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Abstract 
Supersonic retro-propulsion is becoming a leading design to allow for high mass 

payloads to safely reach the surface of Mars during entry, descent and landing. Research has 
been conducted largely on sphere-cone shaped geometries with different jet stream nozzle 
engine configurations. A single centered engine shows to have the best stability when at high 
Mach numbers, high coefficient of thrust, and a large range of angles of attack. Tri and quad 
nozzle engine configurations increase the amount of retro-propulsion thrust possible, but 
limit the flight characteristics because they form unsteady shock waves and flow around the 
vehicle. Designing multi-nozzle engine configurations and large body geometries are 
becoming of much interest as high mass payloads will not be able to EDL to Mars using 
sphere cone designs. Elipsled type geometries have limited research, but may show promise. 
A parametric study was performed focusing on ranging free stream velocities and angles of 
attack. 

 
Nomenclature 

EDL 
          
= entry, descent, landing 

Ct  = coefficient of thrust 
TPS  = thermal protection system 
UPWT  =  Unitary Plan Wind Tunnel 
SRP  = Supersonic Retro-propulsion 
M   =  Mach number 
Re      = Reynolds number 
c

p = pressure coefficient 
Qdot  = max dynamic pressure 
α, AOA     =  angle of attack, deg  
β      =  angle of yaw, deg  
ϕ      =  model roll, deg  
T    =  temperature, deg-F  
X, Y, Z    =   tunnel coordinate system, in  
x, y, z    =   model coordinate system, in 
 

1. Introduction 
 

Mars exploration is the future of the aerospace industry and is directing the interest of many companies 
to put a human on Mars. Over the past decades, man has accomplished to send multiple rovers to the surface 
of Mars. Each successful landing of a rover, verified a possible technique to reach the surface safely. However, 
the mass of these rovers has not required a change in the design of the transporting vehicle. A human capsule 
and supporting supplies has the possibility of reaching fifty metric tons or more. Previous EDL techniques will not 
suffice to land a human safely on the surface. The search to find new techniques, technologies and vehicle 
geometries has become one of the main points of research and design. 

Supersonic retro-propulsion is the technique of using propulsion to decelerate a capsule upon entry into an 
atmosphere [2][3][8][11]. Built into the heat shield of the capsule are one or many jet stream nozzle engines that 
are used to inject engine thrust into the oncoming supersonic flow. Combining this with different amounts of C t 
and changing the angle of attack, entering, descending and landing on the surface of Mars with a high mass 
payload may be   
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accomplished. Previous research was being conducted on the best size and shape of sphere-cone fore-bodies, 
as well as the configurations of nozzle engines. 

Sphere-cone fore-bodies limit the size of the payload. Using a different shaped fore -body, while including 
retro-propulsion nozzles will allow for larger shaped payloads that are not restricted to the size limitations of a 
sphere-cone. SpaceX has released information of a shuttle type geometry that will perform a vertical landing on 
Mars after aero-braking through Mars’ atmosphere [16]. 

2. Supersonic-Retro-propulsion Flow Field Characteristics 
 

For spherical cone vehicle shapes with a single nozzle engine at the center, the flow field can be seen in 
figure 1. As the supersonic flow moves towards the vehicle a bow shock will form. When no jet flow is inserted 
into the flow, the bow shock is close to the vehicle. Upon inserting jet flow from the nozzle into the flow, it pushes 
the bow shock away from the surface of the vehicle. The jet flow is contained within shear layers and is ended at 
a terminal shock. At the point where the opposing velocities meet and the velocity goes to zero, this is called the 
interface. As the free stream flow meets the jet flow, the jet flow is recirculated. At the point where the supersonic 
free stream flow, subsonic shock flow, and the subsonic recirculating flow meet is called the triple point [4].  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 1  SRP flow field characteristics [4] 
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3. Previous Experimental Results 
 

Table 1  SRP flow field characteristics [4] 
 

Step Parameter of Interest Typical Settings 
   

1 Set Model Configuration and Roll Increment Baseline, Center, Tri, Quad, Roll = 0 and 180 
   

2 Set Tunnel Flow Conditions M = 1.8/Re = 1.5, M = 2.4/Re = 1, M = 2.4/Re = 1.5 
   

3 Set Nozzle Thrust Ct = 0, 2, 4, 6, 8, 10 
4 Set Model Position Z = 0,  ±12,  ±24 
5 Conduct Alpha Sweep in the horizontal plane α = 0,  ±4,  ±8, 12, 16, 20 
6 Conduct Beta Sweep in the vertical plane for schlieren ϕ = 0, 4, 8, 12 

   

 
 

3.1 Single Centered Nozzle Engine Configuration 
 

Experimental scale model testing conducted at NASA Langley Unitary Plan Wind Tunnel consisted of a 5-in 
diameter, 70-deg sphere-cone fore-body with a roughly 10-in long cylindrical aft-body. Testing was conducted 
using a unitary plan wind tunnel supersonic retro-propulsion model assembly, which had locations for 4 nozzle 
engines that could be plugged for separate experiments which can be seen in figure 2. Nozzle engine 
configurations can be better seen in figure 3, which also includes instrumentation holes around the surface of the 
cone [2].  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 3 UPWT SRP model assembly instru-  
Fig. 2  UPWT SRP model assembly [2] mentation [2] 

 
When all 4 nozzle engines are plugged, this was considered the base line configuration. Sphere-cone fore-

body has been heavily tested and thus is used to confirm controlled testing. The center nozzle engine 
configuration was heavily tested as discussed later in this paper. Three of the nozzle engines were spaced radially 
120° apart as seen in figure 3. This nozzle engine configuration was used when conducting the peripheral nozzle 
engine experiments. When all four nozzle engines were being used, this was considered the quad nozzle engine 
configuration, seen in figure 4, and was the lowest on the priority list to conduct experiments for [2]. 
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Single (left), Tri (center), Quad (right) 

 
Fig. 4 Nozzle configurations. [6] 

 
Seen below in figure 5, the baseline sphere-cone fore-body with no nozzle engines injecting flow produces a 

steady bow shock around the model. Increasing the Mach number does not cause unsteadiness and further 
pushes the bow shock closer to the model [2].  
 
 
 
 
 
 
 
 
 
 
 
 
 

Mach 2.4(left), Mach 3.5(center), Mach 4.6(right) 
 

Fig. 5 Single nozzle without jet stream injected. [2] 
 

When injecting the jet flow, the bow shock standoff distance increased greatly at roughly 300% [2]. As C t 
increases, the standoff distance increased again. The center nozzle design provided the most stable flow field 
for angles of attack below 10° and for all Mach numbers, as well as coefficients of thrust [2][3][4][5].  
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 6 Single nozzle Ct =.5 Mach 2.4. [2] Fig. 7 Single nozzle Ct =4 Mach 2.4. [2] 
 

Adjusting the angle of attack to 12° while at Mach 4 produces an unsteady flow on the lower portion of the 
bow shock. It can easily be seen when compared to when the angle of attack is at 0° seen in figure 8 and figure 
9 [2][3][4][5]. 
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Fig. 8 Single nozzle, α =0-deg, Ct =4, Mach Fig. 9 Single nozzle, α =12-deg, Ct =4, Mach  
4.6. [2] 4.6. [2] 

3.2 Tri Nozzle Engine Configuration 
 

The tri-nozzle engine design produced significantly more unsteadiness in the flow field compared to the single 
nozzle. As Ct and Mach number increased, bow shock oscillations resulted forming an unsteady flow field. This 
was also true when angle of attack was increased or decreased from 0. The tri-nozzle engine design did have a 
lower standoff distance of the bow shock because the three nozzles caused a lower pressure ratio across the 
sphere-cone fore-body [2][3][4][5].  
 
