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ABSTRACT: A nozzle is a double-conical shaped tubular structure with varying cross-sectional area. It converts the 
pressure energy of the fluid flow into the kinetic energy. In a nozzle, especially de Laval or Convergent-Divergent (C-
D) nozzle, the flow initially converges in the converging section of the nozzle to the throat area or minimum area, and 
then then expands through the divergent section of the nozzle. Because of high kinetic energy of the exhaust gases or 
flow in the exit region, the flow exits off the nozzle at a very high velocity, which in turn produces substantial thrust to 
propel the rocket. But during the energy conversion, i.e., from pressure energy to kinetic energy, some part of energy is 
lost. In order to achieve highest possible exit velocity and thus maximum thrust, loss should be minimized through 
optimization of nozzle shape and size. In this research, multi-divergent angle in divergent portion of the nozzle is taken 
in consideration for constant nozzle length and cross-sectional exit area. A computational fluid dynamics analysis has 
been carried out on such nozzle for multiple cases like single divergent angle, double divergent angle, and triple 
divergent angle. On comparison of the result it is observed that triple divergent angle in a nozzle produces maximum 
thrust.   
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I. INTRODUCTION 
 
Nozzle is a double-conical shaped tubular device that is used to convert pressure energy, of the chemical-thermal 
process, which is generated in the combustion chamber of the engine into kinetic energy. It converts the high 
temperature, high pressure, and low velocity gas from the combustion chamber into the high velocity gas of low 
temperature and pressure. The convergent-divergent nozzle, also known as the de Laval nozzle, has exhaust velocity 
ranging between 2 - 4.5 km/sec. The Mach number at the inlet of the nozzle is less than one. Through the convergent 
section the flow accelerates to the sonic velocities till the nozzle throat and then further accelerated to the supersonic 
velocities in the diverging section of the nozzle.  
The research aims at increasing the thrust produced, through the use of multi-divergent angle within the rocket nozzle 
for a constant back pressure. As it is known for conventional C-D nozzle, the flow can be accelerated to higher 
velocities depending on the geometry of the nozzle, resulting in generation of optimal thrust. But, in order to increase 
thrust any further, existing nozzle geometry must be optimally modified by introducing multi-divergent angles within 
the design. In this research, multi-divergent angles are introduced in existing design with main objective of improving 
exit Mach number and thus increasing thrust. Results generated for multi-divergent angles are compared with that of 
the conventional design in order to determine improvement in thrust efficiency. The research proceeds with the design 
of conventional convergent-divergent nozzle which is single divergent angle nozzle. Conventional design is optimized 
for maximum thrust through introduction of multi-divergent angles i.e., 2 divergent angles, and 3 divergent angles, in 
latter half of the nozzle for fixed back pressure, length, and exit area of the nozzle.  
The work in this paper is divided two stages: 1) Design and Modelling 2) Simulation and Analysis. In the first stage 2D 
single divergent angle nozzle geometry is generated and meshedusing ANSYS WORKBENCH®software. For design 
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and modelling, data obtained from reference [1] is taken as standard. Results are compared with the reference geometry 
taken from reference [1] to assure that newly generated single divergent angle nozzle geometry can be taken as a 
reference standard for this research. Further, through geometric modifications and grid refinement,simulationsare 
carried out for multi-divergent nozzle geometries in ANSYS FLUENT®software. For validation and analysis, simulated 
results are compared with that of the conventional design. 
Paper is organized as follows. Section II describes generation of single divergent angle nozzle geometry based on 
reference [1] data, along with geometric modifications carried out to model multi-divergent angle nozzles. Section III 
presents simulations along with the results for variable divergent angle rocket nozzle geometries along comparison 
between modified geometries and conventional single divergent angle nozzle design. Finally, Section IV presents 
conclusion. 

II. DESIGN AND MODELLING 
 
A 2D single divergent rocket nozzle model is created based on the geometric parameters from reference [1] using 
design modeler in ANSYS WORKBENCH®software. As in reference [1], most optimal single divergent angle for 
rocket nozzle is taken to be 15°for unstructured mesh design.Multiple drawing tools and constraints were used to make 
the sketch of the geometry. 
 

Table 1. Reference Nozzle Dimensions and Boundary Conditions 
 

Inlet width 1.000 m 
Throat width 0.304 m 

Exit width 0.861 m 
Radius of curvature at throat 0.228 m 

Convergent length 0.640 m 
Convergent angle 30° 

Divergent angle 15° 
Total pressure 44.10 bar 

Total temperature 3400 K 
Mass flow rate 826.0 Kg/s 

 
 
Based on the data from reference [1], a sketch is created based on which complete surface body is generated. Nozzle 
geometry is structurally meshed because of advantages like requirement of less computational geometry, higher degree 
of control, and alignment leading to better convergence.  
 

