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Abstract: The CFD analysis of a convergent-divergent nozzle has been conducted at various divergent angles. Different 
geometries of nozzles have been created by changing the divergent angle. For modeling and meshing of nozzle, ICEM CFD 
was used and for analysis CFX-12.0 was used. The inlet boundary conditions were specified according to the available 
information. Here k-epsilon turbulence model is used. Governing equations were solved using the finite volume method in 
ANSYS CFX software. Results are obtained by CFD-POST. Exit velocity and Mach number was increased with increase in 
divergent angle. Based on the maximum exit velocity obtained, that nozzle geometry is optimized. For still more increase in 
the exit velocity, radius at the throat has been done on the optimized model and analysis was been carried out. Exit velocity 
was increased to certain extent and this was taken as final optimized model. Therefore, the final optimized nozzle will reduce 
the fuel consumption and shock’s formation, increases the thrust and exit velocity to a maximum level. 
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I. INTRODUCTION 
A nozzle is a device that increases the velocity of a fluid at the expense of pressure. Nozzle is a part of rocket which is used for 
the expansion of combustion gases through it and produces thrust. Nozzle is a passage used to transform pressure energy into 
kinetic energy. During the combustion of fuel, chemical energy is converted into thermal energy and pressure energy. The 
combustion gases at this stage are at a high pressure and temperature and these gases under such high pressure expand through 
the nozzle during which the pressure energy is converted into kinetic energy which in turn moves the vehicle in a direction 
opposite to that of the exhaust gases, according to Newton’s third law of motion. Two primary functions of nozzle are - First, 
they must control the engine back pressure to provide the correct and optimum engine performance, which is done by jet area 
variations. Second, they must efficiently convert potential energy of the exhaust gas to kinetic energy by increasing the exit 
velocity, which is done by efficiently expanding the exhaust gases to the atmospheric pressure. 

II. LITERATURE SURVEY 
Arjun Kundu, Devyanshu Prasad and Sarfraj Ahmed [1] worked on the topic of “Effect of Exit Diameter on the Performance of 
Converging-Diverging Annular Nozzle Using CFD” and there findings are - The result obtained after the CFD analysis shows 
that smaller exit diameter gives greater mach number compared to the larger diameter for the same inlet and boundary 
conditions. K.M. Pandey, Surendra Yadav and A.P. Singh [2] worked on the topic of “Study on Rocket Nozzles with 
Combustion Chamber Using Fluent Software at Mach 2.1” and his findings are - The pressure and Temperature parameter 
depends upon air-fuel ratio. Mohan Kumar G, Dominic Xavier Fernando and R. Muthu Kumar [3] worked on the topic of 
“Design and Optimization of De Laval Nozzle to Prevent Shock Induced Flow Separation” and there findings are - For 
maximum thrust and efficiency without flow separation due to induced shock, the direction of flow of stream through nozzle 
should be axial.  Venkatesh V, C Jaya pal Reddy [4] worked on the topic of “Modelling and Simulation of Supersonic nozzle 
using Computational Fluid Dynamics” and there findings are - Contour nozzle gives a greater mach number at exit compared to 
conical nozzle because contour nozzle gives maximum expansion ratio. 

III. CFD ANALYSIS OF A NOZZLE 
A. Modeling 

 
Fig-1: Model 
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ICEM CFD is used to create a 3D geometry of a nozzle for CFD analysis as shown in above fig. 1, According to the available 
dimensions; the convergent-divergent nozzle was created. The nozzle dimensions are as follows: 
Inlet diameter (di) = 1m 
Throat diameter (d*) = 0.509m 
Exit diameter (de) = 1.273m 
Convergent length = 0.64m 
Convergent Angle (α) = 21o 

B. Meshing 
ICEM CFD is used for meshing the model for CFD analysis. The type of mesh used is unstructured mesh. In unstructured mesh 
the shape of each element is tetrahedral.  

 
Fig-2: Meshed Model 

C. Pre-Processing 
Appropriate boundary conditions are specified by using ANSYS CFX-12.0 software in the pre-processing stage. CFX software 
is a very powerful tool with many advanced features. The complete boundary condition details are as follows: 
Turbulence model: k-epsilon 
1) Location inlet 
Pressure: 44.1bar 
Temperature: 3400k 

 
Fig-3: Boundary Conditions 

Mass-flow rate = 826 kg/sec 
2) Location wall 
Mass and Momentum: No slip wall 
Wall Roughness: Smooth wall 
3) Location outlet 
Pressure: Atmospheric pressure = 1.01325bar 
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IV. CFD RESULTS 

Case i) CFD analysis of a C-D nozzle by varying its divergent angle. 
Table I: Divergent Length for Model - 1 to 3 

Model No. (β) in degree (x) in metre 
1 7 3.111 
2 13 1.654 
3 19 1.109 

tan β =  
opp
adj                                                                          (1)    

dୣ − d∗

2 = 0.382                                                                  (2)   

tan 7଴ =  
0.382

x  

Divergent length 
x = 3.111m 

A. Results from CFD-Post (Model - 01) β = 7o 

 
Fig-4: Velocity Plane 

 
Fig-5: Mach Number Plane 

B. Results from CFD-Post (Model - 02) β = 13o 

 
Fig-6: Velocity Plane 
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Fig-7: Mach Number Plane 

C. Results from CFD-Post (Model - 03) β = 19o 

 
Fig-8: Velocity Plane 

 
Fig-9: Velocity Vector 

 
Fig-10: Velocity Streamline 
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Fig-11: Mach Number Plane 

Table II: Results for Model - 1 to 3 (Case i)             

Model 
No. 