 
 
 
 
 
 
 
 
 
 
 

 
Fig. 10 Tri-Nozzle, Ct =2, Mach 2.4. [2] Fig. 11 Tri-Nozzle, Ct =4, Mach 4.6. [2] 

3.3 Quad Nozzle Configuration 
 

The quad-nozzle engine design also proved to produce unsteadiness in the flow field. However it was less 
than that of the tri-nozzle engine in certain conditions [2][3][4][5].  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 12 Quad-Nozzle, α = 0 Ct =2, Mach Fig. 13 Quad-Nozzle, α =4 Ct =2, Mach 2.4.  
2.4.[2] [2]
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Fig. 14 Quad-Nozzle, α =8 Ct =2, Mach Fig. 15 Quad-Nozzle, α =12 Ct =2, Mach  
2.4.[2] 2.4.[2]  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 16 Quad-Nozzle, α =16 Ct =2, Mach Fig. 17 Quad-Nozzle, α =20 Ct =2, Mach  
2.4.[2] 2.4.[2] 

 
When rolling the UPWT SRP model, it reduces the unsteadiness in the quad nozzle configuration. This could 

be a result of the nozzles being in a different orientation to the oncoming flow. It can be seen when comparing 
high angle of attack experiments seen below. The unsteadiness when the quad nozzle configuration is rotated 
by 180° is the most decreased at an angle of attack of 20°. The bow shock at the front is much stronger and is 
clearly defined [2][3][4][5].  
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 18 Quad-Nozzle, α =16 Ct =2, ϕ =0  Fig. 19 Quad-Nozzle, α =16 Ct =2, ϕ =180  
Mach 2.4.[2] Mach 2.4.[2] 
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Fig. 20 Quad-Nozzle, α =20 Ct =2, ϕ =0  Fig. 21 Quad-Nozzle, α =20 Ct =2, ϕ =180  
Mach 2.4.[2] Mach 2.4.[2] 

 
Further testing was conducted by researchers at NASA Ames Research Center and similar results were 

found. NASA Ames researchers conducted the same experiments with many of the same parameters as NASA 
Langley. NASA Ames was able to gather overlapping data showing that both experiments were valid. NASA 
Ames concluded that a single nozzle engine design was the best design for a large range of parameters. When 

comparing Ct for each nozzle engine design, the same thrust for the single nozzle engine produced a bigger and 
more stable jet stream and had the largest standoff distance for the bow shock. When changing the angle of 
attack, it was also noted that the single nozzle engine provided the best stability of the three designs [2][5]. 

 

4. Computational Fluid Dynamics Validation of Experiments 
 

NASA Ames Research Center was successful in matching the real world experimental results that NASA 
Langley achieved at the Unitary Plan Wind Tunnel. NASA Ames used multiple computation fluid dynamic solvers 
to check these results, but this section only focuses on one, Data Parallel Line Relaxation. DPLR solves 
Reynolds-Averaged Navier-Stokes equations [4]. The results from DPLR showed the clearest similarities to the 
experimental results from NASA Langley and as such, makes it easier to compare them. 

 

4.1 CFD - Single Nozzle Engine Configuration 
 

Single nozzle engine configuration again can be shown to have steady bow shock waves around the vehicle. 
Upon increasing the angle of attack, some unsteadiness begins to occur on the lower portion of the flow field. 
Further increasing the angle of attack, increased unsteadiness in the lower portion occurs.  
 
 
 
 
 
 
 
 
 
 

 
Fig. 22 Ct = 2, α =0 [4] 
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Fig. 23 Ct = 2, α =12 [4]  
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 24 Ct = 2, α =20 [4] 
 
 

4.2 CFD - Tri Nozzle Engine Configuration 
 

When looking at the tri nozzle engine configuration the flow is steady when the angle of attack is zero. 
Increasing the angle of attack results in very unsteady flow on the lower portion of the flow field. The flow field 
does seem to become steady at times, but overall continues to be unsteady.  
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 25 Ct =3, α =0 [4]  
 
 
 
 
 
 
 
 
 
 
 

 
Fig. 26 Ct = 3, α =12 [4] 
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Fig. 27 Ct = 3, α =16 [4] 
 
 

4.3 Quad Nozzle Engine Configuration 
 

Unsteady flow continues when increasing the amount of nozzle engines to four. Again at zero angle of attack, 
the flow is steady and shock waves are clearly defined. Increasing the angle of attack causes unsteady flow, 
though not to the same extent as the tri nozzle configuration. This could be due to the single center nozzle 
increasing the stand off distance of the bow shock.   
 
 
 
 
 
 
 
 
 
 

 
Fig. 28 Ct =3, α =0 [4]  

 
 
 
 
 
 
 
 
 
 
 

 
Fig. 29 Ct = 3, α =12 [4]  

 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 30 Ct = 3, α =16 [4] 
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4.4 Outer Nozzle Configurations 
 

It can be seen that when free stream flow meets the jet flow from the nozzle engine that the exhaust does not 
flow towards the center of the body, but around the body. Leaving the center of the body free of unstable flow. 
This can be further seen in Figure 32. In which the two exhausts do not interfere with each other.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Fig. 31 Single Outer Nozzle [19] 
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Fig. 32 Dual Outer Nozzles [20] 
 

 

5. Large Body Geometries 
 

Data on different supersonic retro -propulsive geometries is small and limited. Georgia Institute of Technology 
performed a study on an elipsled shape vehicle. It was found for high mass EDL, that a longer slender body could 
be used over a sphere-cone blunt body. With further research and by optimizing the elipsled’s shape, it could 
show to have a higher mass payload [1][8]. This could result in a body that is similar in shape to that of the NASA 
Space Shuttle. The NASA Space Shuttle is a proven re-entry vehicle that had many successful flights and many 
experiments performed on its shape and design. This knowledge and data would help to design and create a 
large body geometry with SRP for the EDL on Mars.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 33 Elipsled shape showing Total Qdot. [8] 
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6. Methodology 
 

Geometry design was based upon current research and experimental results in the aerospace field. NASA 
Ames Research Center and Georgia Institute of Technology both were considered when designing the nozzle. 
A MATLAB script was written to create a bell nozzle design, as well as the requirements for the combustion 
chamber. Nozzle dimensions from MATLAB were then used to create the nozzle within Solidworks and exported 
for computational fluid dynamic validation within STAR-CCM+ software. 

7. Design 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Fig. 34 Georgia Institute of Technology Single Nozzle Dimensions [7]  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 35 Georgia Institute of Technology Bow Shock [7] 

 
Bell nozzle design was achieved using MATLAB code that receives inputs such as estimated nozzle exit 

diameter, chamber pressure, and estimated thrust and outputs dimensions which when used with "The Thrust 
Optimized Parabolic 
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Nozzle" [18] technique. This gives an accurate bell nozzle shape to meet the input requirements. It also outputs 
correct dimensions for the combustion chamber and resulting pressures and temperatures to be used. An 
example case of the inputs and outputs can be seen below. MATLAB code can be found in Appendix B.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 36 MATLAB Code Inputs Fig. 37 MATLAB Code Output 
 

A custom MATLAB script was written to produce the correct bell nozzle dimensions and the correct 
combustion chamber dimensions for the fuel used. The fuel used for the calculations was liquid oxygen and 
methane, which is a fuel that is most likely to be used for Mars exploration for the ability to create both on the 
surface of Mars using the Sabatier process. Fuel characteristics were used for designing the engine and correct 
temperatures and pressures were used in the combustion chamber for testing. However, during CFD simulations, 
reactant flow was not used due to hardware and time limitations to perform the simulations. 
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Fig. 38 MATLAB created Nozzle  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 39 MATLAB Temperature vs. Pressure 
 

