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The CSU Aries IV rocket will compete in the 10,000 foot - SRAD hybrid/liquid category               

of the Intercollegiate Rocket Engineering Competition. The propulsion system is composed           
of a liquid motor that uses nitrous oxide and ethanol as its propellants. The aerostructure is                
student-manufactured out of fiberglass composites with an Aeromat core for added strength.            
In order to successfully recover the rocket, a dual deployment recovery system is integrated              
into the rocket where a drogue parachute will deploy at apogee and the main parachute will                
deploy at 1,000 feet above the ground. The scientific payload will collect four atmospheric              
samples at various altitudes during descent, which will then be delivered to the Atmospheric              
Sciences Department at Colorado State University. Lastly, to strive for both innovation and             
excellence in targeting apogee, the rocket will employ an active flight control system in the               
form of air-braking flaps that will deploy if the onboard algorithm determines that the              
rocket will overshoot the 10,000 foot goal. 

 
 

Nomenclature 
A* = Nozzle Throat Area 
Ac = Cross-sectional Area of Orifice 
Ae = Nozzle Exit Area 
Cd = Orifice Discharge Coefficient 
CFD = Computational Fluid Dynamics 
CG =   Center of Gravity 
DOF =   Degree(s) of Freedom 
F =   Thrust 
FDM = Fused Deposition Modeling, a type of additive manufacturing 

1 Student Lead, Team 104, Colorado State University 
2 Student, Team 104, Colorado State University 
3 Student, Team 104, Colorado State University 
4 Student, Team 104, Colorado State University 
5 Student, Team 104, Colorado State University 
6 Student, Team 104, Colorado State University 
7 Student, Team 104, Colorado State University 
8 Student, Team 104, Colorado State University 
9 Student, Team 104, Colorado State University 
10 Student, Team 104, Colorado State University 
11 Student, Team 104, Colorado State University 
12 Student, Team 104, Colorado State University 
13 Student, Team 104, Colorado State University 
14 Student, Team 104, Colorado State University 

 



FEA = Finite Element Analysis 
I/O =   Input and Output (of signals, data, etc) 
Mdot = Mass Flow Rate 
Me = Exit Mach Number 
PCB = Printed Circuit Board 
Pe = Exit Pressure 
Po = Ambient Pressure 
Pt, Tt = Tank Pressure 
R = Universal Gas Constant 
 

I. Introduction 

T​he Aries IV rocket team originated as a senior design project for the Mechanical Engineering 

Department at Colorado State University (CSU). The primary faculty advisor of the team was Dr. Stephen Guzik 
with Dr. Anthony Marchese as the secondary faculty advisor. Dr. Guzik provided guidance and suggestions for the 
electronic systems as well as the aerodynamic structures. Dr. Marchese was responsible for mentoring and assisting 
those in charge of the liquid propulsion system. Other major advisors to the Aries IV team included Mr. Edward 
Wranosky, who allowed the team to conduct flight tests through his rocketry memberships and motor donations, and 
Mr. Iman Babazadeh, who led the CSU Aries III team last year and continued on to mentor this year’s team. 

This year’s team of fourteen students were divided into four subteams: propulsion, airframe, control 
systems, and payload & recovery. For leadership structure, Taylor Morton was the overall team project manager, 
Danielle Fassold was the Financial Officer, Colum Ashlin was the propulsion team lead, Evan Feldmann was the 
airframe team lead, Nate Keisling was the control systems team lead, and Austin Funke was the payload & recovery 
team lead. These six students would meet once a week to make executive decisions concerning the rocket, and to 
better ensure the successful integration of all the subsystems. The entire team would also meet once a week with the 
advisors to discuss progress made and weekly future goals for each subteam.  

The CSU Aries IV rocket will compete in the 10,000 foot - SRAD hybrid/liquid category of the 
Intercollegiate Rocket Engineering Competition. The propulsion system is composed of a liquid motor that uses 
nitrous oxide and ethanol as its propellants. The aerostructure is student-manufactured out of fiberglass composites 
with an Aeromat core for added strength. In order to successfully recover the rocket, a dual deployment recovery 
system is integrated into the rocket where a streamer will deploy at apogee and the main parachute will deploy at 
1,000 feet above the ground. The scientific payload will collect four atmospheric samples at various altitudes during 
descent, which will then be delivered to the Atmospheric Sciences Department at Colorado State University. Lastly, 
to strive for both innovation and excellence in targeting apogee, the rocket will employ an active flight control 
system in the form of air-braking flaps that will deploy if the onboard feedback control algorithm determines that the 
rocket will overshoot the 10,000 foot target apogee. 

