contain a through hole in each corner that will be 3/8” in
diameter, see Figure 14 for detailed drawing.

Figure 14: Bulkhead
The bulkhead serves two different purposes: a fastening surface and housing the nozzle. Similar to
the injection bulkhead, the bulkhead at the nozzle end is used as a surface to fasten the fuel cell
together using a pressure fit technique. As seen in Figure 14, the bulkhead will be machined to allow
for the combustion chamber to be inserted into the bulkhead and pressure sealed with an O-ring. Also,
Figure 14 shows the four equivalent through holes in each corner where the bulkheads at either end of
the combustion chamber will be fastened together using steel all-thread rods and threaded flange nuts
with the combustion chamber safely pressure fit between both of them. Steel was chosen for these allthread rods because of its superb tensile strengthxii. The second purpose of the bulkhead is to house
the nozzle. As seen in Figure 12, the bulkhead was designed to allow for part of the nozzle surface to
press up against the face of the bulkhead while still leaving enough room between the nozzle and the
bulkhead for the insertion of the combustion chamber casing. The reasoning behind this design is to
make sure the bulkhead does not come into direct contact with the chemical reaction and thermal
energy produced in the combustion chamber.
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Figure 15: Nozzle/Bulkhead Assembly
The nozzle is the second component of this subsystem of the HRM. Using the laws of
thermodynamics, compressible flow, and fluid mechanics, a nozzle is used to convert extremely high
temperature and high pressure gas into useable kinetic energy in the form of extremely fast moving
exhaust velocity. Because the nozzle has to physically come into contact with the hot gases and high
pressures in the combustion chamber, a material must be chosen with extremely high thermal capacity
as well as durable enough to withstand the internal pressure in the combustion chamber. The material
chosen was graphite; its carbon make up give it both a superb thermal resistance as well as strength
enough to withstand the internal pressuresxiii.
The nozzle serves two purposes: it accelerates the flow and it contains the post combustion
chamber. As stated above, the nozzle takes extremely hot, high pressure, slow moving gases and
accelerates it to a supersonic exhaust velocity. This is achieved using a converging-diverging nozzle. A
converging-diverging nozzle contracts down to a small area (referred to as the throat area) and then
expands back to a large area. Once the flow reaches the throat of the nozzle, it is traveling at sonic
velocity (local speed of sound); at this point to continue to accelerate the flow, the nozzle must now
expand like a diffuser and the flow continues to accelerate into the supersonic regime to produce a
fast-moving exhaust velocity. The area ratio between the nozzle exit plane and the throat is known as
the expansion ratio and the Mach number at the nozzle exit is based directly on this ratioxiv from the
equations
(

)(

)

(

)

(5)

The nozzle for this HRM is shown in Figure 16 and has an area ratio of 4. The nozzle expansion ratio was
a key design point. Because the HRM test stand is a static fire test stand, the nozzle can be designed
specifically to have an expansion ratio that allows for perfect expansion during the entire test fire. This
means that the pressure at the exit plane of the nozzle will be equal to the ambient pressure of the
testing environment, which eliminates a part of the thrust equation
(

)

(6)
(7)

14

√

(

)

(

(

)

)

(8)

This design point is extremely beneficial because, the less values there are to measure, the less possible
error in calculations there will be and therefore better results can be obtained.

Figure 16: Nozzle
The nozzle’s second purpose is unique to the design of this HRM: the nozzle encases the post
combustion chamber. The post combustion chamber is necessary in a HRM design because it allows for
a more complete mixing of the fuel and oxidizer by providing space for combustion to occur without
the presence of new fuelxv ultimately allowing the existing oxidizer and fuel to fully react on a chemical
level. Because the post combustion chamber is still part of the combustion process, it also experiences
very high temperatures. This led to an extension of the graphite nozzle that encases the post
combustion chamber. This graphite extension is 1.5” long and provides the thermal resistivity required
to protect the case during combustion.
The nozzle bulkhead is a vital part to the HRM system because it has the most significant impact on
the produced thrust. It influences the thrust by controlling the exhaust velocity via an appropriate
nozzle expansion ratio.
Subsystem 5: Test Bed
The fifth subsystem in the HRM test stand is the test bed. The test bed is essential to the operation
of the HRM test stand because of its primary functions: containing any potential blast or shrapnel and
to securely hold the HRM, NOS tank, and DAQ system. The test bed will essentially be a low profile
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table with a protective case mounted on the top from which the HRM will be fired in the horizontal
direction (see Figure 17).

Figure 17: SolidWorks Model of the Test Bed
Initially the test stand was being designed for vertical test firing (firing towards the ground), but
due to potential dripping of the wax based fuel, the stand was redesigned to fire horizontally. The
majority of the test bed was chosen to be built with ¼” steel plating; not only does the steel provide
more than enough strength to contain any blast that could emanate from an HRM of this size but it also
allows for weldingxvi. Welding also allows for things to be mounted to the table with ease. An additional
benefit of using steel is that the weight of the structure will be great enough that no additional ballast
will be needed to prevent the stand from tipping while the HRM is firing (this is shown in equation 22
and Figure 18); once a testing location is determined additional precautions will be taken to prevent
any sliding of the table. This heavy weight also means that the stand will be slightly more difficult to
carry, though it is easily carried in the back of a pickup.
(9)

Figure 18: diagram showing the inputs for equation (9).
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The current implementation of the test bed easily satisfies equation (9) obtaining 200lbs<363.38lbs.
One of the sides and the top of the protective case will be made of 3/8” Lexan (a common material
used in blast shielding) which will still contain any blast potentially produced while still allowing line of
sight to the HRM while it is firing inside of the test bed. The main design point of the test bed is the
safety of the observers and this model provides adequate protection.
Subsystem 6: Data Acquisition System
The data acquisition subsystem consisted of four different components: the data acquisition
module, three pressure transducers, a switch box, and a power source.
The data acquisition module (DAQ) was used to acquire the data from the necessary components
taking measurements during a test fire. The DAQ-1811 from Futek Instruments, seen in Figure 16
below, was chosen for a couple reasons. First, it provided four analog ports for data acquisition devices
to be connected. This was a necessary feature because the HRM test stand had three pressure
transducers that simultaneously were transmitting data. Second, the DAQ-1811 was able to read
between 1-5 volts DC which was the output range for the chosen pressure transducers meaning there
was not a need to utilize a signal amplifier.