(β) in 
degree 

Exit 
Velocity 
(Ve) in 
m/sec 

Mach 
No. (Me) 

Thrust 
(F) in 
KN 

1 7 2414.32 2.06967 1994.228 
2 13 2421.43 2.07576 2000.101 
3 19 2424.62 2.07852 2002.736 

F = ṁ Vୣ + (Pୣ − Pୟ) Aୣ                 (3) 
For max. Thrust, Pe = Pa 
F = ṁ Vୣ                   (4) 
F = 826 × 2414.32 
F = 1994.228 KN 

From CFD analysis of Case i, the exit velocity is more for Model - 3 as compared to other nozzle models. Therefore, Model - 3, 
β = 19o has been optimized.  
 
Case ii) CFD analysis of a C-D nozzle for radius at the throat. 

Table III: Throat Radius for Model - 3.1 to 3.3 

Model No. Throat Radius (r) 
in m 

3.1 0.12725 
3.2 0.2545 
3.3 0.38175 

Throat radius 
r = 0.25 to 0.75 × d∗                                                         (5)  
rଵ = 0.25 × 0.509 
rଵ = 0.12725m 
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D. Results from CFD-Post (Model - 3.1)  

 
Fig-12: Velocity Plane 

 
Fig-13: Mach Number Plane 

E. Results from CFD-Post (Model - 3.2)  

 
Fig-14: Velocity Plane 

 
Fig-15: Mach Number Plane 
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F. Results from CFD-Post (Model - 3.3)  

 
Fig-16: Velocity Plane 

 
Fig-17: Velocity Vector 

 
Fig-18: Velocity Streamline 

 
Fig-19: Mach Number Plane 
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Table IV: Results for Model - 3.1 to 3.3 (Case ii) 

Model 
No. 

Throat 
Radius 
(r) in m 

Exit 
Velocity 
(Ve) in 
m/sec 

Mach 
No. (Me) 

Thrust 
(F) in 
KN 

3.1 0.12725 2433.82 2.0864 2010.335 
3.2 0.2545 2436.89 2.08915 2012.871 
3.3 0.38175 2437.86 2.09011 2013.672 

From CFD analysis of Case ii, the exit velocity is more for Model - 3.3 as compared to other nozzle models. Therefore, Model - 
3.3, β = 19o, r3 = 0.38175m has been finally optimized.  

V. RESULTS AND DISCUSSION 

      
Fig-20: Throat Radius Vs Exit Velocity for Model - 3 

Throat radius versus exit velocity and mach number for model - 3 is shown in fig. 20 and 21 respectively. The exit velocity, 
mach number and thrust values of model - 3.1 to 3.3 are mentioned in the table 4. In case i, the exit velocity was increased as 
the divergent angle was increased. For 19 degree divergent angle, the nozzle velocity was increased to certain extent so, model - 
3 was optimized. From the CFD analysis for case ii, the model - 3.3 gives higher exit velocity and mach number as compared to 
all other nozzle models. Therefore, Model - 3.3, β = 19o, r3 = 0.38175m has been finally optimized. All the conditions for 
supersonic flow of nozzle has been achieved in this CFD analysis. 

 
     Fig-21: Throat Radius Vs Mach number for Model - 3 

VI. CONCLUSION 
From CFD analysis, mach number at throat is nearly one and at the exit, it is more one and there is no shock’s formation. We 
can conclude that nozzle with throat radius gives more exit velocity as compared to nozzle without throat radius. The value of 
throat radius cannot exceed more than 0.75 times the throat diameter. Therefore, nozzle with throat radius gives better results. In 
this CFD analysis, Model - 3.3 has been finally optimized. As the final optimized model gives more exit velocity as compared 
to all other nozzle models. The final nozzle model will reduce the fuel consumption and also increase the thrust to a maximum 
level. 
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A. Nomenclature 
d  diameter, m 
P  Pressure, bar 
T  Temperature, K 
ṁ  mass-flow rate, kg/sec 
F  Thrust, KN  
V   Velocity, m/sec 
d*  Throat diameter, m 
M  Mach number  
x  Divergent length, m 
Greek symbols 
ρ  Density, kg/m3 

α  Convergent angle, degree 
β  Divergent angle, degree 
Subscript 
i  inlet 
e  exit 
a  ambient  
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