 
II. System Architecture Overview 

The Aries IV rocket is comprised of three main sections: the nose cone, the upper airframe, and the lower 
airframe. The experimental payload is located inside the nose cone in order to minimize space and to increase flight 
stability. The recovery system is housed in the upper airframe section, which is comprised of avionics, two pistons, 
the main parachute, and a drogue streamer. Inside the lower airframe section is the flight controls electronics bay 
and the propulsion system. The propulsion system is a liquid motor with a nitrous oxide tank, an internal concentric 
ethanol tank, slide check valves, and a combustion chamber. The fins are attached to the bottom part of this section, 
as well as a boat tail to minimize base pressure drag. This entire assembly can be seen in Figure 1. 
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Figure 1. Aries IV system architecture overview. 
 

A. Propulsion Subsystem 
This year’s team has analyzed the 2017 design and learned from the events during competition to optimize 

and improve the new engine seen in Figure 2. The propellant tanks and combustion chamber have been separated 
into two different components and custom plumbing lines have been added between them. This acts as a damper to 
the overall system to avoid resonance frequencies, as well as limit the amount of propellant exposed to the 
combustion chamber in case of catastrophic failure during the burn. 

The most cost effective and accessible fuel and oxidizer options for the team to use in a liquid propellant 
rocket are ethanol fuel and nitrous oxide oxidizer. Due to the pressure and temperature at which nitrous oxide 
vaporizes, the oxidizer is self-pressurizing. In this system, it doubles as the driving force for both the oxidizer and 
fuel to get to the combustion chamber. This eliminates the need for expensive and bulky turbopumps or pressure 
vessels filled with inert gases that act as a hindrance at the scale the Aries IV will operate. The most space and mass 
efficient way to store the propellant was by storing ethanol in a coaxially mounted tank inside the larger nitrous 
oxide tank. This way the pressure differential between the ethanol and nitrous tanks is insignificant, allowing the 
ethanol tube to be very thin and decreasing the engines overall weight. 

In order to transfer the fuel and oxidizer to the combustion chamber, custom slide check valves (SCVs) 
were made. The liquid motor utilized two SCVs, one for the fuel and one for the oxidizer. Each SCV allows the 
pressurized liquid in the propellant tanks to flow through and into the combustion chamber once initiated by an 
actuator mechanism. This mechanism works by blocking the path for the SCVs to open. It is clamped shut using a 
pyrobolt. When it is time for the SCVs to open, the charge in the pyrobolt is set off, causing it to fracture. At this 
time, two springs push the actuator out of the way of the SCVs and allow the pressure upstream to force the valves 
to open. At ignition, the actuator is released resulting in the flow of propellant through the SCVs and into the 
combustion chamber. 

Moments before initiating the flow of liquid propellant, a hockey puck sized cylinder of solid rocket 
propellant, a “preheater”, is ignited inside the combustion chamber. The preheater serves as an ignition source to the 
liquid propellant as it is introduced to the combustion chamber. Nitrous oxide and ethanol are non-hypergolic and do 
not combust when contacted under normal conditions. Therefore, it is necessary to prime the combustion chamber 
with a very hot and energetic flame to successfully begin combusting the propellant. This year’s propulsion system 
utilized hand mixed preheaters made from ammonium perchlorate (AP), copper oxide, and aluminum powder to 
bring the combustion chamber temperature up to as high as 2,600℉. The third fuel component of the tribrid motor 
comes into play here in the form of  HTPB. This HTPB is a form of solid fuel and lines the combustion chamber to 
aid in ignition, help maintain combustion, and protect the chamber walls by ablating away rather than conducting 
heat after liquid fuel and oxidizer enter the combustion chamber. 

After preheater ignition and just before entering the combustion chamber, the oxidizer and fuel travel 
through an injector that makes up the top of the chamber. The injector serves to mix the fuel and oxidizer before 
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combustion. This year’s design incorporated a pintle style injector to induce impinging flow and ensure efficient 
mixing of propellants to quickly achieve full combustion in the chamber. The exhaust produced from combustion 
will be accelerated through an insulated graphite converging-diverging nozzle, producing approximately  450 
pounds of initial thrust to propel the rocket at a speed that will stabilize the rocket's flight. The entirety of the burn 
will produce on average 425 lbs of thrust for approximately 10.2 seconds. The total impulse of around 4,335 lb-s is 
enough to propel the 115 lb rocket to its desired apogee of 10,000 ft. 