Figure 16: DAQ-1811 by Futek Instruments, LLC
The second component of the data acquisition system were the three pressure transducers. These
were vital components of the HRM test stand because they allowed for calculation of pressure at key
points during a test fire. As stated above, the pressure transducers had an output of 1-5 volts DC which
was the equivalent of 0-1000 psi; this was the range of pressure in which the HRM operated. Two of
the pressure transducers were used to measure the pressure difference in the venturi to aid in the
calculation of the mass flow rate of the oxidizer, and the third was used to measure the pressure inside
the combustion chamber to aid in the calculation of the thrust produced by the motor.
The third and fourth components of this subsystem were a switch box and power source. The
switch box was connected to the solenoid valve and used as a safety mechanism that allowed the flow
of the oxidizer to be shut off in case of any detected danger during a test fire. The power source was
used to supply power to all of the components of this subsystem. A diagram of this componentry can
be seen below in Figure 17.
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Figure 17: Diagram of Data Acquisition Subsystem

4.0 HRM Test Plan
Research Tree

None(x5)

Fuel

Paraffin Wax

10% LiAlH4 (x5)

= 25 test fires

Additives
20% LiAlH4(x5)
20% Mg Powder(x5)

10% Mg Powder(x5)

The test plan for this project has three components: 1) the research tree (presented above) 2) the
test firings 3) the data acquisition system. The research tree outlines the different fuels and additive
combinations this project will empirically test. The test firings for this project will consist of the
following combinations (illustrated by the research tree): paraffin wax without additive, paraffin wax
with each additive at 10% and 20%; the team will test each of these combinations five times, which
gives a total of 25 test firings. The test plan for this project incorporates equipping the test stand with
the necessary data acquisition equipment which includes a venturi, pressure transducers, and a load
cell. The venturi will be used to record the mass flow rate of oxidizer that is entering the combustion
chamber using equation (3). The pressure transducers will measure the stagnation pressure exiting the
oxidizer tank, measure two different pressures on the venturi, as well as measuring the pressure
entering the combustion chamber. Finally the load cell is required to obtain thrust measurements for
each test fire.
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The data acquired will be compiled to measure the efficiency of the fuel/additive combinations.
From the thrust of a hybrid motor can be solved for the specific impulse, ISP
( ̇

̇

(10)

)

The thrust will be calculated by equation (7) because the area of the throat is known, the combustion
chamber pressure is measured via a pressure transducer and all values in the equation for the thrust
coefficient are known. The mass flow rate of the oxidizer will be measured by the venturi. The mass
flow rate of the fuel is calculated by
̇

(

∫

)

(11)

Plugging in the values from the system results in
̇

̇

∫

(12)

A well-known equation for calculating the regression rate ̇ for a hybrid rocket engine isxvii
̇

(

̇

)

(13)

The values obtained for a and n for paraffin wax only test firings will be compared to the values
obtained by the Stanford Professor Dr. Arif Karabeyoglu, who found that for pure paraffin wax burns,
the a and n values are .488 and .62 respectivelyxviii. Since the empirical constants are based on the
fuel/oxidizer combinations, these values will be empirically found during each test fire. Ab is the burn
area of the combustion chamber which for this test plan is
(14)
Combining equations (12), (13) and (14) then integrating produces
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Next, equation (10) and (15) can be combined
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Finally, combining Equation (16) and Equation (4) results in
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Since all values are either known constants or recorded via the data acquisition system, the
calculated for each test fire.

can be

5.0 Results
Changes Made
There were a few changes that occurred to the design/procedure during the fabrication and testing
process.
The first change that was made was the use of a new nozzle. During the second paraffin only test
fire, the nozzle suffered a failure that caused it to be unusable. This failure occurred due to a sharp 90
degree angle on the outer surface of the nozzle. As seen in Figure 18, the nozzle sheared at this
location due to the immense heat/stress concentration at the sharp corner. This rendered the nozzle
unusable so a backup nozzle was used. The new nozzle can be seen in Figure 19; it was purchased
through Loki Research and served as the nozzle for the remaining test fires successfully due to lack of
the 90 degree angle.

Figure 18: Sheared Nozzle

Figure 19: Backup nozzle

The second change that was made was the method of measuring the oxidizer mass flow rate.
Initially, the method chosen was to utilize the pressure difference created by the venturi to calculate
the mass flow rate of the oxidizer. This proved to be very difficult to do for one reason: the density of
nitrous oxide is extremely unstable because it is heavily dependent on pressure and temperature
fluctuations. Due to the inaccuracy of this measurement, the alternate method of measuring the
oxidizer mass flow rate was utilized; the oxidizer tank was weighed before and after each test fire and
the burn time was extracted from the pressure transducer data. This data and equation (1) were used
to find the mass flow rate. The theoretical value calculated from the Solidworks Flow Simulation was
about 0.33 lb/sec; utilizing the alternate method stated above, the average oxidizer mass flow rate for
all performed test fires was about 0.34 lb/sec. This confirmed the theoretical data and validated the
weight delta of the tank over the burn time as a method of calculating the mass flow rate of the
oxidizer.
The final change that was implemented to the design and analysis of the HRM was the method of
calculating the mass flow rate of the fuel. Originally, equation (12) was used to calculated this value.
Due to complications of obtaining the empirical constants a and n of the hybrid rocket motor
regression equation for each test fire, an alternative method was developed. The swirl injector used in
the system produced an extremely uniform regression rate throughout the length of the fuel grain as
seen in Figure 20.
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Figure 20: Uniform Regression Rate of Fuel Grain Post Test Fire
This allowed for calculation of the average regression rate by dividing the change in port diameter of
the fuel grain before and after the test fire by the burn time. The average regression rate was then
used to find the average fuel mass flow rate for each test fire.
Test Fire Data and Analysis
ProPep, an open source code for performing thermochemical calculations, was used to determine
specific impulse values for a large range of oxidizer to fuel ratios. Figure 21 shows that the optimum
oxidizer to fuel ratio for paraffin based fuels is around 6. Also illustrated in Figure 21 is the operational
oxidizer to fuel range for the current design. The operational range (1-3) is much lower than the
optimal value for two reasons. First, the solenoid valve and injector limit the mass flow rate of the
oxidizer; second, the mass flow rate of the fuel was much higher than expected due to the high
regression rate, which is a characteristic of paraffin based fuels.
Figure 22 shows the quantified relationship between the amount of magnesium present in the fuel
and the specific impulse produced by the motor. The specific impulse data obtained and analyzed for
the test fires performed confirmed the theoretical data that was found using ProPep: the addition of
magnesium to the paraffin fuel increases the specific impulse of the HRM. Also in Figure 21, the grey
lines on the graph indicate the minimum and maximum operational oxidizer to fuel ratio obtained by
the system. All of the data collected and analyzed was within this range proving that the system was
operating correctly.
Figure 23 shows the regression rate normalized by the initial oxidizer mass flux. It shows that the
addition of magnesium to paraffin based fuels decreases the regression rate of the fuel grain. One of
the possible reasons this may happen is due to the change in opacity of the fuel grain. Paraffin only fuel
grains are somewhat transparent when in solid form. The addition of magnesium to the fuel grain
causes it to be more opaque which decreases the radiative heat transfer to the system. This decrease in
heat transfer causes the temperature inside the combustion chamber to drop which reduces the
regression rate. This trend has not been noted in any previous research.
Figure 24 shows the empirical hybrid rocket regression rate equation for each of the fuel
combinations. It can be seen that the addition of magnesium to the fuel increases the regression rate
exponent. This means that for an increase in the oxidizer mass flux to the system, the fuel production
increases at a higher rate when magnesium is present in the fuel. This confirms the research previously
done on paraffin based fuel.xix The regression rate coefficient was not compared for these results due
to the fact that there was a very small range of oxidizer mass flux. This will be remedied in future tests
by varying the initial port diameter of each fuel grain.
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Figure 21: Theoretical Specific
Impulse and Operational O/F Ratio

