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Abstract— The CFD analysis of a convergent divergent 

nozzle has been conducted to understand the phenomena of 

the supersonic flow through various divergent angles and 

different throat to that of inlet diameter ratio. Numerical 

study has been accompanied using k-ε model at different 

divergence angle. Governing equations were solved by 

using the finite-volume method in ANSYS CFX software. 

The boundary conditions were quantified according to the 

available experimental information. The present project is 

designed at investigate supersonic flow at different 

divergence angle and different throat to that of inlet 

diameter ratio, the deviations in the parameters like the 

Mach number, static pressure, are being analysed and nozzle 

design will be optimized. Mach number is found to be 

increasing with increase in divergent angle there by 

obtaining an optimal divergent angle. A Computational 

Fluid Dynamics (CFD) software package, ANSYS CFX tool 

is used to simulation for compressible, viscous gas flow-

field in different nozzle shapes. Here throat diameter to that 

of inlet diameter has been varied and analysis has been 

carried out. Based on the Mach number we are optimizing 

the geometry. Further optimized geometry has been 

analysed at different altitude. Modelling and meshing has 

been done through ICEM-CFD. Analysis has been done 

through CFX and results obtained through CFD-POST.                                              

Key words: Mach number, Oblique shock, turbulent kinetic 

energy                                         

I. INTRODUCTION 

A Nozzle is a device, intended to control the direction of a 

fluid flow (which increases the velocity) as it exits (or 

enters) via an orifice. These nozzles are widely used to 

control the rate of flow, speed, direction, mass, shape, and 

the pressure of the stream that develops from itself. The 

main purpose is to increase the kinetic energy of the flowing 

medium at the cost of its pressure and internal energy. 

Nozzles are designated as convergent (tapering from a wide 

diameter to a smaller diameter in the direction of the flow) 

or divergent (increasing from a smaller diameter to wide 

diameter). A De-Laval nozzle has a convergent and 

divergent section which is mainly termed as convergent-

divergent nozzle. Convergent nozzles accelerate subsonic 

fluids. If the nozzle pressure ratio is high enough the flow 

will reach sonic velocity at the narrowest point i.e. at nozzle 

throat. In this condition, the nozzle is said to be choked. 

Convergent divergent nozzles can accelerate fluids that have 

choked in the throat section to supersonic speeds. The 

divergent section also directs the direction of the escaping 

gases is directly backwards, and sideways component would 

not contribute to thrust. The system which obeys the 

Newton’s laws, namely that force is directly proportional to 

rate of change of momentum, and that action and reaction 

are equal and opposite. Thrust chamber is one in which the 

system works on these laws besides other systems i.e. 

turbojet and ramjet. Thrust chamber is a system that offers 

thrust by ejecting stored matter, called the propellant. The 

converging-diverging nozzles are used to accelerate the fluid 

to supersonic speeds past the throat of such a nozzle. In this 

case, depending on the ratio of the average exit pressure to 

the inlet stagnation pressure, there is a possibility of creating 

shock waves in the flow-field. The non-uniformities at the 

nozzle exit are the result of the non-uniformities in the flow-

field entering the nozzle. The causes of the nozzle inlet flow 

non-uniformities could be as follows: inhomogeneous 

combustion in the combustion chamber upstream of the 

nozzle, injection of cooling gas tangentially or radially 

through the slots on the combustion chamber wall, pre-swirl 

that exists in the combustion chamber created by the 

compressor upstream of the combustion chamber, flow 

separation behind fuel injector and flame holders in the 

combustion chamber, among others. 

II. METHODOLOGIES 

Here variable nozzle diameter concept used to calculate 

geometry of CD nozzle. Here D*/D0 (0.7, 0.6, 0.5, 0.4, 0.3) 

and for different divergence angle of 4,7,10 and 13 degree 

carried. 

 From the above analysis whichever gives highest 

Mach number has been taken for analysis at different 

altitude (feet) which is shown in below table. 

10000 ft. 

20000 ft. 

25000 ft. 

30000 ft. 

35000 ft. 

40000 ft. 

50000 ft. 

55000 ft. 

60000 ft. 

65000 ft. 

When Mach number reaches saturation point (same 

Mach number obtained for different altitude) analysis has 

been stopped. 

*Important point to be noted that the area ratio 

variation has been in such a way it must satisfy choked 

condition (Mach number 1 at throat). 

III. COMPUTING PLATFORM 

A computational fluid dynamics software package was used 

to simulate fluid and thermal flows through nozzles. ANSYS 

ICEM-CFD was used for mesh generation and ANSYS CFX 

for flow analysis. The analyses were made turbulence models 

k-ε. The results have been obtained through CFD-POST. 

Hence computing should follow three processes they are;  
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- Pre-processor 

- Solver 

- Post processor 

IV. ANALYSIS PROCEDURE 

The analysis was carried out in ANSYS CFX software. The 

geometry of the nozzle was created using ICEM CFD. The 

dimensions and the inlet boundary conditions are as shown 

in the Table 1 below. 

Inlet dia (m) 1.000 

Throat dia D*/D0(m) 0.6,0.5,0.4,0.3 

Divergent angle (
0
) 4,7,10 and 13 

Boundary Conditions 

Inlet location 

Reference number  5 

Total Pressure 

Total temperature 

Enter mass flow = 826 kg/s 

Outlet location Relative pressure = Atm. Pressure 

Wall 
No slip wall 

Smooth wall 

Table 1: Nozzle dimensions and boundary conditions. 