 

 
Figure 2. CAD modeling of the propulsion system. 

 
B. Aero-structures Subsystem 

The aero-structure subsystem of the Aries IV rocket is composed of four main components: The nose 
cone, fuselage, boat tail, and internal bulkheads. The outer structure of the rocket can be seen in Figure 3. The nose 
cone and boat tail were manufactured out of layered 6 ounce S-glass fiberglass. The fuselage was manufactured out 
of sandwich panels consisting of an AeroMat core surrounded by a layer of 6 ounce S-glass fiberglass. Internal 
bulkheads were manufactured out of plywood.  

 

 
Figure 3.  CAD model of the Aries IV rocket.  

 
The nose cone was created to follow a Von Karman Tangent-Ogive profile which reduces drag force 

optimally at transonic flight speeds. Layered fiberglass was used to reduce the overall weight of the rocket. The nose 
cone was covered with a light-weight body filler to create a smooth surface finish.  

The fuselage is the main body of the rocket, used to contain the internal components. The fuselage was 
manufactured out of fiberglass and Aeromat to reduce weight and provide structural integrity. Helius composite 
software was used to confirm that the fuselage construction could withstand fight forces. Through the analysis, the 
theoretical overall instability stress was given as 1248 psi, as shown in Figure 4. After consulting the propulsion and 
recovery subteams, it was apparent that the force from takeoff would be the largest that the rocket would see from 
all aspects of flight and recovery. An estimate of 550 pounds force would be the maximum force on the airframe in 
the axial direction. Based on Helius analysis, the team felt confident that the composite airframe would not succumb 
to flight forces.  
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Figure 4.  Helius stress results. 

 
A boat tail was added to the bottom of the rocket to reduce drag force on the rocket. A three-dimensional 

CFD analysis was conducted to understand how much the drag force was reduced. In order to lessen the 
computational cost, a ½ section of the entire outer-rocket geometry was used through symmetry. The flaps from the 
flight control system were deployed at 45 degrees for this simulation. Only farfield flow was used; no boundary 
condition of thrust from the motor was assigned. Velocity contours of the bottom portion of the rocket, with and 
without a boat tail, are seen below in Figures 5 and 6. 
 

 
 
 
 
 
 
 
 
 
 
 
 

Figure 5.  Velocity (m/s) with the boat tail.      Figure 6.  Velocity (m/s) with no boat tail. 
 
Visually, the boat tail is causing a delay in flow separation at the base of the rocket. It is this delay that reduces the 
pressure drag at the base of the rocket. The total drag force for the rocket with the boat tail is 141 lbf, while the total 
drag on the rocket with no boat tail is 160 lbf. So, the addition of the boat tail reduces overall drag on the rocket by 
almost 20 lbf. This amount is significant enough to justify having the boat tail. 

The bulkheads are internal wooden rings used to center and separate internal components, transfer force to 
the airframe, and provide internal rigidity. The bulkheads are of a two-part design, which allow for 10-32 bolts to 
placed inside with square nuts (Figure 7).  
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Figure 7.  2-Part Bulkhead with 10-24 bolts and square nuts. 

 
A major consideration for these parts was how many bolts should be placed in the bulkhead in order to 

successfully transfer force from the motor to the fuselage without failure. A few different calculations were made for 
each small scale rocket due to different motor configurations. This analysis focused on the full scale rocket nearing 
450-550 pounds of thrust. Basic force analysis was used (Figure 8). Every failure mode was analyzed including 
wood glue failure, bolt shear, plywood delamination, and composite panel failure.  
 

 
Figure 8.  Bulkhead force analysis. 

 
The calculations show that fiberglass would fail before all other modes. Using this analysis, the total 

number of bolts needed to transfer force without failure could be calculated. There would need to be at least 31 
10-32 bolts to complete this task. In the current configuration there are 5 bulkheads that could be outfitted with 
bolts. Simple math dictates that 5 bulkheads with 8 bolts each would provide enough support to successfully transfer 
force without failure. 
 

C. Recovery Subsystem 
Deployment mechanisms for the recovery system make use of RRC-2+ and RRC-3 altimeter systems to 

manage the actuation of two pistons. These altimeter systems rely on barometric pressure sensors to determine the 
altitude of the rocket and deliver the required power to each ignite independently wired electronic matches in the 
ejection pistons. These systems are independently powered to mitigate the possibility of recovery system failure. As 
either or both of the installed e-matches ignites, so too does a measured black powder charge inside the piston. The 
resulting force from the pistons on the packed parachutes and bulkheads cause the shear pins holding portions of 
airframe together to break, allowing for the deployment of the parachutes.  