Figure 23: Regression Rate Normalization
Based on Magnesium Percent

Figure 22: Specific Impulse Based on
Magnesium Percent

Figure 24: Hybrid Rocket Regression Rate
Equation Data
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6.0 Conclusion and Future Work
The data collected and analyzed shows a few important characteristics of paraffin wax’s use in
hybrid rocketry. The most important result is that the specific impulse and the density specific impulse
increase as mass percent of magnesium increases. This matches the theoretical data obtained using
ProPep. Specific impulse is essentially a measure of the efficiency of a rocket engine which I why this
value is so important in rocketry. The specific impulse increased by about 15 seconds from the pure
paraffin wax to the 10% magnesium test fires; this change may seem insignificant but in the rocket
propulsion industry companies spend millions of dollars for just a second increase in specific impulse.
Also there was a measurable decrease in regression rate with the addition of magnesium. This is
because the pure paraffin wax in transparent whereas the fuel grains with magnesium are very opaque.
Because the pure paraffin grain is transparent the radiative heat transfer into the grain is much higher
than for the magnesium cases. This radiative heat transfer heats the wax below the surface and makes
it much easier to melt the wax which in turn raises the regression rate. However as the percentage of
magnesium increases from 5% to 10% the regression rate rises significantly. The final observation that
could be made from the data is that the regression rate exponent increased significantly with the
addition of magnesium. This increase in regression rate exponent means that for a given increase in the
oxidizer mass flux the fuel production of the 10% magnesium increases at a higher rate than the 5%
magnesium which increases at a higher rate than the pure paraffin. An additional detail to be pulled
from the data is that the operational oxidizer to fuel ratio is extremely low when compared to the
optimum value. This is due to the limitations on the mass flow rate of the oxidizer and the extremely
high regression rate of the paraffin.
The main improvements to be made to the system for future involve the oxidizer mass flow rate.
First off, in order to raise the operational oxidizer to fuel ratio up to the optimum value the mass flow
rate of the oxidizer needs to be increased. The mass flow rate of the oxidizer can be raised a few ways:
use a solenoid valve with a higher mass flow rate capacity, increase the injector orifice diameter, or
increase the stagnation pressure of the oxidizer by increasing the tank temperature. Additionally a
possible improvement to the system would be to improve the measurement of the mass flow rate of
the oxidizer. One possible method of achieving a more accurate value would be to include
thermocouples just before the venturi; this would allow for a more accurate density calculation which
improves the venturi calculations.
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Team Member Responsibilities

Oxidizer Delivery System
Injection Bulkhead
Combustion Chamber
Nozzle Bulkhead
Test Bed
DAQ
Test Plan
Saftey Procedures

Oxidizer Delivery System
Injector
Injection Bulkhead
Combustion Chamber
Nozzle Bulkhead
Test Bed
DAQ
Fuel Grain Casting

Driving
Setup/Takedown
Data Capture
Video/Image Capture
Test Firing

Brian
Robert
Franz
Schultz
Design and Analysis
x
x
x
x
x
x
x
x
x
x
xx
x
Fabrication
x
x

x
x

Doug
Mason

Spencer
Sasarita

Daniel
Murphey

x
x

x

x

x

x
x
x
x
x
x

x
x
x

x
x

x
xx

x

x
x

x
x

x
x
x

x

Test Firing
xx
x
x
xx
x
x
x
x

x
x
x
x

x

x

xx

x
x

x

x
x

x

xx
x

x

AIAA Student Paper Conference (SPC)
Data Analysis
x
x
Writing SPC Paper
xx
x
Editing Paper
x
x
Creating Presentation
x
x
Presenting at Conference
x
x

x
x

x
x
x
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Writing Python Codes
Writing MATLAB Codes
Analyzing Data

Abstract
Nomenclature
1.0 HRM Background
2.0 HRM Test Stand Goals
3.0 HRM Subsystems
Oxidizer Delivery System
Injection Bulkhead
Combustion Chamber
Nozzle Bulkhead
Test Bed
4.0 HRM Test Plan
5.0 Results
6.0 Conclusion
Appendix A
Appendix B
Appendix C
Appendix D
Appendix E
Editing Final Paper

Brian
Robert
Franz
Schultz
Data Analysis
x
x
x
xx
x
Final Project Report
x
x
x
x
x
x
x

Doug
Mason

Spencer
Sasarita

Daniel
Murphey

x
x
x

x
x
x

x
x
x

x
x
x
x
x

x
x

x

x

x

x
x

x
x

x
x

x

x
x
x

x
x
x

x

x

x
x
x

x

x

x

Senior Design Day Project Board
Creating Basic Board Outline
Editing Board
x
x
x

x
x

x

*This table represents who led for the given task (XX) although all contributed to its completion.
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Appendix B
HRM Test Fire Procedures
Location & Safety
a.
b.
c.
d.
e.

f.

g.

h.
i.
j.
k.

l.

Consent will be obtained from the Aerospace and Mechanical Engineering Department, the
project advisor, and the University of Arizona Risk Management prior to testing.
The project advisor will be present for ALL test fires
Under NO circumstances will anyone other than team members and approved advisors be
allowed to be near the rocket during test firings.
Test firings will be located on a private lot located at the end of Ina to the west of I-10
The test stand will be positioned in the vacant dirt area located at the furthest point east of the
unoccupied building. All loose debris and potential fire hazards will be removed within a 10ft
radius prior to setting up the test stand. The exhaust plume will be facing an 8ft dirt mound to
stop any possible projectiles.
ALL test fires will be done remotely via an electronic switch which operates the solenoid valve.
All members will be inside a brick garage that will act as a blast bunker while the rocket is
armed, which is located 75ft from the hybrid rocket test stand.
Live feed video viewing the tank pressure gauge and the fuel cell will be running during ALL test
fires. This allows real time readings giving the ability to stop the oxidizer supply to the
combustion chamber before any catastrophic failure occurs
Ear Protection will be worn at all times during the test fire.
Each test fire will last a maximum of 5 seconds and then will shut down to obtain the necessary
data from the fuel grain.
There will be at least two class D fire extinguishers present at all times as well as a bucket of dry
sand in case of a fire.
After each test fire the rocket will be allowed to cool for no less than 30 minutes before
switching fuel grains.
911 will be called in case of an emergency.

Procedures
1.
2.
3.
4.

5.
6.
7.
8.
9.
10.
11.
12.
13.
14.