Given the dimensions for aspects of the nozzle from the MATLAB code, they can then be used to create 
the bell nozzle shape with "The Thrust Optimized Parabolic Nozzle" [18] technique. This primarily involves 
taking the throat radius and using an equation to apply it to the radii of two circles, one of which is within 
the other. This provides the correct shape for the throat and continuing out the bell nozzle. 
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Fig. 40 Nozzle Diagram Geometry [18]  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 41 Nozzle Contour Technique [18] 

 
Taking the given outputs from MATLAB and using the bell nozzle geometry technique, a bell nozzle 

similar in size to the Georgia Institute of Technology conical nozzle can be created with Solidworks which 
then can be manipulated and output to the correct file type to be imported into STAR-CCM+. Within STAR-
CCM+, a control volume mesh and mesh refinement will be performed. 
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Fig. 42 Bell Nozzle Geometry  
 
 
 
 
 
 
 
 
 
 

Fig. 43 Designed Engine Outline  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 44 Designed Engine Revolve 
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Fig. 45 Solidworks Model for STAR-CCM+ Import 
 

 

8. Testing 
 

Simulation environment for all simulations, consisted of: 
• steady state 
• turbulent 
• coupled energy 
• viscous 
• ideal gas 
• Mach 3 free stream flow entering the control volume from the right side. 
• The top and left wall were pressure outlet boundary layers. The bottom wall was axisymmetric.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Fig. 46 Velocity Magnitude with Mach 3 free stream 
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Fig. 47 Velocity Magnitude with Mach 3 free stream zoomed 
 

As can be seen in the velocity magnitude figures, the exhaust plume extends into the free stream flow where 
it terminates at a bow shock. The bow shock can be seen extending back towards and around the nozzle. 

  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Fig. 48 Pressure 
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Fig. 49 Pressure Zoomed 

 
Pressure figures show that the pressure within the combustion chamber is 9 MPa which is what was used in 

the MATLAB script for the designed nozzle. Pressure can be seen to dramatically decrease as it reaches the 
throat of the nozzle.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Fig. 50 Temperature 
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Fig. 51 Temperature Zoomed 
 

As with the pressure figures, temperature figures show the correct temperature within the combustion 
chamber which was set to 3750 Kelvin in the MATLAB script.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 52 Vector Velocity Magnitude 
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Fig. 53 Vector Velocity Magnitude Zoomed  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 54 Vector Velocity Magnitude Zoomed 
 

Velocity vector figures further show how the exhaust plume extends and ends at a bow shock. This type of 
figure really outlines the bow shock and how the flow is redirected back towards the nozzle. With the results seen 
from the single nozzle engine testing, the flow characteristics are similar to that of NASA and Georgia Institute of 
Technology seen in Figure 8 and Figure 35. For this reason, this nozzle design will be used for the elipsled 
geometry model. 
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Fig. 55 Solidworks Model of Elipsled  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Fig. 56 Bottom View of Elipsled  

 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Fig. 57 Nozzles facing Normal to the Body 

 

 

9. Elipsled Results 
 

A sweeping study of multiple angles of attack at ranging free stream velocities was performed. Free stream 
velocities began at Mach 1 and increased to Mach 5. Starting at 15° angle of attack to the free stream flow, the 
angle was increased to 30 °, 60 ° and finally 90 °. The results can be seen below. 
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9.1 Nozzles normal to the body 

9.1.1 Mach 1 Simulations 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 58 α =15 °, Mach 1  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 59 α =15 °, Mach 1 
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Fig. 60 α =30 °, Mach 1  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 61 α =30 °, Mach 1 
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Fig. 62 α =60 °, Mach 1  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 63 α =60 °, Mach 1 
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Fig. 64 α =90 °, Mach 1  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 65 α =90 °, Mach 1 

 
Beginning at 15° AOA at Mach 1 free stream, it can be seen that all three engines are under expanded and 

the exhaust plume is being directed down and away from the body. The engine closest to the nose of the body 
is slightly over expanded, most likely due to a low pressure region after the shock wave. This continues as the 
AOA is increased to 30°. When the AOA reaches 60° the front engines exhaust plume is now being directed over 
the nose of the body and all three engines are closer to performing optimally. Finally when the flow reaches 90° 
the exhaust plume as reversed from 
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the 15° and is now going up around the nose of the body. Since the free stream flow is slow the shock wave does 
not have a large effect on the exhaust plume and its interaction with the elipsled.  
 

9.1.2 Mach 2 Simulations 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Fig. 66 α =15 °, Mach 2  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Fig. 67 α =15 °, Mach 2 
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Fig. 68 α =30 °, Mach 2  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Fig. 69 α =30 °, Mach 2 
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Fig. 70 α =60 °, Mach 2  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 71 α =60 °, Mach 2 
 
 
 
 
 
 
 
 
 
 

29 



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 72 α =90 °, Mach 2  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 73 α =90 °, Mach 2 

 
As the free stream velocity is increased to Mach 2, a clear bow shock wave is formed at the nose of the body. 

Compared to the Mach 1 simulations, the shock wave effects the exhaust plu me much more. Looking at the 15° 
AOA the exhaust plume on each engine is different. The rear engine is under expanded, the center engine is 
almost ideally expanded and the front nozzle closest to the nose is over expanded. The exhaust plume does 
however flow out and away from the body. The same flow characteristic can be seen on both the 30° and the 60° 
AOA simulations. However when the AOA is increased to 90° the shock wave separates the exhaust plume and 
splits the flow around the rear and nose of the elipsled. 
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9.1.3 Mach 2.5 Simulations 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 74 α =15°, Mach 2.5  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 75 α =15°, Mach 2.5 
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Fig. 76 α =30°, Mach 2.5  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 77 α =30°, Mach 2.5 
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Fig. 78 α =60°, Mach 2.5  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 79 α =60°, Mach 2.5 
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Fig. 80 α =90°, Mach 2.5  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 81 α =90°, Mach 2.5 
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9.1.4 Mach 3 Simulations 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 82 α =15°, Mach 3  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 83 α =15°, Mach 3 
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Fig. 84 α =30°, Mach 3  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 85 α =30°, Mach 3 
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Fig. 86 α =60°, Mach 3  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 87 α =60 °, Mach 3 
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Fig. 88 α =90 °, Mach 3  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 89 α =90 °, Mach 3 

 
Similar to the Mach 2.5 results, at an AOA of 15°, the front and center engines exhaust is over expanded and 

the rear engines exhaust it slightly under expanded. This continues with the elipsled at 30 ° AOA, however when 
the elipsled increases its AOA to 60° , exhaust from the front engine flow past the nose of the body, instead down 
along the bottom of the elipsled like in lower Mach number simulations. The trends then continues with the 90° 
with the exhaust flowing over the nose and the rear of the elipsled. 
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9.1.5 Mach 4 Simulations 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 90 α =15 °, Mach 4  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Fig. 91 α =15 °, Mach 4 
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Fig. 92 α =30 °, Mach 4  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 93 α =30 °, Mach 4 
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Fig. 94 α =60 °, Mach 4  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 95 α =60 °, Mach 4 
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Fig. 96 α =90 °, Mach 4  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 97 α =90 °, Mach 4 

 
Mach 4 for all AOA resulted in all the engines being grossly over expanded. This is most likely due to a shock 

wave forming in or near the nozzle. This results in almost no exhaust from the front and center engine and the 
rear engine’s exhaust is pulled to the rear of the elipsled. However the 90° AOA, the front engines exhaust it 
pulled over the nose of the vehicle, similar to the lower Mach number results. 
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9.2 Mesh Refinement 
 

