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Tri-D 3-D Printed Rocket Technical Report 
Abstract 

In this technical report, the authors aim to present the UCSD SEDS (University of California San Diego's Students 
for the Exploration and Development of Space) development of their first 3-D printed rocket engine and current progress as 
they prepare for the initial static test firing scheduled for Fall 2013. This report will detail the design process of the rocket 
engine named "Tri-D" from design requirements to finalized component size parameters and element face design. The 
purpose of this project is to provide evidence and research in the feasibility of 3-D printed rockets. With a custom designed 
rocket engine, the team is able to explore the development of unique designs that will improve the performance of the engine 
which would otherwise be difficult or infeasible to manufacture by conventional methods. 

1 Design Requirements 
 The project initially started as a challenge from Jonathan E. Jones, a propulsions engineer from NASA's Marshall 
Space Flight Center. Jonathan Jones, having designed 3-D printed rockets previously, is one of the advisors for the SEDS 
team and handed down the initial design parameters for the rocket. The main goal of the project is to explore a quick and 
cost-effective way to build small scale 3

rd
 stage rockets. With relatively open but basic design constraints, these proposed 

goals helped begin the design process.   

Thrust: 444 N (100 lb) 
ΔV: 3 km/s 
Total Mass: No more than 40 kg 

Fuel: Rocket Propellant-1 (Kerosene) 
Oxidizer: Liquid Oxygen

 

2 Thrust Chamber 

2.1    Assumptions  
 With the design requirements, the thrust chamber is the first component of the engine to be designed, due to it being 
the driving factor behind the other parameters. Designing the thrust chamber simply involves sizing the combustion chamber 
and determining the corresponding nozzle using the standard bell shaped nozzle, which gives higher performance using a 
shorter length, and helps prevent oblique shocks over a simple linearly expanding diffuser. Assuming that the rocket is to be 
tested on the ground at standard pressure and ideal properties of the fuel and oxidizer are used, all unknowns are given values 
and determining the thrust chamber geometry can begin. 

Exit Pressure Pe = 1 atm = 101,325 Pa (ambient standard 
pressure) 
Oxidier/Fuel Ratio = 2.56 
Molar Mass Mm = 22.1 kg/kmol 
Universal Gas Constant Ru = 8314.5 J/(K*kmol) 

Chamber Temperature T0 = 3650 K (RP-1 Combustion 
Temperature) 
Specific Heat Ratio k = 1.215 
Characteristic Length L

*
 = 1.1 m 

 
2.2    Preliminary Calculations 

Starting from Tsiokolvsky’s rocket equation: 

        (
  

  
)       (1) 

where m0 is the wet mass of the rocket, mf is the final mass, or burnout mass of the rocket, and c is the effective exhaust 

velocity.  In an ideal rocket, ΔV would be equal to c.  However, through many calculation iterations we have concluded that 

it would be very difficult to get an exit velocity of 3 km/s.  Therefore, we have decided to aim for an exit velocity of 2.8 

km/s, for we think that the mass ratio can be penalized and still achieve the desired ΔV.  

With said simplifications made and the assumptions listed, the ideal thrust chamber characteristics can now be 

calculated.  The total mass flow rate is given through the equation: 

   ̇     ⁄    0.3 kg/s      (2) 

The average specific gas constant for the LOX/RP1 combination is given by: 

     
  

  
⁄    376.199 J/(kg K)    (3) 

Next, the exit velocity for a converging-diverging nozzle is given by: 

      (  
  
  
⁄ )

     

   
      (4) 

where Te is the exit temperature.  Rearranging and solving for Te/T0 yields a ratio of 0.448.  Multiplying the ratio by T0 leads 

to an exit temperature Te of 1587.103 K.  