 
 

Fig. 1. Design and Modelling (a) Single divergent angle rocket nozzle sketch (b) Single divergent angle rocket nozzle surface body (c) Single 
divergent angle rocket nozzle meshed geometry 

 
 

                          (a)                                                                               (b)                                                                               (c) 
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Comparison with Reference Geometry 
 
For the single divergent angle rocket nozzle geometry, the Mach number at the inlet of the nozzle is obtained to be 
0.0554 M. The velocity of the flow increases while passing through the throat and thus, divergent section of the rocket 
nozzle. At the exit section of the nozzle, the velocity is observed to be 3.720M.On comparing Mach number value for 
modelled structured mesh geometry with the reference unstructured mesh geometry, difference observed at the exit 
section of the nozzle to be 3.87 %.   
 

 
 

Fig. 2. Design and Modelling (a) Mach number contour for single divergent angle rocket nozzle geometry (b) Static pressure contour for single 
divergent angle rocket nozzle geometry 

 
For the single divergent angle rocket nozzle geometry, the static pressure contour displayed decrement in the static 
pressure throughout the rocket nozzle. Where, static pressure at the inlet section of the nozzleis found to be1.651E+07 
N/m2, the pressure value decreased to -9.221E+04 N/m2 at the exit section of the nozzle. On comparing static pressure 
value for modelled structured mesh geometry with the reference unstructured mesh geometry, difference observed at 
the exit section of the nozzle to be 1.06 %. Comparative results are presented in Table 2. 
 

Table 2. Comparative Results 
 

Parameters Reference rocket nozzle Modelled rocket nozzle 
Mach no. at nozzle inlet  0.0577 0.0554 

Mach no. at nozzle exit 3.864 3.720 

Static pressure at nozzle 
inlet 

1.713E+07 N/m2 1.651E+07 N/m2 

Static pressure at nozzle 
exit 

-9.320E+04 N/m2 -9.221E+04 N/m2 

 
Since the difference between the reference and the modelled rocket nozzle values of parameters are considerably less, 
similar solution settings can be used for further research. 
 
2 Divergent Angles Rocket Nozzle 
 
The conventional modelled single divergent angle convergent-divergent rocket nozzle is modified through 
implementation of 2 divergent angles in the divergent section of the rocket nozzle while keeping length and exit area 
same as the original case. First 45% of the total divergent length is modified with divergent angle of 20.86°. Next 45% 
of the divergent length is modified with divergent angle of 10.84°, and the last 10% of the divergent length is modified 
with divergent angle of 0° in order to straighten the flow. Once sketch is completed, surface geometry is created which 
is structurally meshed at last. 

 

(a)                                                                                       (b) 
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Fig. 3. Design and Modelling (a) Sketch of 2 divergent angles nozzle 
 

 
 
 

Fig. 3. Design and Modelling (a) Surface body of 2 divergent angles nozzle (b) Structured mesh geometry of 2 divergent angles nozzle 
 
3 Divergent Angles Rocket Nozzle 
 
The conventional modelled single divergent angle convergent-divergent rocket nozzle is modified through 
implementation of 3 divergent angles in the divergent section of the rocket nozzle while keeping length and exit area 
same as the original case. First 30% of the total divergent length is modified with divergent angle of 24°. Next 30% of 
the divergent length is modified with divergent angle of 16.71°, further 30% of the divergent length is modified with 
divergent angle of 7.94°, and the last 10% of the divergent length is modified with divergent angle of 0° in order to 
straighten the flow. Once sketch is completed, surface geometry is created which is structurally meshed at last. 
 

 
 
 

Fig. 4. Design and Modelling (a) Sketch of 3 divergent angles nozzle 
 

(a) 

(b)       (c) 

                                                              (a) 
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Fig. 4. Design and Modelling (b) Surface body of 3 divergent angles nozzle (c) Structured mesh geometry of 3 divergent angles nozzle 
 

III. SIMULATION AND ANALYSIS 
 

Single Divergent Angle Nozzle 
 
On simulating meshed geometry in ANSYS FLUENT® software, it is found that the axial velocity is increased from 
inlet to the exit portion of the rocket nozzle. An exit axial velocity of 2210 m/s is obtained at the exit portion of the 
rocket nozzle.  
 