Mesh refinement analysis was conducted on the Mach 2.5 simulations and cell count was increased from 
50,000 cells to 250,000 cells. The analysis showed that the flow characteristics did not change, only the resolution 
of the data was increased. This can be seen when comparing the refined mesh figures to the normal figures seen 
above.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 98 50,000 Cell Count Mesh  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 99 250,000 Cell Count Mesh 
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Fig. 100  50,000 Cell Count Mesh Zoomed  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 101  250,000 Cell Count Mesh Zoomed 
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Fig. 102  α =15 °, Mach 2.5, Refined Mesh  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 103  α =15 °, Mach 2.5, Refined Mesh 
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Fig. 104  α =30 °, Mach 2.5, Refined Mesh  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 105  α =30 °, Mach 2.5, Refined Mesh 
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Fig. 106  α =60 °, Mach 2.5, Refined Mesh  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 107  α =60 °, Mach 2.5, Refined Mesh 
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Fig. 108  α =90 °, Mach 2.5, Refined Mesh  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 109  α =90 °, Mach 2.5, Refined Mesh 
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10. Future Work 
 

The results gathered were not as precise as hoped. Increasing cell count and adjusting physics models could 
yield more precise and accurate results. Further engine design could also result in a more stable elipsled designs. 
Current design has all the nozzles being the same, but adjust mass flow and location of engines on the body 
could results in a more stable flow around the elipsled. A greater parametric study should be conducted and see 
the benefits of adjust free steam velocities, engine location, engine mass flow, angle of attack and elispled 
geometry changes. A final 3D simulation for the most promising result should be conducted as well to view the 
total flow around the vehicle, not just a 2D slice. 

 

11. Summary 
 

Overall it can be seen that the designed single nozzle matches the flow characteristics of Georgia Institute of 
Technologies nozzle engine design, which is based off of a NASA nozzle engine design. The long jet flow 
terminates into a weak bow shock that can be seen extending back towards the nozzle. When using this nozzle 
for the elipsled with nozzle normal to the body, the flow can be seen to extend under the body and flow back 
towards the rear of the body. When comparing the flow from each nozzle, the nozzle farthest to the rear of the 
body, the exhaust is under expanded due to a pressure drop from the flow of the first two nozzles. To fix this, 
each nozzle could be designed for different exit pressures for ideal expansion. From the results gathered, a 
configuration with the current nozzle engine parameters and free stream velocity of Mach 2, had the best flow 
characteristics and perceived to be the most stable of all simulations. Pressure and temperature figures for all 
simulations can be found in Appendix A. 
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Appendix A - Mesh Temperature and Pressure Figures 
   

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 110  α =15 °, Mach 1  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 111  α =15 °, Mach 1 
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Fig. 112  α =15 °, Mach 2 
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Fig. 113  α =15 °, Mach 2  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 114  α =15 °, Mach 2.5 
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Fig. 115  α =15 °, Mach 2.5  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 116  α =15 °, Mach 3 
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Fig. 117  α =15 °, Mach 3  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 118  α =15 °, Mach 4 
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Fig. 119  α =15 °, Mach 4  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 120  α =30 °, Mach 1 
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Fig. 121  α =30 °, Mach 1  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 122  α =30 °, Mach 2 
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Fig. 123  α =30 °, Mach 2  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 124  α =30 °, Mach 2.5 
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Fig. 125  α =30 °, Mach 2.5  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 126  α =30 °, Mach 3 
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Fig. 127  α =30 °, Mach 3  
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 128  α =30 °, Mach 4 
 
 
 
 
 
 
 
 
 
 
 
 
 

61 



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Fig. 129  α =30 °, Mach 4  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 130  α =60 °, Mach 1 
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Fig. 131  α =60 °, Mach 1  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Fig. 132  α =60 °, Mach 2 
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Fig. 133  α =60 °, Mach 2  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 134  α =60 °, Mach 2.5 
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Fig. 135  α =60 °, Mach 2.5  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 136  α =60 °, Mach 3 
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Fig. 137  α =60 °, Mach 3  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 138  α =60 °, Mach 4 
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Fig. 139  α =60 °, Mach 4  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Fig. 140  α =90 °, Mach 1 
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Fig. 141  α =90 °, Mach 1  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 142  α =90 °, Mach 2 
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Fig. 143  α =90 °, Mach 2  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 144  α =90 °, Mach 2.5 
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Fig. 145  α =90 °, Mach 2.5  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 146  α =90 °, Mach 3 
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Fig. 147  α =90 °, Mach 3  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 148  α =90 °, Mach 4 
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Fig. 149  α =90 °, Mach 4  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 150  α =15 °, Mach 1, Refined Mesh 
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Refined Mesh Temperature and Pressure Figures  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 151  α =15 °, Mach 2.5, Refined Mesh  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 152  α =30 °, Mach 2.5, Refined Mesh 
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Fig. 153  α =30 °, Mach 2.5, Refined Mesh  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 154  α =60 °, Mach 2.5, Refined Mesh 
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Fig. 155  α =60 °, Mach 2.5, Refined Mesh  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 156  α =90 °, Mach 2.5, Refined Mesh 
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Fig. 157  α =90 °, Mach 2.5, Refined Mesh 
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Appendix B - Bell Nozzle MATLAB Code 
  

 
% T h i s  LaTeX was a u t o  g e n e r a t e d from MATLAB c o d e .      
% To  make  c h a n g e s , u p d a t e t h e MATLAB c o d e  and r e p u b l i s h t h i s  d o c u m e n t .  

%% Workspace  C l e a n u p               
c l c ,  c l e a r  a l l ,  c l o s e  a l l              

%% CEA S t u f f                  
% N e c e s s a r y V a l u e s a r e  O / F , P r e s s u r e , T e m p e r a t u r e , and  Gamma   
OF =  [ 1 . 5  1 . 6  1 . 7  1 . 8  1 . 9  2 . 0  2 . 1  2 . 2  2 . 3  2 . 4  2 . 5  2 . 6  2 . 7  2 . 8  2 . 9  ] ;  

P_Chamber  = [ 3 . 0 4 . 0 5 . 0 6 . 0 7 . 0 8 . 0 9 . 0 1 0 . 0 1 1 . 0 1 2 . 0 1 3 . 0  1 4 . 0 1 5 . 0 ] ∗ 1 0 ^ 6 ; 

% T e m p e r a t u r e                 
T =  [ 2 9 2 8 . 2 9 2 9 3 7 . 9 8 2 9 4 4 . 9 3 2 9 5 0 . 2 5 2 9 5 4 . 5 1  2 9 5 8 . 0 2   2 9 6 0 . 9 9 2 9 6 3 . 5 4 2 9 6 5 . 7 7 
2 9 6 7 . 7 4 2 9 6 9 . 4 9  2 9 7 1 . 0 7  2 9 7 2 . 5 1 ;         

3 0 8 3 . 2 5 3 0 9 7 . 4 8 3 1 0 7 . 8 4 3 1 1 5 . 8 6 3 1 2 2 . 3 4 3 1 2 7 . 7 3 3 1 3 2 . 3 1 3 1 3 6 . 2 7 3 1 3 9 . 7 5 
3 1 4 2 . 8 3 3 1 4 5 . 6 0  3 1 4 8 . 1 0  3 1 5 0 . 3 7 ;         

3 2 1 4 . 4 5 3 2 3 3 . 4 8 3 2 4 7 . 5 2 3 2 5 8 . 5 1 3 2 6 7 . 4 6 3 2 7 4 . 9 5 3 2 8 1 . 3 7 3 2 8 6 . 9 5 3 2 9 1 . 8 8 
3 2 9 6 . 2 6 3 3 0 0 . 2 1  3 3 0 3 . 7 9  3 3 0 7 . 0 6 ;         

3 3 2 3 . 6 6 3 3 4 7 . 5 0 3 3 6 5 . 2 8 3 3 7 9 . 3 4 3 3 9 0 . 8 8 3 4 0 0 . 6 0 3 4 0 8 . 9 8 3 4 1 6 . 3 0 3 4 2 2 . 7 9 
3 4 2 8 . 6 0 3 4 3 3 . 8 5  3 4 3 8 . 6 2  3 4 4 2 . 9 9 ;         