Obtain necessary pre-test fire data
Make sure oxidizer tank valve is off and disconnected
Install fuel cell into test stand
Hook up hoses in the following order:
a. Injector Bulkhead to the Venturi
b. Venturi to the Solenoid Valve
Make sure solenoid valve is in the OFF position
Dry test the solenoid value without opening the oxidizer valve to ensure functionality of the
solenoid valve before test firing.
Install live feed camera and ensure proper functioning for viewing pressure gauge on oxidizer
tank and the fuel cell
Only one person is allowed in the test fire area to install ematch, a slender conducting wire that
is used to pre-heat the pre combustion chamber.
The designated person will ensure all hoses are properly connected
The designated person will open the oxidizer tank valve while the solenoid valve is kept OFF
The final person vacates the test fire area
Turn on Data Acquisition for data recording
Commence test fire
Disconnect power to the solenoid valve
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15.
16.
17.
18.
19.
20.
21.

Wait one minute, then have one person turn off oxidizer tank valve
Wait 30+ min before approaching test stand
Remove fuel grain
Obtain necessary post data (see template to be filled out for each test fire)
Repeat steps 2-22 for each new fuel grain
Use empirical data from burst fires to calculate burn rate exponent and coefficient
Use burn rate exponent and coefficient and full test fire data to compile mass flow rate of the
oxidizer, mass flow rate of the fuel, thrust and specific impulse for each test fire
22. Normalize these results to obtain mass flow rate of the oxidizer, mass flow rate of the fuel,
thrust and specific impulse for each type of fuel

Clean Up & Disposal
1.
2.
3.
4.
5.
6.
7.
8.
9.

Close the valve on the oxidizer tank
Purge the system of any remaining oxidizer
Disconnect the power to the solenoid valve
Disconnect the supply hose to the oxidizer tank
Disconnect the power supply to the pressure transducers
Clean up all extension cords
Collect all of the phenolic liners and fuel cells, transport to AME S408 via a crate
Transport the test stand and supporting materials to AME S408
After acquiring any additional data from the fuel cells follow chemical waste disposal
1
procedures
a. Container Preparation
i. Collect 3.5 gallon plastic (HDPE) pail from UA stores
b. Add proper waste identification tag
i. List name of person familiar with waste
ii. Phone number
iii. Building name and lab number
iv. Full chemical name of waste
c. Request Pick up
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Location of test fires
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1

2

3

1
2
3
Location of car which is Enclosed
building
where Test stand and test fire locations
utilized as power source
electronics and team are during
test fires
"Risk Management Services Environmental Compliance Chemical Waste Disposal."Risk Management
Services Environmental Compliance Chemical Waste Disposal. N.p., n.d. Web. 05 Feb. 2013.
http://risk.arizona.edu/environmentalcompliance/chemicalwastedisposal.shtml
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HRM Casting Safety Documents
List of Intended Chemicals
Nitrous Oxide (Oxidizer)
Nitrous oxide acts as the oxidizer in our hybrid rocket. Until being hooked up to the test
stand the nitrous tank will be stored, detached from the system, locked in an environmentally
controlled backroom within AME S408. This will mitigate potential hazards such as: the tank
exploding due to heating, combustion due to contact with the fuel, and inhalation of nitrous
vapor. The back room, where the tank will be stored, is cooled to approximately 67 degrees
using the centralized air system. Additionally there is no heat source (i.e. computers, sunlight
from windows) present. The paraffin wax fuel and nitrous oxide are inert, meaning without a
significant amount of heat they will not spontaneously react and combust. As a precaution,
the Paraffin wax will be kept in the main room separate from the oxidizer to insure no reaction
will occur. Assuming the oxidizer tank does not leak, there will be no risk of inhalation of the
vapor. However, as a precaution the tank will be stored in the locked room, should a leak
occur, upon entering the room the odor will be present. If this is the case, the main room will
be cleared of people and then ventilated. With these precautions in place, the risk due to the
nitrous oxide is minimized.
The tank will be filled by the U of A Cryogenics and Gas Facility on campus within two days
prior to a test fire to prevent prolonged storage of the pressurized tank. We have
communicated with staff of this facility and we have determined the procedure for filling a
tank. The nitrous oxide purchased from U of A Cryogenics is not medical grade nitrous oxide;
this means that there is a small amount of sulfur dioxide to allow for easy detection of leaks
and also prevent any potential substance abuse.
The nitrous oxide tank was purchased from Don’s Hotrod Shop, a business specializing in
nitrous systems for automobiles, and was manufactured by Edelbrock.
Paraffin Wax (Fuel)
Paraffin wax is the primary fuel in the hybrid rocket proposed. Its public use is as basic
candle wax. It is appealing to hybrid rocketry because it does not produce any harmful
chemical pollutants when combusted; this along with the fact that it is inert makes paraffin
wax one of the safest types of fuel to work with in rocketry. Also paraffin wax has an extremely
high regression rate (regression rate is basically burn rate) which is an important factor in
hybrid rocketry.
Lithium Aluminum Tetra Hydride (Proposed Additive 1)
Also known as lithium aluminum hydride, this powder will function as an additive to the
fuel to enhance performance of the engine. The fuel (paraffin wax) and additive will be premixed before test fires. Lithium hydride is hygroscopic, meaning that it attracts water
molecules and even tends to pull water molecules from moister in the air. Additionally lithium
aluminum hydride reacts in the presence of water to form lithium hydroxide and flammable
hydrogen gas. These two properties are not a good combination, so it is important to keep the
LiAlH4 powder from contacting the air. To minimize risk, the container of LiAlH4 will always be