 

 
 
 
 
 
 
 
 
 

 
Fig. 5. Simulation and Analysis (a) Axial velocity contour  

 
Mach number contour of the rocket nozzle showed increase in Mach number from inlet to exit portion of the nozzle as 
0.0554 M to 3.72 M. 

 
 

Fig. 5. Simulation and Analysis (b) Mach number contour (c) Mach no. Vs positionplot 
 
However, static pressure contour showed a decline in the static pressure throughout the rocket nozzle. At the inlet, the 
static pressure is found to be 1.651E+07 N/m2 which reduces to -9.221E+04 N/m2 at the nozzle exit. 

(b)                   (c) 

(a) 

(b)                (c) 
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Fig. 5. Simulation and Analysis (d) Static pressure contour (c) Static pressure Vs position plot  
 
Resulting thrust for single divergent angle rocket nozzle is calculated to be 1712.78 kN. 
 
2 Divergent Angles Nozzle 
 
On simulating meshed geometry for 2divergent angles nozzle, it is found that the axial velocity is increased from inlet 
to the exit of the rocket nozzle. An exit axial velocity of 2350 m/s is obtained at the exit portion of the rocket nozzle.  

 
 

Fig. 6. Simulation and Analysis (a) Axial velocity contour (b) Axial velocity Vs position plot 
 
Mach number contour of the rocket nozzle showed increase in Mach number from inlet to exit portion of the nozzle as 
0.0548 M to 4.58 M. 

 
 

Fig. 6. Simulation and Analysis (c) Mach number contour (d) Mach no. Vs position plot  
 
However, static pressure contour showed a decline in the static pressure throughout the rocket nozzle. At the inlet, the 
static pressure is found to be 1.532E+07 N/m2 which reduces to -5.251E+04 N/m2 at the nozzle exit.  
 

(d)       (e) 

(a)       (b) 

(c)       (d) 
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Fig. 6. Simulation and Analysis (e) Static pressure contour (f) Static pressure Vs position plot 
 
On comparing with the results for single divergent angle nozzle, increase in pressure drop at the exit of the nozzle 
section is observed. Also, increase in exit velocity and Mach number is noticed.  
 
Resulting thrust for 2 divergent angles rocket nozzle is calculated to be 1845.52 kN. 
 
3 Divergent Angles Nozzle 
 
On simulating meshed geometry for 3 divergent angles nozzle, it is found that the axial velocity is increased from inlet 
to the outlet of the rocket nozzle. An exit axial velocity of 2390 m/s is obtained at the exit portion of the rocket nozzle. 

 
 

Fig. 7. Simulation and Analysis (a) Axial velocity contour (b) Axial velocity Vs position plot 
 

Mach number contour of the rocket nozzle showed increase in Mach number from inlet to exit portion of the nozzle as 
0.0545 M to 5.02 M. 

 
 

Fig. 7. Simulation and Analysis (c) Mach number contour (d) Mach no. Vs position 
 
However, static pressure contour showed a decline in the static pressure throughout the rocket nozzle. At the inlet, the 
static pressure is found to be 1.662E+07 N/m2 which reduces to -4.941E+04 N/m2 at the nozzle exit.  

(e)       (f) 

(a)       (b) 

(c)                                                 (d) 
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Fig. 6. Simulation and Analysis (e) Static pressure contour (f) Static pressure Vs position plot 
 
On comparing with the results for previous two geometries, maximum pressure drop at the exit of the nozzle section is 
observed for the 3 divergent angle nozzle. Also, maximum increase in exit velocity and Mach number is noticed.  

 
Resulting thrust for 3 divergent angles rocket nozzle is calculated to be 1886.54 kN. 
 

Table 3. Comparative Results 
 

Divergent Angle(s) Exit Velocity Mach No. Exit Static Pressure Thrust 
Single Divergent Angle 2210 m/s 3.72 -9.221E+004 N/m2 1712.78 kN 

2 Divergent Angles 2350 m/s 4.58 -5.251E+04 N/m2 1845.52 kN 
3 Divergent Angles 2390 m/s 5.02 -4.941E+04 N/m2 1886.54 kN 

 
IV. RESULTS 

 
The convergent-divergent nozzle tends to provide maximum thrust when optimized. The thrust can be further increased 
by application of multi-divergent angles. An increase of 7.75% in thrust is observed for the case of 2 divergent angles 
rocket nozzle, and an increase of 10.145% in thrust is observed for the case of 3 divergent angles rocket nozzle, on 
comparing with results for standard one divergent angle rocket nozzle. 
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