3 4 1 2 . 6 3 3 4 4 1 . 0 7 3 4 6 2 . 5 1 3 4 7 9 . 5 8 3 4 9 3 . 7 0 3 5 0 5 . 6 7 3 5 1 6 . 0 3 3 5 2 5 . 1 3 3 5 3 3 . 2 3 
3 5 4 0 . 5 1 3 5 4 7 . 1 1  3 5 5 3 . 1 4  3 5 5 8 . 6 7 ;         

3 4 8 3 . 3 4 3 5 1 5 . 9 8 3 5 4 0 . 7 9 3 5 6 0 . 7 0 3 5 7 7 . 2 5 3 5 9 1 . 3 8 3 6 0 3 . 6 5 3 6 1 4 . 4 9 3 6 2 4 . 1 7 
3 6 3 2 . 9 0 3 6 4 0 . 8 4  3 6 4 8 . 1 1  3 6 5 4 . 8 1 ;         

3 5 3 8 . 0 9 3 5 7 4 . 3 6 3 6 0 2 . 1 4 3 6 2 4 . 5 7 3 6 4 3 . 3 3 3 6 5 9 . 4 0 3 6 7 3 . 4 3 3 6 8 5 . 8 6 3 6 9 7 . 0 1 
3 7 0 7 . 0 9 3 7 1 6 . 2 9  3 7 2 4 . 7 4  3 7 3 2 . 5 4 ;         

3 5 7 9 . 4 2 3 6 1 8 . 6 9 3 6 4 8 . 9 5 3 6 7 3 . 5 1 3 6 9 4 . 1 3 3 7 1 1 . 8 8 3 7 2 7 . 4 3 3 7 4 1 . 2 5 3 7 5 3 . 6 8 
3 7 6 4 . 9 6 3 7 7 5 . 2 7  3 7 8 4 . 7 7  3 7 9 3 . 5 6 ;         

3 6 0 9 . 8 3 3 6 5 1 . 4 8 3 6 8 3 . 7 1 3 7 0 9 . 9 8 3 7 3 2 . 1 2 3 7 5 1 . 2 3 3 7 6 8 . 0 3 3 7 8 3 . 0 0 3 7 9 6 . 5 0 
3 8 0 8 . 7 7 3 8 2 0 . 0 2  3 8 3 0 . 4 1  3 8 4 0 . 0 4 ;         

3 6 3 1 . 5 9 3 6 7 5 . 0 3 3 7 0 8 . 7 9 3 7 3 6 . 3 8 3 7 5 9 . 7 0 3 7 7 9 . 8 8 3 7 9 7 . 6 5 3 8 1 3 . 5 3 3 8 2 7 . 8 7 
3 8 4 0 . 9 4 3 8 5 2 . 9 4  3 8 6 4 . 0 3  3 8 7 4 . 3 3 ;         

3 6 4 6 . 5 5 3 6 9 1 . 3 3 3 7 2 6 . 2 1 3 7 5 4 . 7 9 3 7 7 8 . 9 9 3 7 9 9 . 9 8 3 8 1 8 . 4 9 3 8 3 5 . 0 6 3 8 5 0 . 0 4 
3 8 6 3 . 7 2 3 8 7 6 . 2 9  3 8 8 7 . 9 3  3 8 9 8 . 7 5 ;         

3 6 5 6 . 2 4 3 7 0 1 . 9 6 3 7 3 7 . 6 5 3 7 6 6 . 9 4 3 7 9 1 . 7 8 3 8 1 3 . 3 5 3 8 3 2 . 4 1 3 8 4 9 . 4 8 3 8 6 4 . 9 4 
3 8 7 9 . 0 6 3 8 9 2 . 0 6  3 9 0 4 . 1 0  3 9 1 5 . 3 1 ;         

3 6 6 1 . 8 0 3 7 0 8 . 1 7 3 7 4 4 . 4 2 3 7 7 4 . 2 0 3 7 9 9 . 4 9 3 8 2 1 . 4 7 3 8 4 0 . 9 1 3 8 5 8 . 3 4 3 8 7 4 . 1 3 
3 8 8 8 . 5 7 3 9 0 1 . 8 7  3 9 1 4 . 1 9  3 9 2 5 . 6 8 ;         

3 6 6 4 . 1 4 3 7 1 0 . 9 2 3 7 4 7 . 5 3 3 7 7 7 . 6 4 3 8 0 3 . 2 2 3 8 2 5 . 4 7 3 8 4 5 . 1 7 3 8 6 2 . 8 3 3 8 7 8 . 8 5 
3 8 9 3 . 5 0 3 9 0 7 . 0 0  3 9 1 9 . 5 3  3 9 3 1 . 2 0 ;         

3 6 6 3 . 9 5 3 7 1 0 . 9 6 3 7 4 7 . 7 7 3 7 7 8 . 0 7 3 8 0 3 . 8 3 3 8 2 6 . 2 4 3 8 4 6 . 0 9 3 8 6 3 . 9 0 3 8 8 0 . 0 6 
3 8 9 4 . 8 4 3 9 0 8 . 4 7  3 9 2 1 . 1 2  3 9 3 2 . 9 1 ] ;         

% R a t i o  o f  s p e c i f i c  h e a t              
G =  [ 1 . 2 1 9 2 1 . 2 2 2 6 1 . 2 2 5 1  1 . 2 2 7 1 1 . 2 2 8 7  1 . 2 3 0 1 1 . 2 3 1 2 1 . 2 3 2 2 1 . 2 3 3 1 
1 . 2 3 3 9 1 . 2 3 4 6  1 . 2 3 5 3  1 . 2 3 5 9 ;          

1 . 2 0 1 8 1 . 2 0 5 3 1 . 2 0 8 0 1 . 2 1 0 1  1 . 2 1 1 9  1 . 2 1 3 4 1 . 2 1 4 7 1 . 2 1 5 8 1 . 2 1 6 8 
1 . 2 1 7 7 1 . 2 1 8 5  1 . 2 1 9 3  1 . 2 1 9 9 ;          

1 . 1 8 7 1 1 . 1 9 0 6 1 . 1 9 3 2 1 . 1 9 5 4  1 . 1 9 7 1  1 . 1 9 8 7 1 . 2 0 0 0 1 . 2 0 1 2 1 . 2 0 2 2 
1 . 2 0 3 2 1 . 2 0 4 0  1 . 2 0 4 8  1 . 2 0 5 6 ;          
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1 . 1 7 4 7 1 . 1 7 8 0 1 . 1 8 0 6 1 . 1 8 2 6 1 . 1 8 4 4 1 . 1 8 5 9 1 . 1 8 7 2 1 . 1 8 8 4 1 . 1 8 9 4 
1 . 1 9 0 4 1 . 1 9 1 2 1 . 1 9 2 0 1 . 1 9 2 8 ;      

1 . 1 6 4 5 1 . 1 6 7 5 1 . 1 6 9 9 1 . 1 7 1 8 1 . 1 7 3 5 1 . 1 7 4 9 1 . 1 7 6 1 1 . 1 7 7 3 1 . 1 7 8 3 
1 . 1 7 9 2 1 . 1 8 0 0 1 . 1 8 0 8 1 . 1 8 1 5 ;      

1 . 1 5 6 2 1 . 1 5 9 0 1 . 1 6 1 1 1 . 1 6 2 9 1 . 1 6 4 4 1 . 1 6 5 7 1 . 1 6 6 8 1 . 1 6 7 9 1 . 1 6 8 8 
1 . 1 6 9 7 1 . 1 7 0 5 1 . 1 7 1 2 1 . 1 7 1 9 ;      