32

sealed and stored in a fireproof cabinet, located in AME N231D. It will also only be handled in
the nitrogen bag. The MSDS is attached to the container and will be reviewed before the
chemical is used.
Lithium aluminum hydride begins to decompose at 257 0F. One of the products of the
decomposition is hydrogen gas. To prevent decomposition keep LiAlH4 and any mixture
containing it well below this temperature.
Once cast into the paraffin wax fuel grains the lithium aluminum hydride will be safe to
store in an oxygen environment. In the paper titled Testing of LiAlH4 as a Potential Additive to
Paraffin Wax Hybrid Rocket Fuel, by John DeSain and his coauthors, it is stated that the
“hydrophobic paraffin wax was found to isolate the LiAlH4 from reaction with both water
vapor and upon submerging in liquid water.”
Risk
Mitigation
Potential to react with water to create H2 gas Keep in a sealed container locked in fireproof
cabinet. Only handle actual powder in a
nitrogen environment until mixed with wax.
0
Decomposes at temperatures above 257 F to During the casting process limit the
form H2 gas
temperature of the wax to 160 oF, which is
well below this decomposition temperature.
Magnesium Powder (Proposed Additive 2)
This will also function as an additive to the fuel to enhance the performance of the engine.
It will be pre-mixed before test fires with the fuel (paraffin wax) and additive will be pre-mixed
before test fires. Although magnesium poses less of a risk than Lithium Aluminum Tetra
Hydride, it will also be sealed and stored in a fireproof cabinet, located in AME N231D. The
MSDS is attached to the container and will be reviewed before the chemical is used.
One dangerous property of magnesium powder is that if it gets lit it cannot be extinguished
with water. So we will have a bucket of sand and a class-d fire extinguisher present at mixings
and test firings.
Risk
Mitigation
Once magnesium powder is lit it cannot be Always have a bucket of sand and a class-d
extinguished with water.
fire extinguisher present.
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Chemical Storage
a. The chemical additives will be ordered from Sigma Aldrich and delivered to room S408.
b. Until they are needed these additives will be kept in sealed containers stored in a fireproof
cabinet in room AME N231D.
c. The empty tank will be carried to the University of Arizona Cryogenics (1118 E. 4 th Street,
Room 164). It will then be filled by an URIC technician. It will be taken and stored in the
locked backroom of AME S408 (AME 408A), as previously described. The duration of storage
will be minimal, filling the tank on a Friday, storing it overnight, and then be used for test firing
Saturday morning.
d. The series of tests should utilize all of the nitrous oxide. After the completion of all test fires
the empty nitrous oxide bottle will be stored in room AME S408.
Fuel Grain Casting
a. The fuel grains will be cast in room AME N417B under an approved fume hood.
b. The paraffin wax will be heated using a hot plate provided by Photometrics, under a fume
hood. A large stainless steel pot will contain the wax as it is liquefied to a temperature of 160
o
F. This temperature is below 257 0F where the decomposition of lithium aluminum hydride
occurs but above the melting point of paraffin wax. A large analog stem thermometer
purchased from McMaster-Carr is used to monitor the temperature. The wax will be
consistently mixed to ensure the distribution of heat is uniform.
c. The mixing of additives will occur in a sealed glove bag (purchased from Sigma Aldrich) that is
filled with nitrogen obtained from UA Cryogenics and Compressed Gas Facility.
d. The sealed additive container will be placed into the bag along with a scale. The scale
purchased from Harbor Freight reads up to 1000 grams. After the bag is sealed the additive
container will be opened, and the needed amount of additive will be measured. Afterwards,
the additive container will be re-sealed, and the measured additive will be removed from the
nitrogen bag. It will then be immediately mixed thoroughly in the melted wax. To be clear, the
wax will still be heating on the hot plate while the additive is mixed in.
e. Once the additive is mixed with the wax it will be safe to work with in an oxygen environment
because of the hydrophobic properties of the wax.
f. After thoroughly being mixed the wax/additive are poured into the fuel grain mold and
allowed to cool to ambient in the fume hood.
g. The fuel grains will be made on the day before testing as to prevent potential hazards from
storing the fuel grain. They will be transported to and stored overnight in AME S408. Once
casted the fuel/additive combination has minimal risk and is safe to be store and handled in
air.
General Safety
a. During the casting process only two to three team members will be present. All members
present will have long hair pulled back, no loose hanging items, i.e. jewelry, and have closed
toed shoes. Also lab coats will be worn at all times.
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b. Nitrile gloves, chemical resistant protected eyewear, and respirator masks will be worn at all
times during the casting process.
c. A class D fire extinguisher will be present and within reach at all times. In case of LiAlH 4 fire, a
bucket of dry sand will be present and within reach to extinguish a potential fire.
d. Dry sand and the fire extinguisher will also work for any potential fire induced by the
magnesium powder.
e. All hazardous materials will be handled and sealed in a nitrogen environment.
f. NO Water will be present near the additives. A wash station will be close by in case of an
emergency, as well as for cleanup.
g. No food or drinks will be present during the casting process and all hands will be washed and
thoroughly dried before gloves are put on.
Appendix C
Thermochemical Calculations
To proceed with this approach, the stoichiometric reaction between paraffin and nitrous oxide was
found to be the following:
→

(C1)

This formula assumes complete combustion of the reactants. The Steady-Flow Energy Equation will be
used in later calculations, but is defined by the following:
∑

(

)

∑

(

)

(C2)

There will be no external work in the process and an adiabatic combustion will be assumed, (W = Q =
0). The above formula will become:
∑

(

)

∑

(

)

(C3)

All the enthalpy values will need to be determined for the products and reactants. Since the
combustion will occur at high temperatures, the coefficients of thermodynamic properties are defined
for each product using the following data from NASAxx.
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)
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The heat of combustion for Paraffin wax was referenced from “Coefficients for Calculating
Thermodynamic and Transport Properties of Individual Species” by McBride, Gordon, and Reno and
determined to be:
(C4)
Heat of formation also needs to be determined for paraffin wax, but this will need to be calculated.
Assuming that the reaction happens in air, the enthalpy values would be known except for the heat of
formation; the stoichiometric equation for this reaction is found to be:
(

)

→

(C5)

And thus,
(C6)
After this calculation has been done, which can be seen in the MatLab code attached, the heat of
formation for Paraffin wax was determined to be:
(C7)
Now all the information is needed to complete the Steady-Flow Energy Equation listed above and this
can be reduced to equation (C6) and plugging in values will provide equation (C7). Assuming the
reaction takes place at room temperature the ambient temperature is 298K and the equations become:
( )

(
( )

)

( )
( )

(

)

(C8)
( )

(C9)

Once these calculations were all ran, the temperature of the combustion chamber was found to be:

36

This is about 1000 Kelvin above known assumptions, but the process for these calculations have been
verified and deemed accurate. What this means though is that there is not a complete combustion that
takes place and the products dissociate into minor species as shown in by the following stoichiometric
equation:
→

(C10)

Appendix D
Acknowledgements
The team would like to thank:
AIAA Student Branch, University of Arizona
For funding the entire project, allowing the use of the laboratory as a work space and the use of
tools and materials to complete the project.
James Villarreal, Energetics and Propulsion, Raytheon
For advising the team throughout the course of the entire project, offering guidance and
suggestion anywhere and everywhere needed
Marsh McCoy, Senior Mechanical Engineer, Photometrics,
For the use of his land for test fire purposes.
AME Department, University of Arizona
For allowing the use of the fume hoods to mix and cast potentially hazardous chemicals and their
continued support and guidance throughout the project.
OLT Fabrication
For fabrication and donation of steel table.
Risk Management & Safety, University of Arizona
For reviewing all safety documents and procedures to ensure the continued safety of the design
team.

References
i

“Hybrid Rocket Propulsion.” Space Propulsion Group, Inc.
<http://www.spg-corp.com/hybrid-rocket-propulsion.html>
ii
DeSain, John D. ; Curtiss, Thomas J. ; Cohen, Ronald B. ; Brady, Brian B. ; Frolik, Steven A. “Testing of
LiAlH4 as a Potential Additive to Paraffin Wax Hybrid Rocket Fuel.” Aerospace Corporation. 30 Oct 2007.
iii
“Oxidizer.” Space Propulsion Group, Inc. <http://www.spg-corp.com/nytrox-propellants.html>
iv
Sutton, George; Biblarz, Oscar. “Nozzle Theory and Thermodynamic Relations.” Rocket Propulsion Elements.
th
8 ed. ©2010. Pgs 49-50
v
Sutton, George; Biblarz, Oscar. “Nozzle Theory and Thermodynamic Relations.” Rocket Propulsion Elements.
th
8 ed. ©2010. Pgs 48
vi
< http://www.nsxprime.com/forum/showthread.php/157469-Prospeed-rdx-injectors-amp-ecu-rom-tune
kit/page4>
vii

viii

Li-jun Yang, Qing-fei Fu, Yuan-Yuan Qu, Wei Zhang, Ming-long Du, Bing-rui Xu. “Spray Characteristics of
Gelled Propellants in Swirl Injectors.” Fuel. July 2012.