With the exit temperature calculated, the Mach number at the exit can now also be calculated: 



Concept Note   Page 2 of 5 

Figure 3: Imperially fitted formula for    

 
Figure 2: Nozzle Geometry References 
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  3.2202      (5) 

Ideal gas relations can be used to relate pressure to temperature: 

  
  

  
⁄   (

  
  
⁄ )

 

   
  15.847E-3    (6) 

Since we want to design Pe to be the ambient pressure of 1 atm, P0 can then be calculated, yielding the combustion pressure 

of 4.417 MPa. 

Equations for choked flow can be used to find the throat pressure and temperature: 

                     
  

  
   

 

  3160.714 K     (7) 

Using equation (6) again,  
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  2.460E6 MPa    (8) 

The expansion ratio is defined as the ratio of nozzle exit area to throat area, which can be computed as follows: 
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  7.775   (9) 

Assuming perfect gas law theory, the area of the throat can be found using the following equation, 

      
 ̇

  
√
   

 
  67.971 mm^2     (10) 

Plugging At back into equation enables us to find Ae, which is 528.512 mm^2.  The diameters of the exit and throat, De and 

Dt respectively, can be found using the basic area of a circle equation.  De and Dt are calculated to be 24.941 mm and 9.303 

mm respectively. 

The thrust coefficient is found using: 

     
      

    
⁄   1.567     (11) 

Using the assumed L
*
, we calculated the chamber volume Vc using the equation: 

       
     74.769 cm^3     (12) 

With the volume obtained, we use an iterative method to find the chamber diameter, given by: 

   √
  
       ( )  

        ( )  
  33.062 mm    (13) 

where θ represents the half angle of the nozzle converging section, which is assumed to be 15 degrees for preliminary 

calculations.  The contraction ratio, defined as Ac/At is therefore calculated to be 12.631.  Next, the length of the nozzle, Ln, 

can be based off the conical nozzle length, which can be found by using a simple geometrical calculation from the diameters 

of the throat and nozzle exit.  In this case Ln is 22.290 mm.  The length of the chamber is found using an empirically fitted 

formula: 

         (       (  )
        (  )      )   66.983 mm  (14) 

Note that the above equation needs the throat diameters to be in dimensions of cm, and the resulting answer is in cm also 

 

 

3    Injector Element Pattern 

3.1    Deciding on an Element Design 
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The element pattern chosen is of the pattern fuel-oxidizer-oxidizer-fuel, or F-O-O-F.  This pattern is a modified version of 

the F-O-F injector, arising from the issue that the oxidizer to fuel ratio used in the rocket is 2.6. The F-O-O-F pattern is a 

reliable and proven element pattern tested by the Reaction Research Society.  With an F-O-F pattern, this would result in an 

oxidizer hole much larger than those of the fuel.  The ensuing difference in stream size from the holes leads to poor mixing 

and atomization.  Splitting the oxidizer into two channels evens out the fuel and oxidizer hole diameters and leads to mixing 

characteristics similar to an O-F-O injector.  An O-F-O pattern would likely have the best mixing characteristic for an 

oxidizer-fuel ratio as high as 2.6, but the pattern is subject to wall compatibility issues due to lean conditions created by the 

outboard oxidizers.  

 
Figure 4: Close-up view of the FOOF element pattern 

Specifically, the chosen F-O-O-F injector consists of an inner pair of oxidizer holes that go straight down at a 90 degree 

angle to the face of the injector.  The holes are 0.9 mm in diameter, and the distance between them is 2 mm from center to 

center.  The outer fuel holes angle inward towards the oxidizers at an angle of 50 degrees from the injector face.  These have 

a diameter of 0.6 mm and are placed so that their centers are 3mm from the oxidizer centers.  The goal of this design is to 

have each oxidizer and fuel pair meet individually first, which is designated as the primary impingement.  At a point further 

from the injector face, the two already paired fuel-oxidizer mix will meet again. 

 The primary impingement point for each element is found to be at a distance of 3.575 mm from the injector plate.  