1 . 1 4 9 7 1 . 1 5 2 2 1 . 1 5 4 1 1 . 1 5 5 7 1 . 1 5 7 0 1 . 1 5 8 2 1 . 1 5 9 2 1 . 1 6 0 2 1 . 1 6 1 0 
1 . 1 6 1 8 1 . 1 6 2 5 1 . 1 6 3 2 1 . 1 6 3 8 ;      

1 . 1 4 4 8 1 . 1 4 7 0 1 . 1 4 8 7 1 . 1 5 0 1 1 . 1 5 1 3 1 . 1 5 2 3 1 . 1 5 3 3 1 . 1 5 4 1 1 . 1 5 4 9 
1 . 1 5 5 6 1 . 1 5 6 2 1 . 1 5 6 8 1 . 1 5 7 3 ;      

1 . 1 4 1 0 1 . 1 4 3 0 1 . 1 4 4 5 1 . 1 4 5 8 1 . 1 4 6 9 1 . 1 4 7 8 1 . 1 4 8 6 1 . 1 4 9 4 1 . 1 5 0 1 
1 . 1 5 0 7 1 . 1 5 1 3 1 . 1 5 1 8 1 . 1 5 2 3 ;      

1 . 1 3 8 2 1 . 1 4 0 0 1 . 1 4 1 4 1 . 1 4 2 5 1 . 1 4 3 5 1 . 1 4 4 4 1 . 1 4 5 1 1 . 1 4 5 8 1 . 1 4 6 4 
1 . 1 4 7 0 1 . 1 4 7 5 1 . 1 4 8 0 1 . 1 4 8 4 ;      

1 . 1 3 6 0 1 . 1 3 7 7 1 . 1 3 9 0 1 . 1 4 0 1 1 . 1 4 1 0 1 . 1 4 1 8 1 . 1 4 2 4 1 . 1 4 3 1 1 . 1 4 3 6 
1 . 1 4 4 1 1 . 1 4 4 6 1 . 1 4 5 0 1 . 1 4 5 4 ;      

1 . 1 3 4 4 1 . 1 3 5 9 1 . 1 3 7 2 1 . 1 3 8 2 1 . 1 3 9 0 1 . 1 3 9 7 1 . 1 4 0 4 1 . 1 4 1 0 1 . 1 4 1 5 
1 . 1 4 1 9 1 . 1 4 2 4 1 . 1 4 2 8 1 . 1 4 3 2 ;      

1 . 1 3 3 0 1 . 1 3 4 6 1 . 1 3 5 7 1 . 1 3 6 7 1 . 1 3 7 5 1 . 1 3 8 2 1 . 1 3 8 8 1 . 1 3 9 3 1 . 1 3 9 8 
1 . 1 4 0 3 1 . 1 4 0 7 1 . 1 4 1 0 1 . 1 4 1 4 ;      

1 . 1 3 2 0 1 . 1 3 3 4 1 . 1 3 4 6 1 . 1 3 5 5 1 . 1 3 6 2 1 . 1 3 6 9 1 . 1 3 7 5 1 . 1 3 8 0 1 . 1 3 8 5 
1 . 1 3 8 9 1 . 1 3 9 3 1 . 1 3 9 7 1 . 1 4 0 0 ;      

1 . 1 3 1 1 1 . 1 3 2 5 1 . 1 3 3 6 1 . 1 3 4 5 1 . 1 3 5 3 1 . 1 3 5 9 1 . 1 3 6 5 1 . 1 3 7 0 1 . 1 3 7 4 
1 . 1 3 7 8 1 . 1 3 8 2 1 . 1 3 8 5 1 . 1 3 8 9 ] ;      

% M o l e c u l a r w e i g h t , g / mol       
MW =  [ 1 7 . 3 9 7  1 7 . 4 1 1 1 7 . 4 2 2 1 7 . 4 3 0 1 7 . 4 3 6 1 7 . 4 4 1 1 7 . 4 4 6 1 7 . 4 5 0 1 7 . 4 5 3 
1 7 . 4 5 6 1 7 . 4 5 9 1 7 . 4 6 1 1 7 . 4 6 3 ;      

1 8 . 0 0 4 1 8 . 0 2 6 1 8 . 0 4 2 1 8 . 0 5 5 1 8 . 0 6 5 1 8 . 0 7 3 1 8 . 0 8 0 1 8 . 0 8 7 1 8 . 0 9 2 
1 8 . 0 9 7 1 8 . 1 0 1 1 8 . 1 0 5 1 8 . 1 0 9 ;      

1 8 . 5 8 1 1 8 . 6 1 2 1 8 . 6 3 5 1 8 . 6 5 2 1 8 . 6 6 7 1 8 . 6 7 9 1 8 . 6 9 0 1 8 . 6 9 9 1 8 . 7 0 7 
1 8 . 7 1 4 1 8 . 7 2 1 1 8 . 7 2 7 1 8 . 7 3 2 ;      

1 9 . 1 2 8 1 9 . 1 6 8 1 9 . 1 9 7 1 9 . 2 2 1 1 9 . 2 4 1 1 9 . 2 5 7 1 9 . 2 7 1 1 9 . 2 8 4 1 9 . 2 9 5 
1 9 . 3 0 5 1 9 . 3 1 4 1 9 . 3 2 2 1 9 . 3 2 9 ;      

1 9 . 6 4 3 1 9 . 6 9 2 1 9 . 7 3 0 1 9 . 7 5 9 1 9 . 7 8 4 1 9 . 8 0 5 1 9 . 8 2 3 1 9 . 8 3 9 1 9 . 8 5 3 
1 9 . 8 6 6 1 9 . 8 7 8 1 9 . 8 8 8 1 9 . 8 9 8 ;      

2 0 . 1 2 8 2 0 . 1 8 6 2 0 . 2 3 0 2 0 . 2 6 6 2 0 . 2 9 5 2 0 . 3 2 1 2 0 . 3 4 3 2 0 . 3 6 3 2 0 . 3 8 0 
2 0 . 3 9 6 2 0 . 4 1 1 2 0 . 4 2 4 2 0 . 4 3 6 ;      

2 0 . 5 8 2 2 0 . 6 4 8 2 0 . 6 9 9 2 0 . 7 4 0 2 0 . 7 7 5 2 0 . 8 0 5 2 0 . 8 3 1 2 0 . 8 5 4 2 0 . 8 7 5 
2 0 . 8 9 4 2 0 . 9 1 1 2 0 . 9 2 7 2 0 . 9 4 2 ;      

2 1 . 0 0 7 2 1 . 0 8 0 2 1 . 1 3 8 2 1 . 1 8 4 2 1 . 2 2 3 2 1 . 2 5 7 2 1 . 2 8 7 2 1 . 3 1 3 2 1 . 3 3 7 
2 1 . 3 5 9 2 1 . 3 7 9 2 1 . 3 9 7 2 1 . 4 1 4 ;      

2 1 . 4 0 5 2 1 . 4 8 6 2 1 . 5 4 8 2 1 . 5 9 9 2 1 . 6 4 2 2 1 . 6 8 0 2 1 . 7 1 3 2 1 . 7 4 2 2 1 . 7 6 9 
2 1 . 7 9 3 2 1 . 8 1 5 2 1 . 8 3 6 2 1 . 8 5 5 ;      

2 1 . 7 8 0 2 1 . 8 6 6 2 1 . 9 3 3 2 1 . 9 8 8 2 2 . 0 3 4 2 2 . 0 7 5 2 2 . 1 1 0 2 2 . 1 4 2 2 2 . 1 7 1 
2 2 . 1 9 8 2 2 . 2 2 2 2 2 . 2 4 5 2 2 . 2 6 6 ;      