Li-jun Yang, Qing-fei Fu, Yuan-yuan Qu, Wei Zhang, Ming-long Du, Bing-rui Xu. “Spray Characteristics of
Gelled Propellants in Swirl Injectors.” Fuel. July 2012.
ix
“Oxidizer.” Space Propulsion Group, Inc. <http://www.spg-corp.com/nytrox-propellants.html>
x
Erickson, Ryan. “Numerical Modeling of a Hybrid Rocket.” University of Minnesota Duluth, Department of
Mechanical Engineering. Spring 2005.

37

xi

“6061 Aluminum.” Aerospace Specification Metals Inc.
<http://asm.matweb.com/search/SpecificMaterial.asp?bassnum=MA6061t6>
xii
“4310 Steel.” Aerospace Specification Metals Inc.
<http://asm.matweb.com/search/SpecificMaterial.asp?bassnum=m4130r>
xiii

Rasor, N.S. McClelland, J.D. “Thermal Properties of Graphite, Molybdenum, and Tantalum to their Destruction
Temperatures.” Journal of Physics and Chemistry of Solids. (1960): 17-26
<http://www.sciencedirect.com/science/article/pii/0022369760900950>
xiv
th
Sutton, George; Biblarz, Oscar. “Isentropic Flow Through Nozzles.” Rocket Propulsion Elements. 8 ed.
©2010. Pgs 53-60
xv
“Post Combustion Chambers.” Hybrid Rocket Motors.
<http://www.ukrocketman.com/rocketry/hybridscience.shtml#postchamber>
xvi
“4310 Steel.” Aerospace Specification Metals Inc.
<http://asm.matweb.com/search/SpecificMaterial.asp?bassnum=m4130r>
xvii
th
Sutton, George; Biblarz, Oscar. “Hybrid Propellant Rockets.” Rocket Propulsion Elements. 8 ed. ©2010.
Pgs 603-604
xviii
Karabeyoglu, Arif. “Hybrid Rocket Propulsion For Future Space Launch.” Space Propulsion Group, Inc. and
Stanford University. 9 May 2008. Pg 17.
xix
“Development and Testing of Paraffin-Based Hybrid Rocket Fuels,” Karabeyoglu, Cantwell, Altman
xx
McBride, Bonnie; Gordon, Sanford; Reno, Martin; NASA TM 4513- Coefficients
for Calculating Thermodynamic and Transport Properties of Individual Species,
NASA, 1993

Appendix E
AIAA Student Conference Paper – 2nd Place Finish
(See Attached)

Investigation of Paraffin Fuels and Additives in Hybrid
Rocket Motors
Brian Franz1, Doug Mason2, Daniel Murphey3, Spencer Sasarita4, Robert Schultz5
University of Arizona, Tucson AZ, 85721
In comparison to solid and liquid fueled rockets, hybrids are attractive for their relatively low
cost, simple design, and safety, while combining some of the characteristics of both liquid and solid
fueled rockets. This paper describes a hybrid rocket motor (HRM) design that was constructed for testing
fuels with little to no known experimental data. The HRM utilizes nitrous oxide as the propellant oxidizer
and will be chemically combusted with paraffin wax based fuels. Paraffin wax is a relatively new type of
hybrid rocket fuel and has ample opportunity for research. The paraffin wax will be tested alone as a
baseline comparison test as well as mixed with two additives: lithium aluminum hydride and magnesium
powder. These additives will act as performance enhancers in the fuel grain with each additive mixed at
5% and 10% of the fuel mass. This project will allow for 25 total test fires with different propellant
combinations. The data will be compiled, analyzed, and will give insight to the magnitude in which the
new type of fuel and/or the use of additives affect the efficiency of the hybrid rocket engine.
Nomenclature
a
A1
A2

- Regression Rate Coefficient
- Large Venturi Port Area
- Small Venturi Port Area
- Burn Area
Ae
- Nozzle Exit Area
At
- Nozzle Throat Area
Cf
- Thrust Coefficient
HRM - Hybrid Rocket Motor
ISP
- Specific Impulse
̇
- Fuel Mass Flow Rate
̇
- Oxidizer Mass Flow Rate
n
- Regression Rate Exponent
P1
- Venturi Pressure 1

P2
Pa
PCC
Pe
̇
T
tb
Wf
Wi
γ

- Venturi Pressure 2
- Ambient Pressure
- Combustion Chamber Pressure
- Nozzle Exit Pressure
- Regression Rate
- Thrust
- Burn Time
- Final Fuel Grain Weight
- Initial Fuel Grain Weight
- Specific Heat Ratio
- Oxidizer Density
- Fuel Density
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I.

Introduction

Existing rockets most commonly utilize solid or liquid rocket motors. Solid rocket motors are
chosen when simplicity and high thrust are needed, while liquid rocket engines are chosen because of
their high efficiency and throttling/shutdown capabilities. Hybrid rocket motors are a combination of both
liquid and solid rocket engines. They utilize a liquid oxidizer similar to that of liquid engines and an inert
solid fuel grain. This results in performance characteristics that fall between solid and liquid rockets. For
example, hybrid rockets are typically designed to have higher thrust than liquid rockets but lower than
that of solid rockets while having higher efficiency than solid rockets but lower than liquid rockets. They
also have the same throttling/shutdown capability as liquid engines. Lastly, hybrid rockets are the safest
because, in addition to having shutdown capabilities, the solid fuel and liquid oxidizer are also inert when
separated. Hybrid motors provide a compromise between thrust and efficiency while exceeding all other
forms in safety, which is evidence that hybrid rockets are clearly a viable choice for future propulsive
needs.
This project consists of two main goals. The first of these goals is to build a working hybrid
rocket engine test stand that has a safety shut off switch for the oxidizer flow, reloadable fuel cell, and has
an operational data acquisition system (DAQ). The second is to mix, cast, and test fire a newer and
cleaner type of fuel, paraffin (candle) wax, with and without additives that act as performance enhancers.
Then the team will use the acquired data to calculate the regression rate and efficiency of each fuel
combination, i.e. the specific impulse of the motor (ISP).
II.