Next, based on a mass flow rate of .005208 kg/s of fuel per hole and .01354 kg/s of oxidizer per hole, the primary 

impingement resultant velocity is found to have an 18.64 m/s axial component and 4.33 m/s radial component.  This leads to 

a resultant angle from primary impingement of 76.92 degrees.  Hence, secondary impingement will occur at a distance of 

7.88 mm from the face of the injector. The final resultant stream is vectored at 90 degrees to the injector face, and at a 

velocity of 18.16 m/s. 

3.2    Injector Bore 
The element pattern geometry or the injector plate geometry heavily depends on the necessary mass flow rate of the 

fuel and liquid oxygen needed to create a thrust of at least 445 Newtons and the change in pressure between the injector inlet 

and outlet. The velocity of a fluid exiting out of an orifice is derived from Bernoulli’s equation, which results in the following 

    √
   

 
     (15) 

Multiplying both sides by   and A, the equation can be rearranged to 

  
 ̇

  √    
                          (16) 

where  ̇ is the propellant flow rate of a single orifice in kg/s.    is the orifice discharge coefficient, which is assumed as 0.7. 

   is density of propellant in kg/m^3; the density of LOX is assumed to be 1141 kg/m^3 and RP-1 760 kg/m^3.    is the 

pressure drop across an orifice in Pascals.  Notice that in equation #1, it shows that the velocity of the discharging fluid does 

not depend on area, but only on the pressure drop.  In order for the propellant to flow out of the orifice consistently without 

backflow,    needs to be at least 20% of the chamber pressure. The chamber pressure is assumed to be 2 MPa, which 

means    is roughly 0.4MPa. Using RPA, the flow rate of RP-1 for the rocket is specified to be 0.0833 kg/s and the flow 

rate of liquid oxygen is 0.21667 kg/s.   

 Using these values, it was determined that with F-O-O-F element patterns, there can be 8 elements on the plate.  The 

LOX orifice holes would need to be 0.9 mm in diameter, and the fuel holes 0.6 mm in diameter to achieve the desired mass 

flow rate.  Any more injector orifices would force the area of each individual hole to be smaller.  Since DMLS printing 

suppliers usually recommend minimum feature sizes of 0.4 mm for key components, making the fuel holes 0.6mm had a 
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safety margin to ensure that the feature would be produced correctly.  The size of fuel film cooling holes was calculated in 

the exact same way.  The optimal mass flow rate of the cooling fuel is determined to be 0.0586 kg/s to get a close to 1:1 ratio 

in volumetric flow from the propellant tanks.  Taking into consideration uniformity and distribution of film cooling, 48 holes 

with a diameter of 0.3mm each were chosen. 

4    Injector Upstream Manifolding 
 Manifolding was done in a fashion that would reduce losses as much as possible and take advantage of 3D printing 

capabilities.  Sharp corners and edges are rounded off wherever possible. 

 
Figure 5: Close-up view of the fuel components (Red) and Oxidizer (Light Blue) 

Fuel enters the injector plate into a 6 mm diameter ring that encircles the perimeter from the side and at an angle to 

encourage a circular flow around the injector.  This was done to reduce turbulent flow at the inlet, and attempt to keep equal 

pressure around the entire ring.  All 48 film cooling holes stem from this ring.  The 8 inner fuel elements are fed from 4 “U” 

shaped passageways that extrude from the ring.  The outer elements are fed first, followed by the inner elements.  It was 

found that feeding the outer elements first would have negligible effects on the pressure seen by the inner elements, and 

hence this design was selected as it also minimized total piping found in the injector.  Each of the outer elements have both 

fuel holes fed from an individual “U”, while the inner elements have one fuel fed from one “U” and the other fuel is fed from 

the neighboring “U”. Since each inner element is fed from two different “U” passageways, it is very important that each 

passage sees equal pressure.  The large diameter and circular flow is designed to retain constant pressure.  