2 2 . 1 3 4 2 2 . 2 2 4 2 2 . 2 9 4 2 2 . 3 5 3 2 2 . 4 0 2 2 2 . 4 4 5 2 2 . 4 8 3 2 2 . 5 1 7 2 2 . 5 4 8 
2 2 . 5 7 7 2 2 . 6 0 3 2 2 . 6 2 7 2 2 . 6 4 9 ;      

2 2 . 4 6 8 2 2 . 5 6 2 2 2 . 6 3 6 2 2 . 6 9 6 2 2 . 7 4 8 2 2 . 7 9 3 2 2 . 8 3 3 2 2 . 8 6 9 2 2 . 9 0 2 
2 2 . 9 3 2 2 2 . 9 5 9 2 2 . 9 8 5 2 3 . 0 0 9 ;      

2 2 . 7 8 5 2 2 . 8 8 2 2 2 . 9 5 8 2 3 . 0 2 1 2 3 . 0 7 5 2 3 . 1 2 2 2 3 . 1 6 4 2 3 . 2 0 1 2 3 . 2 3 5 
2 3 . 2 6 6 2 3 . 2 9 5 2 3 . 3 2 2 2 3 . 3 4 6 ;      

2 3 . 0 8 7 2 3 . 1 8 7 2 3 . 2 6 5 2 3 . 3 3 0 2 3 . 3 8 5 2 3 . 4 3 3 2 3 . 4 7 6 2 3 . 5 1 5 2 3 . 5 5 0 
2 3 . 5 8 2 2 3 . 6 1 2 2 3 . 6 3 9 2 3 . 6 6 5 ;      
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 2 3 . 3 7 5 2 3 . 4 7 7 2 3 . 5 5 7 2 3 . 6 2 3 2 3 . 6 7 9 2 3 . 7 2 9 2 3 . 7 7 3 2 3 . 8 1 2   2 3 . 8 4 8 
2 3 . 8 8 1  2 3 . 9 1 2 2 3 . 9 4 0 2 3 . 9 6 6 ] ;     

%% P r e l i m i n a r y  P l o t t i n g       
%M a i n l y  u s e d  t o  d e m o n s t r a t e  t r e n d s  t h a t  o c c u r    
f i g u r e            
h o l d on            
f o r  i  =  1 : l e n g t h ( OF )        

 name = [ ’O / F : ’ ’  ’ n u m 2 s t r ( OF ( i ) ) ] ;    

end 
p l o t ( P_Chamber / 1 0 ^ 6 , T ( i , : ) , ’ d i s p l a y n a m e ’ , name )   

            
t i t l e ( ’ T e m p e r a t u r e v s . Chamber P r e s s u r e ’ )    
x l a b e l ( ’ P r e s s u r e  ( MPa ) ’ )       
y l a b e l ( ’ T e m p e r a t u r e  (K ) ’ )       
l e g e n d ( ’ show ’ )         
h o l d o f f           

%% A l l  t h e  I n i t i a l  C o n d i t i o n s      
R =  8 3 1 4 ;     %g a s  c o n s t a n t    
G_0 =   9 . 8 ;    %g r a v i t y  e a r t h    
G_m =  3 . 7 1 1 ;   %g r a v i t y mars    

t h r u s t = 6 0 0 ;   %Newtons     
F _ t h r u s t = 0 ;   % i n i t i a l i z a t i o n  v a r i a b l e . Don ’ t  h a v e t o  c h a n g e .  I f  we  do  make 
P _ a m b i e n t  =  1 0 1 3 2 5 ;  %P r e s s u r e  a m b i e n t    
P _ e x i t  =  1 0 1 2 3 5 ;   %e x i t  a t  n o z z l e    
d i a _ e  =  0 . 0 1 2 7 ;    % i n i t i a l  g u e s s  a t  e x i t  d i a m e t e r  

L s t a r  =  0 . 9 ;   %c h a r a c t e r i s t i c  l e n g t h  o f  c o m b u s t  c h a m b e r . ,  d e p e n d e n t  on  f u e l 
I T _ r a t i o  =  10  ;    %i n j e c t o r  t o  t h r o a t  r a t i o ,  w i l l  d e c i d e  c o m b u s t  d i a 
t h e t a _ c  =  40∗ p i / 1 8 0 ;  %c o n t r a c t i o n ,  c o m b u s t  c h a m b e r  
t h e t a _ e  =  15∗ p i / 1 8 0 ;  %e x i t  d i v e r g e n c e    

% i n d e x  o f  O / F  R a t i o  u s e d       
i  = 7 ;            

% i n d e x  o f  P r e s s u r e  u s e d       
j  = 7 ;            

%% R o c k e t  D e s i g n  C a l c u l a t i o n s      

w h i l e  F _ t h r u s t  <  t h r u s t       
 Ve =  s q r t ( ( 2 ∗G( i , j ) / ( G( i , j )   1 ) ) ∗ . . .    
  ( R /MW( i , j ) ∗ T ( i , j ) ) ∗ . . .      

  ( 1  ( P _ e x i t / P_Chamber ( j ) ) ^ ( ( G( i , j )  1 ) /G( i , j ) ) ) ) ;   
 a r e a _ e  =  p i ∗ ( d i a _ e / 2 ) ^ 2 ;      

 ep1 = ( 2 ∗G( i , j ) / ( G( i , j )  1 ) ) ;     
 ep2 = ( P _ e x i t / P_Chamber ( j ) ) ^ ( 2 / G( i , j ) ) ;    

 ep3 = 1  ( P _ e x i t / P_Chamber ( j ) ) ^ ( ( G( i , j )  1 ) /G( i , j ) ) ;   
 a r e a _ t =  a r e a _ e / gammag (G( i , j ) ) ∗ s q r t ( ep1 ∗ ep2 ∗ ep3 ) ;   

 m_dot = P_Chamber ( j ) ∗ a r e a _ t ∗gammag (G( i , j ) ) / s q r t ( R /MW( i , j ) ∗ T ( i , j ) ) ; 
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 F _ t h r u s t  =  m_dot ∗Ve + ( P _ e x i tP _ a m b i e n t ) ∗ a r e a _ e ; 
 i f  F _ t h r u s t  <  t h r u s t 
  d i a _ e  =  d i a _ e  +  0 . 0 0 0 5 ; 

end 
end 

  

e r r  =  a b s ( t h r u s tF _ t h r u s t ) / t h r u s t ; 

e p s i l o n  =  a r e a _ e / a r e a _ t ; 

Veq = F _ t h r u s t / m_dot ; 

I s p = Veq / a b s ( G_0 ). 5 ∗ ( 1 + c o s ( t h e t a _ e ) ) ; 

M _ e x i t =  s q r t ( 2 / ( G( i , j )  1 ) ∗ ( ( P_Chamber ( j ) / P _ a m b i e n t ) ^ ( ( G( i , j )  1 ) /G( i , j ) )  1 ) ) ; 

d i a _ t  =  2∗ s q r t ( a r e a _ t / p i ) ; 

a r e a _ i  =  a r e a _ t ∗ I T _ r a t i o ; 
d i a _ i  =  2∗ s q r t ( a r e a _ i / p i ) ; 

 
v o l u m e _ c  =  L s t a r ∗ a r e a _ t ; 
l e n _ c  =  4∗ v o l u m e _ c / ( p i ∗ d i a _ i ^ 2 ) ( d i a _ i ^3 d i a _ t ^ 3 ) / ( 6 ∗ d i 
a _ i ^ 2 )  +  ( d i a _ i d i a _ t ) / 2 ∗ t a n ( t h e t a 

 
l e n _ e  =  ( d i a _ e d i a _ t ) / ( 2 ∗ t a n ( t h e t a _ e ) ) ; 

 
c o n i c a l _ e n g i n e _ m i s c  = t a b l e ( [ t h e t a _ c , t h e t a _ e , L s t a r , e p s i l o 
n ,  OF ( i ) ] ’ , . . .  