Hybrid Theory

The propellant chosen for this hybrid engine was paraffin wax (C20H42) as the fuel and nitrous
oxide (N2O) as the oxidizer. Nitrous oxide was chosen because it is non-toxic, easy to store, stable at
room temperature, relatively cheap, and easy to acquirei. Paraffin wax was chosen because it has been
shown to greatly increase burn rate and overall performance of hybrid motors. This is due to a liquid
boundary layer that forms over the fuel grain as it burns as seen in Figure 1. Because of the liquid layer,
droplets of fuel form on the surface of the boundary layer allowing them to get caught in the oxidizer
stream as it passes, creating a fuel rich mixture throughout the grain. This oxidizer stream begins to act
like a spray nozzle for fuel and increases the fuel mass transfer of the systemii.
Boundary Layer
Oxidizer Supply

Oxidizer Rich Zone

Liquefied Paraffin Fuel/Fuel Rich Zone
Solid Paraffin Fuel

Figure 1: Hybrid Engine Combustion Chamber Mixing Layer
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Combustion
Boundary

One of the most important parameters in measuring the performance of a hybrid rocket motor is
the regression rate of the fuel, which is calculated by the equation:
̇

̇

(1)

Empirical data for paraffin wax and gaseous nitrous oxide was determined by Karabeyogluiii for
the a and n values as 0.488 and 0.62, respectively. These values will be later verified or modified
depending on the outcome of the hybrid motor firings. The above were used to initially size the motor
grain for these experiments.
The propellant thermochemical calculation program, ProPEPiv, was used to determine propellant
characteristics (ratio of specific heats, stagnation temperature, specific impulse, etc.) for a range of
oxidizer to fuel ratios in order to find the optimum oxidizer-fuel ratio. By using the optimum oxidizer to
fuel ratio seen by this engine over the duration of a test fire, found in Figure 2 to be about 6:1, and the
oxidizer tank pressure as well as the nozzle geometry, the program can determine the useful theoretical
propellant parameters and calculations as calculated in Table 1. These theoretical values will be the
baseline for which to compare the results of the project.
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Figure 2: Specific Impulse vs O/F Ratio for Paraffin/N2O
Table 1: Paraffin/N2O Combustion Parameters at Optimum O/F Ratio
Paraffin/N2O Combustion Parameters at Optimum O/F Ratio
Oxidizer-Fuel Ratio, O/F
6
Specific Heat Ratio, γ
1.28
Propellant Density, ρ (lb/ft3)
0.083
*
Characteristic Velocity, C ( ft/s)
5139.9
Combustion Chamber Pressure, Pcc (lb/in2)
330
Thrust, T (lb)
120.7
Theoretical Specific Impulse, ISP (s)
225.72
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III.

Design and Fabrication

The design of this hybrid rocket engine was done in three parts: the nozzle, the oxidizer delivery
system, and the combustion chamber. Each is discussed in the following sub-sections.
Nozzle:
The nozzle for this system was designed to have an expansion ratio of four to allow for the most
time spent perfectly expanded over the course of a test fire based on the theoretical calculations in Table
1. This was designed in order to simplify the generic thrust equation given by equation 2 to the perfectly
expanded thrust equation given by equation 3; this simplification occurs because the thrust due to
pressure is zero when the nozzle exit pressure is equal to the ambient pressurev.
(2)
(3)
where Cf is the thrust coefficient given by equation 4:
√

(

)

(4)

The nozzle, seen in Figure 3, was professionally machined out of graphite due to its exceptional
thermal resistivityvi.

Figure 3a: Graphite Nozzle

Figure 3b: Section View Graphite Nozzle

Oxidizer Delivery System:
The oxidizer delivery system was designed around the injector design. In the technical paper
"Effects of Swirl Injector Design on Hybrid Rocket Fuel Regression Rate" by Raul Lugo, it is concluded
that "Swirl injectors have the ability to improve motor performance and efficiencies. Previous research
has shown that injectors producing a strong central toroidal recirculation zone will result in a stable
combustion and higher regression rate than axial flowvii.” The injector for this system is a swirl injector
with 16 equally spaced radial holes on a 50 degree angle from the tangent and 8 axial holes, each with a
diameter of 3/64”. A computational fluid dynamics (CFD) analysis of the injector was performed using
SolidWorks FlowSim6; the CFD analysis and the cold flow tests confirm the presence of the characteristic
swirl of swirl injectors (see figures 4 and 5).
6

CFD analysis was completed to determine if the injector would have good swirl characteristics. A constant mass
flow rate of the oxidizer of magnitude 0.33 lbs/s was in the input boundary condition of the injector for the
duration of the test fire. The other boundary condition was a constant pressure load experienced by the chamber
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Figure 4: Injector FlowSim

Figure 5: Injector Cold Flow

Combustion Chamber:
The combustion chamber was designed to have the ability to insert phenolic liners into a tube so
the propellant grains could be swapped out quickly when multiple test fires are necessary (see figure 6).
By modeling the combustion chamber as a closed, flat end pressure vessel, the finite element analysis
program, ANSYS, used to conduct a structural loading analysis for the duration of an average test fire7.
Figure 7 shows this analysis and the maximum stress of 4.15 MPa while aluminum 6061 has a yield stress
of 24.7 MPa suggesting that aluminum is a viable choice for the combustion chamber tubing materialviii.

Figure 6: Combustion Chamber Tube
with Fuel Grain Insert
IV.

Figure 7: Von Mises Equivalent Stress
Analysis

Experimental Test Setup

The test stand is designed and constructed to guarantee the safety of the team members
conducting the test while also allowing for accurate data collection. The entire test stand is constructed
2

walls of 500 lb/in during the duration of the test fire. These were done to simulate the real conditions the
injector/combustion chamber would experience during a test fire.
7
ANSYS analysis was completed to determine if the combustion chamber would rupture under the pressure of the
given testing conditions. The combustion chamber was modeled as a hollow, cylindrical pressure vessel with fixed
end caps as the boundary conditions. The loading condition was an internal, uniform pressure load acting on the
internal surface areas of the cylinder and the end caps.
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from ¼” steel panels, other than one side and top which are ½” Lexan panels for ease of viewing; this
setup allows a horizontally mounted hybrid rocket engine to be tested while limiting any potential damage
to anything directly behind the test stand (which is a highly controlled area). Additionally the weight of
the steel keeps the test stand stationary, eliminating the need to secure the test stand to the ground. A
vertically fired version of this test stand (firing towards the ground) was proposed but eliminated due to
the paraffin wax’s potential to melt, drip and clog the injector while the engine is cooling.
Before testing, the test stand is carried to the desired location, and the power and data acquisition
wiring is arranged and connected to the recording laptop as well as the three individual pressure
transducers. Before the power supply is turned on or the oxidizer tank is opened, an igniter made from an
e-match, pyrogen, and a small piece of solid rocket propellant is inserted into the pre-combustion
chamber. The combustion chamber is then inserted between the two bulkheads and the all-threads are
tightened to ensure a sealed compression fit. Non-flammable grease and O-rings are placed between the
combustion chamber and the injector bulkhead at the same time that the nozzle and its bulkhead are
greased and compression-fit onto the other end. The oxidizer tank is cracked open to check for leaks, and
then opened fully. The area around the test stand is cleared, except for one person who connects the
igniter to the power supply and the control box and then turns on the power supply and retreats to a safe
distance. Figure 8 shows a close up view of the test stand set up for firing as described above.