Oxidizer feeds straight down directly into the center of the injector plate.  At the end of the oxidizer feeding pipe is a 

spherical tip, to minimize splashing of the liquid oxygen when the valves are first opened.  From here, the cylindrical pipe 

splits off into 8 small passageways that feed directly to the oxidizer elements.  All passageways come out at an equal height 

from the main oxidizer pipe to ensure equal pressure to all elements.  Since each element actually requires two oxidizer 

holes, each of the 8 passageways splits into two smaller passageways which then go straight down to the oxidizer element 

holes.  This is done to minimize piping within the injector plate and retain the most structural integrity possible.  When the 

passage splits into two, it is done in a smoothly curved manner to minimize turbulence so that flow comes out evenly from 

the oxidizers.  Each passage for both fuel and oxidizer, before exiting to the combustion chamber, has at least a 4 mm straight 

section so fluid can exit in a settled manner. 

5    Cooling 

5.1    Assumptions 
These variables are derived from the preliminary assumptions:
Adiabatic wall temperature     = 3600 K 

Gas side wall temperature    = 1600 K 

Diameter of the throat   = .01816 m 

Viscosity of gas   = .8934*10 -̂4 kg/m-s 

Specific heat at constant pressure of gas    = 1974.3 J/kg-

K 
Prandtl number of gas    =.669 

Pressure of chamber   = 2*10^6 bar 

Characteristic velocity   = 1771 m/s 
Diameter of chamber D= 51.37mm 
Chamber Temperature   =3600 

Specific heat ratio  =4.1878/3.6525 

Mach number  =2.6074 
Change in temperature of the wall sides   = 420-1600K 

Thermal conductivity  =11 W/m-K 
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5.2    Wall Thickness Calculation 
Assuming a one dimensional steady state condition for the heat transfer from the throat of the engine and nozzle the 

combustion side convective heat flux can be found as follows 
       (        )      (17) 

Where h, heat transfer coefficient of the gas side, can be found using Bartz correlation, 
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σ, correction factor for property variation across the boundary layer, can be found using the following equation 
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Using the assumptions in section 5.1, σ is 1.09, and h is 2.123*10^6 W/m^2-K. Thus,    is found to be 4.246*10^9 W/m^2. 

Equating equation 17 to the conductive heat flux results in the following equation 

       
  

  
       (20) 

Using equation 20,   , thickness of the wall, is .003 mm. 

5.3    Design  
Before entering the injector plate, fuel travels first through a jacket around the nozzle of the engine.  It enters at the 

throat into a 6 mm diameter ring circumventing it.  This is the hottest part of the engine and requires the most cooling; the 

large volume ring is designed to circulate fuel around before leaving to cool the rest of the nozzle.  The rest of the nozzle 

from the throat down features a jacket that allows a 1 mm thick layer of fuel to travel between it and the nozzle.   

 

Figure 7: Close-up view of the thrust chamber 

Within this thin layer, 12 “fins” protrude out connecting the nozzle and jacket.  These are simply 0.7 mm thick dividers that 
serve as heat sinks by increasing surface area as well aiding in channeling fuel.  Using the mass flow rate of fuel, .0833 kg/s, 
the velocity of the fuel traveling at both the throat section and the end of the nozzle can be found.  At the throat the diameter 
is 18.05 mm, and at the nozzle exit the diameter is 32.03 mm, leading to approximate fuel velocities of 4.263 m/s and 2.230 
m/s respectively. 

Conclusion 
 In conclusion, we believe that our unique injector plate design will give us favorable results from our static fire test.  
We hope to see at least a 100 lb thrust achieved and proper oxidation of the fuel dispelled from the injector plate.  Our aim in 
this research project is to prove that 3-D printed rocket engines can have comparable or greater results than machined rocket 
engines for a fraction of the cost and time required in traditional machining.  Implications of these results could lead to a 
whole new wave of 3-D printed rocket technology, especially for small satellite payloads.  This transformation could lead to 
more frequent flights and a boost in commercial space travel as well. 