The two pistons are arranged such that they are situated to eject in opposite directions while sharing an 
electronics mounting solution. The first piston ejects at apogee to deploy a streamer. The second piston ejects at 
1000 ft to deploy the main parachute. The main parachute was constructed with a square shaped cross section and a 
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cross sectional area of 86.5 square feet (Figure 9). This square design achieves an experimental drag coefficient of 
1.98. 

 
Figure 9.  Main parachute in operation. 

 
Using the cross sectional area of the piston on which the black powder exerts an upwards pressure (0.98 

in2​), it has been determined that a charge of approximately 1.5 grams of 3F black powder is sufficient to produce just 
over 10 ksi of pressure on the shear pins in the airframe, ensuring reliable deployment of the recovery system. This 
figure requires substantial testing- too little powder fails to break the shear pins and eject the parachute, while too 
much powder risks structural damage to the bulkheads.  
 

D. Payload Subsystem 
The technical objective of this payload is to collect air samples into four evacuated chambers at distinct 

altitudes during the descent of the rocket. Each chamber is composed of a mild steel square tube with welded end 
caps, a Schrader valve (to draw vacuum when assembled), and a solenoid to regulate air flow into the chamber. An 
onboard barometric altimeter tracks the rocket's ascent and records the altitude above ground level at which apogee 
is achieved. At this moment, the solenoid controlling flow of air into the first of the four evacuated chambers 
actuates temporarily, allowing air to fill the chamber before the chamber is resealed. The next chamber fills at 75% 
of the rocket's maximum altitude, using the apogee recorded earlier in the flight. The final two chambers fill at 50% 
and 25% of maximum altitude respectively, providing air from several altitudes to be examined on the ground. Once 
on the ground, it is relatively trivial to test each sample for CO2​ and CH4​ concentrations and to better model and 
understand the mixing of these gases in the atmosphere. The full assembly is CubeSAT compliant (4U), and is 
shown in Figure 10 below. 
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Figure 10.  Fully assembled air sampling payload unit. 

 
This payload is comprised of several off the shelf components, as well as several components (primarily on 

the chassis and collection chambers) which required machining. The barometric altimeter used is a BMP-280 from 
Adafruit. It relays altitude data to an Arduino Uno, which regulates actuation of four 12V solenoid valves using 
TIP120 mosfets. Power is supplied from a 9V battery attached to the payload chassis. The air sample chambers are 
made up of 1.75”*1.75” mild steel square tubing (0.062” wall), with 1/4” steel plates MIG welded to both ends. The 
top of each chamber includes a Schrader valve and 6mm hose attachment. A short length of the 6mm hose extends 
to a corresponding solenoid valve directly above. Hose extends from the other side of the solenoid, permitting 
sampled air to flow directly into the chamber. The chassis of the payload is comprised of three ¼” thick milled 6061 
aluminum plates, four 3/8” aluminum l-profile angle bar segments, and two segments of 6061 aluminum bars. The 
plates are drilled and tapped (#4-40) in the corners in order to match with countersunk holes drilled in the angle bars, 
which together form a 40cm*10cm*10cm frame. Two aluminum bars have been milled to length, aligned and 
countersunk to hold the solenoids securely in place.  
 

E. Flight Controls Subsystem 
 Because of the difficulty of metering exact and consistent launch specifications for propellant 
temperature, mass, and pressure, especially for the wildly different climates and altitudes of northern Colorado 
versus southern New Mexico, it was recognized that some method of affecting the flight path of Aries IV would be 
required to consistently and competitively achieve the 10,000 foot apogee. In order to focus on this apogee objective 
and to widen the performance margin of Aries IV’s liquid motor by nearly 20%, an air-braking module is included 
just above the propellant tanks, near the CG of the vehicle. This enables the motor to be oversized so that it can 
safely underperform and still carry the rocket to 10,000 feet, but can also overperform and the excess energy can be 
dissipated by the air-braking module. 
 This module, weighing only 4 pounds and shown below in Figure 11, contains a robust single-actuator 
mechanism tied to two air-braking flaps with a total aerodynamic area of about 50 square inches. The avionics on 
board include a barometric altimeter, a 9-DOF Inertial Measurement Unit (accelerometer, gyroscope, and 
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