Figure 8: Hybrid Rocket Engine Test Stand
Nominal values of the pressure transducers are checked and the test area is visually checked to be
clear for the test fire. The data acquisition begins to record data and then the igniter is lit in order to heat
the fuel grain. As soon as that burns out, the solenoid valve is opened, which initiates oxidizer flow.
When the oxidizer meets the preheated fuel grain in the pre-combustion chamber, the rocket engine
ignites and the fuel grain begins to regress. After allowing for a 2-3 second burn, the solenoid valve is
closed and the engine is left to cool for approximately 15 minutes before approaching and dismantling the
assembly.
V.

Results

The analysis of the data was done in several steps. First, the mass flow rate of the fuel was
calculated by recording the weight of the fuel grain before and after a test fire and using the burn time in
the equation:
̇
(5)
Second, the mass flow rate of the oxidizer is calculated using the average voltage measurements
from the two pressure transducers connected to the venturi over the duration of the burn time. These
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voltage measurements are converted to pressures and used in the oxidizer mass flow rate equation along
with the density of the oxidizer as well as the area differential in the venturi according to the equation:
̇

(6)

√

Finally, the thrust is calculated via equation (3), and the specific impulse for each test fire can be
determined by the equation:

̇

(7)
̇

The results for two of the paraffin-only test fires are presented in Figure 9 and Tables 2 and 3.
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Figure 9: Pressure Data for P1, P2, PCC for Paraffin-only grain 3 and 4
Table 2: Paraffin-only Grain 3 and 4 Data and Results
Initial Weight, Wi (lbf)
Final Weight, Wf (lbf)
Venturi Pressure 1, P1 (lbf/in2)
Venturi Pressure 2, P2 (lbf/in2)
Combustion Chamber Pressure, Pcc (lbf/in2)
Burn Time, tb (s)

Paraffin-only Grain 3
Paraffin-only Grain 4
1.41
1.65
1.04
0.92
674.04
649.84
559.78
542.20
316.32
337.13
2.27
3.00
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Fuel Mass Flow Rate, ̇ (lbf/s)
Oxidizer Mass Flow Rate, ̇ (lbf/s)
O/F Ratio
Thrust, T (lbf)
Specific Impulse, ISP (s)

0.163
0.484
2.97
115.0
177.6

0.243
0.470
1.93
123.3
172.8

Table 3: Paraffin-only Grain 3 and 4 Results and Comparison

Thrust, T (lbf)
Specific Impulse, ISP (s)

Paraffin-only
Paraffin-only Theoretical Grain 3
Grain 3
Grain 4
Error
115.0
123.3
120.7
4.72
177.6
172.8
225.7
21.3

VI.

Grain 4
Error
2.15
23.4

Conclusion and Future Work

The team has successfully designed, built and tested the hybrid rocket engine test stand. In
comparison to the theoretical values, the two test fires presented are very close in the value of thrust, only
off by 4.72 % and 2.15 % for paraffin-only grain 3 and 4, respectively. Specific impulse was a bit further
off with errors of 21.3% and 23.4 % for 3 and 4, respectively.
The error in the thrust value is directly related to a lower measured combustion chamber pressure
than the assumed value used to design the nozzle expansion ratio. The low combustion chamber pressure
causes the nozzle to not be expanded properly because the assumed chamber pressure was much higher.
This is confirmed by Figure 10, which shows the Mach diamond pattern formed by the expansion waves
that form at the nozzle exit plane because the nozzle is under expanded.
This a direct correlation to the thrust produced being less than the theoretical value for grain 4: an
over expanded nozzle has an exit pressure less than that of the ambient air pressure and therefore
decreases the thrust production of the motor.

Figure 10: Mach Diamond Formation during Test Fire
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The decrease in specific impulse stems from two places: the possible inaccuracy in which the
density of the oxidizer is measured, and the produced thrust. The overall thrust produced by this motor
(theoretical and measured) is relatively low and hence the specific impulse is also much lower than
expected. This lack of produced thrust by the system directly stems from the combustion chamber
pressure. By increasing the pressure in the combustion chamber, the thrust coefficient and the thrust
increase. For future tests this will be corrected by the use of a warming blanket to increase the stagnation
pressure in the oxidizer tank and ultimately the pressure in the combustion chamber. The possible
inaccuracy in the oxidizer density is due to its highly volatile dependence on pressure and temperature
changes. To correct for the possible inaccuracy of the density, the team will weigh the oxidizer tank
before and after the test fire to estimate the mass flow rate of the oxidizer by weight differential over the
burn time.
Overall, the third paraffin-only grain test produced the best results and will be used as the
baseline for the rest of the test fires. Now that this test stand has been verified to work and produce
useable results, the next phase of the project will consist of testing paraffin grains with performance
enhancing additives. Magnesium is a widely used additive in solid rocket motors due to its high density
and reactivity when combusted and thus will aid thrust production as well as regression rate of the fuel.
Lithium has been proven to dramatically increase the regression rate of the fuel. The Aerospace
Corporation performed research on the chemical compound lithium aluminum hydride as a potential
additive to paraffin fuels. Their research was based on the burn rate of candles with and without the
addition of lithium aluminum hydride. From their findings, the additive increased the burn rate by almost
14 times that of pure paraffin and since paraffin is hydrophobic, the additive did not decompose in air or
react in water, meaning the paraffin provided a protective layer for this normally highly reactive
additiveix. These initial experiments provide the proof of concept to pave the way for the research in the
use of additives in hybrid rocket fuel as a means of increasing burn rate and ultimately the ISP of the
engine. The completed tests and the future test of this project are listed in Table 4.
Table 4a: HRM Completed Tests

Fuel, Grain #

Additive, Percent by Weight

Date Tested

Paraffin, 1
Paraffin, 2
Paraffin, 3
Paraffin, 4

None
None
None
None

3-2-13
3-8-13
3-9-13
3-9-13
Table 4b: HRM Test Plan

Fuel

Additive, Percent by Weight

Paraffin
Paraffin
Paraffin
Paraffin
Paraffin
Paraffin
Paraffin
Paraffin
Paraffin
Paraffin

None
Magnesium Powder, 5%
Magnesium Powder, 5%
Magnesium Powder, 5%
Magnesium Powder, 5%
Magnesium Powder, 5%
Magnesium Powder, 10%
Magnesium Powder, 10%
Magnesium Powder, 10%
Magnesium Powder, 10%
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Paraffin
Paraffin
Paraffin
Paraffin
Paraffin
Paraffin
Paraffin
Paraffin
Paraffin
Paraffin
Paraffin

Magnesium Powder, 10%
Lithium Aluminum Hydride, 5%
Lithium Aluminum Hydride, 5%
Lithium Aluminum Hydride, 5%
Lithium Aluminum Hydride, 5%
Lithium Aluminum Hydride, 5%
Lithium Aluminum Hydride, 10%
Lithium Aluminum Hydride, 10%
Lithium Aluminum Hydride, 10%
Lithium Aluminum Hydride, 10%
Lithium Aluminum Hydride, 10%
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