’ rownames ’ , { ’ C o n t r a c t i o n Angle ’ , ’ E x p a n s i o n Angle ’ , ’ L ∗ ’ , ’ E p s i l o n ’ , ’O / F  
R a t i o ’ } ) 

c o n i c a l _ e n g i n e _ d i m s  = t a b l e ( [ d i a _ i , d i a _ t , d i a _ e , l e n _ c , l e n _ e ] ’ , . . .  
[ d i a _ i , d i a _ t , d i a _ e , l e n _ c , l e n _ e ] ’ / 0 . 0 2 5 4 , . . .  
’ rownames ’ , { ’ C o m b u s t o r D i a m e t e r ’ , ’ T h r o a t D i a m e t e r ’ , ’ N o z z l e
 E x i t D i a m t e r ’ , ’ L e n g t h o f Co  
’ v a r i a b l e n a m e s ’ , { ’ M e t r i c ’ , ’ I m p e r i a l ’ } ) 

 
%% B e l l N o z z l e S t u f f  
p e r c e n t _ b e l l = 0 . 8 ; 

 
d i a _ e _ b e l l = s q r t ( e p s i l o n ) ∗ d i a _ t ;  
l e n _ e _ b e l l = p e r c e n t _ b e l l ∗ l e n _ e ; 
e x p a n _ r a d i u s  =  0 . 3 8 2 ∗ d i a _ t / 2 ; 
c o n t r a c _ r a d i u s =  1 . 5 ∗ d i a _ t / 2 ; 

 
t h e t a _ e  =  7 ;  
t h e t a _ n  =  3 3 ; 

 
 
B e l l _ e n g i n e _ m i s c  = t a b l e ( [ t h e t a _ c , t h e t a _ e , L s t a r , e p s i l o n ,  OF ( 
i ) ] ’ , . . .  

’ rownames ’ , { ’ C o n t r a c t i o n Angle ’ , ’ E x p a n s i o n Angle ’ , ’ L ∗ ’ , ’ E p s i l o n ’ , ’O / F  
R a t i o ’ } ) 

B e l l _ e n g i n e _ d i m s = t a b l e ( [ d i a _ i , d i a _ t , d i a _ e _ b e l l , l e n _ c , l e n _ e _ b e l l , e x p a n _ r a d i u s , c o 
n t r a c _ r a d [ d i a _ i , d i a _ t , d i a _ e _ b e l l , l e n _ c , l e n _ e _ b e l l , e x p a n _ r a d i u s , c o n t r a c _ r a d i u s ] ’ 
/ 0 . 0 2 5 4 , . . . 



’ rownames ’ , { ’ C o m b u s t o r D i a m e t e r ’ , ’ T h r o a t D i a m e t e r ’ , ’ N o z z l e E x i t D i a m t e r ’ , ’ L e 
n g t h o f Co ’ v a r i a b l e n a m e s ’ , { ’ M e t r i c ’ , ’ I m p e r i a l ’ } ) 
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%% More B e l l N o z z l e S t u f f  
R_t  = d i a _ t / 2 ; 

 
t h e t a _ t h r o a t =  d e g 2 r a d ( 1 3 5 : 9 0 ) ;  
x _ t h r o a t  =  1 . 5 ∗ R_t / 2 ∗ c o s ( t h e t a _ t h r o a t ) ; 
y _ t h r o a t  =  1 . 5 ∗ R_t ∗ s i n ( t h e t a _ t h r o a t ) + 1 . 5 ∗ R_t + R_t ; 

 
t h e t a _ e x i t =  d e g 2 r a d ( 9 0 : t h e t a _ n 9 0 ) ;  
x _ e x i t  =  0 . 3 8 2 ∗ R_t ∗ c o s ( t h e t a _ e x i t ) ; 
y _ e x i t  =  0 . 3 8 2 ∗ R_t ∗ s i n ( t h e t a _ e x i t )  +  0 . 3 8 2 ∗ R_t + R_t ; 

 
t  = 0 : . 0 1 : 1 ; 

N_x = x _ e x i t ( end ) ; 
N_y = y _ e x i t ( end ) ; 

 
E_x  = l e n _ e _ b e l l ;  
E_y  = d i a _ e _ b e l l / 2 ; 
 
m1 =  t a n ( d e g 2 r a d ( t h e t a _ n ) ) ; 
m2 =  t a n ( d e g 2 r a d ( t h e t a _ e ) ) ; 

C1 = N_y    m1∗N_x ; 

C2 = E_y    m2∗E_x ;  
Q_x =  ( C2 C1 ) / ( m1 m2 ) ;  
Q_y =  ( m1∗C2 m2∗C1 ) / ( m1 m2 ) ; 
 
f o r i  =  1 : s i z e ( t , 2 )  

x _ b e l l ( i ) = (1 t ( i ) ) ^ 2 ∗ N_x + y 
_ b e l l ( i ) = (1 t ( i ) ) ^ 2 ∗ N_y +  

end 

 
 
2∗(1 t ( i ) ) ∗ t ( i ) ∗ Q_x+ t ( i ) ^ 2 ∗ E_x ; 
2∗(1 t ( i ) ) ∗ t ( i ) ∗ Q_y+ t ( i ) ^ 2 ∗ E_y ; 

 
x  =  [ x _ t h r o a t , x _ e x i t , x _ b e l l ] ;  
y  =  [ y _ t h r o a t , y _ e x i t , y _ b e l l ] ; 

 
f i g u r e  
h o l d on  
p l o t ( x , y )  
p l o t ( x , y )  
a x i s e q u a l 

 
%% N o z z l e S t u f f f o r  CAD  
n u m _ o f _ s e g m e n t s  =  4 ; 

 
NQ_step  =  ( Q_x N_x ) / n u m _ o f _ s e g m e n t s ;  
N Q _ p o i n t s  =  z e r o s ( 2 , n u m _ o f _ s e g m e n t s 1 ) ;  
Q E _ p o i n t s  =  z e r o s ( 2 , n u m _ o f _ s e g m e n t s 1 ) ; 

 
f o r i  =  1 : n u m _ o f _ s e g m e n t s 1  

N Q _ p o i n t s ( 1 , i )  = N_x +  NQ_step ∗ i ; 
N Q _ p o i n t s ( 2 , i )  = m1∗ N Q _ p o i n t s ( 1 , i )  + C1 ;  

end 
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Q E _ s t e p  =  ( E_x Q_x ) / n u m _ o f _ s e g m e n t s ;  
f o r i  =  1 : n u m _ o f _ s e g m e n t s 1 

Q E _ p o i n t s ( 1 , i )  = Q_x +  Q E _ s t e p ∗ i ; 
Q E _ p o i n t s ( 2 , i )  = m2∗ Q E _ p o i n t s ( 1 , i )  + C2 ; 

end 
 
s c a t t e r ( N Q _ p o i n t s ( 1 , : ) , N Q _ p o i n t s ( 2 , : ) ) ;  
s c a t t e r ( Q E _ p o i n t s ( 1 , : ) , Q E _ p o i n t s ( 2 , : ) ) ; 

 
f o r i  =  1 : n u m _ o f _ s e g m e n t s 1  

p l o t ( [ N Q _ p o i n t s ( 1 , i ) ; Q E _ p o i n t s ( 1 , i ) ] , [ N Q _ p o i n t s ( 2 , i ) ; Q E _ p o i n t s ( 2 , i ) ] , ’ ’ )  
end 
 
f u n c t i o n [ v a l ]  = gammag (  gamma  )  

% Summary  o f t h i s f u n c t i o n g o e s h e r e  
% D e t a i l e d e x p l a n a t i o n g o e s h e r e 

v a l  = s q r t ( gamma ∗ ( ( 1 + gamma ) / 2 ) ^ ( ( 1 + gamma ) / ( 1 gamma ) ) ) ; 
 
end 
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