A. Results 

Graphics and 

animation 

Use contour option to get the Mach 

number contour velocity contour, 

Pressure contour, 

Plots 

Use XY plots to plot the various cases 

for 

D*/D vs. Mach Number 

D*/D vs. Velocity 

D*/D vs. Thrust 

V. RESULTS AND DISCUSSION 

Analyses were carried out for 4,7,10 and 13degree with area 

ratio of 0.7, 0.6, 0.5, 0.4, and 0.3. Below shows the pictures 

of expected results and similarly all other results are 

tabulated in Table 1. 

A. Results from Post CFD Model (10
0
 k-ε) D*/D=0.3 

 
Fig. 5.1: Velocity Plane 

It is clear from the figure velocity plane that stagnation 

pressure which is total pressure at inlet (maximum) 

observed at inlet hence velocity at inlet is very less which is 

seen from blue colour. Nozzle function is to increase 

velocity which is clearly visible from colour coding from 

blue to yellow. Maximum velocity obtained at outlet. Here 

velocity at exit ranges 2650m/s.   

 
Fig. 5.2: Mach number Plane 

  From above figure it is clear that Mach number at 

throat is 1 which satisfies Maximum discharge and based on 

outlet Mach number thrust is calculated. It is clear that in 

convergent part Mach number is subsonic (M<1), at throat it 

is sonic (M=1) and at divergent it is supersonic (M>1).Mach 

number at exit is found to be 2.26.  

 
Fig. 5.3: Pressure Plane 

From the above figure pressure plane it has been 

noted that pressure has been decreased from inlet to outlet. 

Result analysis will be based on colour coding and 

numbering. The maximum pressure that is stagnation has 

been there at inlet which is visible by red colour. 

B. Tabulation of CFD Results 

 
Table 2: Results of various D*/D area ratio 
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*Geometry design of model D
*
/D is improper due 

to convergent length more than divergent length and 

expansion duration will be very less. Hence analysis has not 

been carried out. 

1) For 10°: 

 
Fig. 5.4: D*/D v/s Mach number 

 
Fig. 5.5: D*/D v/s Velocity 

 
Fig. 5.6: D*/D v/s Thrust 

From above graph that D*/D=0.3 for 100. It is 

observed that curve is linear for Mach number, Velocity and 

Thrust. Therefore this model is further optimized to further 

analysis at different altitudes. 

VI. RESULTS FROM VARIOUS ALTITUDES 

Here analysis is carried for different altitude as mention in 

methodologies. 

For 10000 ft. 

 
Fig. 6.1: Mach number @10000ft 

 
Fig. 6.2: Velocity @10000ft 

Similarly analysis is carried out for different 

altitude 20000ft, 25000ft, 30000ft, 35000ft and 40000ft for 

different atmospheric condition. Thus results are plotted for 

Mach number and Velocity as shown in above figure. 

 As we go further height i.e. @ 50000ft, 55000ft, 

60000ft, 65000ft the Results are same, as it attains to 

saturation level whereas the results obtained is same as 

shown in below figures. 

 
Fig. 6.3: Mach number @ 50000ft, 55000ft, 60000ft, 

65000ft 

 
Fig. 6.4: Velocity @ 50000ft, 55000ft, 60000ft, 65000ft 



Thrust Augmentation in a Supersonic Nozzle 

 (IJSRD/Vol. 3/Issue 05/2015/021) 

 

 All rights reserved by www.ijsrd.com 88 

A. Tabulation for Various Altitudes 

 
Table 3: Results @different Altitude 

B. Graph Plotted At Different Altitude 

 
Fig. 6.5: Altitude v/s Velocity 

VII. CONCLUSIONS 

A total of fourteen nozzles with different divergence angle 

and throat to that of inlet diameter ratio were numerically 

investigated. This research aimed to identify the optimal 

designs of converging-diverging nozzles that perform at 

maximum uniformity of thermodynamic and flow-field 

properties with respect to their average values at the nozzle 

exit. In order to solve this multi-objective design 

optimization problem, the parameters defining the shape of 

the nozzle were used as design variables. This work showed 

how the variation of such parameters influenced the nozzle 

exit flow no uniformities. 

Initially, 14 simulations were run.  

The steps followed to find the solutions were as follows: 

1) Generation of 14 real nozzles shapes using an ICEM-

CFD. 

2) Generation of the computational mesh using a grid 

generator software package ANSYS ICEM-CFD. 

3) Simulations of the flow-fields were run in the CFD 

Software package ANSYS CFX for the 14 shapes, 

using k-ɛ turbulence models with a total of 14 

simulations. 

4) The standard deviations of the pressure, Mach number 

and velocity results at the exit of the nozzles were 

calculated. 

5) It has been observed that Mach number and velocity at 

the outlet is more for divergence angle 10⁰k-ɛ model 

with D
*
/D=0.3 

6) As the divergence angle is increased with increase in 

the ratio of D
*
/D, the divergent length will decrease and 

Mach number at exit will be decreased. 

7) From the simulation it has been observed that 

divergence angle 4° with D
*
/D=0.7, divergence angle 7° 

with D
*
/D=0.7, divergence angle 10° with D

*
/D=0.6 & 

0.7, and divergence angle 13° with D
*
/D=0.6 & 0.7, the 

divergent length is less than convergent length so that 

expansion process is terminated due to back flow. 

Hence analysis is not carried out. 

8) Finally based on higher Mach number and velocity at 

the outlet, the divergence angle 10⁰k-ɛ with D
*
/D=0.3 

model has been optimized at different altitude as in 

table 3 . 

9) From the simulation of different altitude and Graph. It 

is observed velocity is increased till 50ft.Further the 

velocity is stable, as it attains to saturation level. 
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