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I. INTRODUCTION 
 
The convergent – divergent nozzle is the most 

common type used in rocketry and it works by 

converting pressure energy from the fuel flow and 

heat energy from the combustion of fuel into kinetic 

energy in the form of high exhaust velocity. In the 

converging section of a rocket nozzle, the exhaust is 

travelling at relatively low speed (sub-sonic) and it 

becomes sonic at throat. The compressible exhaust 

increases until it reaches the exit and it is supersonic 

in the divergent section.  

 

Size and shape of a rocket nozzle is also very 

important. the converging section starts at the 

combustion chamber is usually shaped in a way to 

make sure that flow is not disrupted in any way i.e., 

the convergence is not too steep and has no harsh 

edges. The size of the throat is determined by certain 

characteristics of engine such as chamber pressure of 

combustion chamber and chemistry of the exhaust 

gas. The shape of the divergent section depends on 

the expansion ratio and amount of required thrust. 

The ratio of area of  

 

 

 

 

 

 

 

 

 

 

 

 

 

exit to the area of throat section is called expansion 

ratio. Area of exit varies by varying the divergence 

angle. A nozzle (from nose, meaning 'small spout') is 

a tube of varying cross-sectional area (usually 

axisymmetric) aiming at increasing the speed of an 

outflow, and controlling its direction and shape. 

Nozzle flow always generates forces associated to 

the change in flow momentum, as we can feel by 

handholding a hose and opening the tap. In the 

simplest case of a rocket nozzle, relative motion is 

created by ejecting mass from a chamber backwards 

through the nozzle, with the reaction forces acting 

mainly on the opposite chamber wall, with a small 

contribution from nozzle walls.  

 

As important as the propeller is to shaft-engine 

propulsions, so it is the nozzle to jet propulsion, 

since it is in the nozzle that thermal energy (or any 

other kind of high-pressure energy source) 

transforms into kinetic energy of the exhaust, and its 

associated linear momentum producing thrust.The 

flow in a nozzle is very rapid (and thus adiabatic to a 

first approximation), and with very little frictional 

loses (because the flow is nearly one-dimensional, 

with a favourable pressure gradient except if shock 

waves form, and nozzles are relatively short), so that 

the isentropic model all along the nozzle is good 
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enough for preliminary design. The nozzle is said to 

begin where the chamber diameter begins to 

decrease (by the way, we assume the nozzle is 

axisymmetric, i.e. with circular cross-sections, in spite 

that rectangular cross-sections, said two-dimensional 

nozzles, are sometimes used, particularly for their 

ease of direction ability). The meridian nozzle shape 

is irrelevant with the 1D isentropic model; the flow is 

only dependent on cross-section area ratios. 

 

Almeida (2015) investigated the effect of nozzle 

parameters (diverging angle, throat length and shape 

of diverging section) on nozzle performance. The 

basic design of the nozzle studied included a convex 

converging section and a linear diverging section. 

This work concluded that a higher diverging angle, 

larger throat length and the shape of the diffuser 

section have significant and detrimental impact on 

nozzle performance. Park et al. (2001), performed a 

study that also showed that higher diverging angles 

resulted in lowered nozzle performance. The 

considered nozzle shape had a convex converging 

section and a linear diverging section. Conclusions 

drawn from this study are in line with the conclusions 

reached in this paper.  

 

Nozzle performance was considered in many 

experimental and numerical studies, especially from 

the point off low and heat transfer characteristics 

with various inlet boundary conditions and flow 

geometries. Mason et al. [3] conducted an 

experiment to determine the effect of throat 

contouring on the nozzle internal performance. They 

tested five non-axisymmetric converging–diverging 

nozzles in the static test facility of the Langley 16-

foot transonic tunnel and recorded internal 

performance data at different nozzle pressure ratios 

up to 9.0.Park et al. [2] investigated sonic nozzles 

that are applied to gas flow rate measurements and 

determined that the critical pressure ratio is highly 

dependent on the Reynolds number rather than area 

ratio, especially in the cases with low flow velocity.  

 

Variation of discharge coefficients for sonic nozzles 

with flow geometry and Reynolds number was 

reported by Paik et al. [4], who determined higher 

discharge coefficients with increase of mass flow 

rate. Spotts et al. [5] performed a CFD study of the 

compressible flow through convergent–conical 

nozzles to investigate the effect of the nozzle 

pressure ratio and nozzle angle on the nozzle 

performance. They confirmed that for smaller nozzle 

angles, the discharge coefficient increases and the 

choked nozzle pressure ratio will be reduced.Lihong 

Geng et al. [6] investigated a CFD-based numerical 

analysis of the choking flashing flow characteristics in 

R134a converging-diverging nozzles is presented in 

this paper. The CFD results are validated with 

available experimental data of R134aconverging-

diverging nozzles. After that, the critical mass flux 

and effects of geometric dimensions on the 

performance of converging-diverging nozzles. 

Furthermore, the calculated critical mass fluxes are 

compared to that of the classical models. Results 

show that the met stable state in R134a converging 

diverging nozzle is weaker than that of water at the 

same operating parameters and a higher choking 

correction factor of R134a compared to that of water 

is obtained. The optimum ratio of nozzle exit 

diameter to the throat diameter of 2.4 is 

recommended among the studied nozzle geometry 

dimensions. Effect of the divergent length on the 

nozzle flow characteristics is relatively smaller than 

that of the nozzle exit diameter. 

 

Estakhrsar et al. [7] The effects of convergence and 

divergence half-angles on the performance of a 

nozzle at the different pressure ratios are 

investigated numerically. SST k - x turbulence model 

is applied to simulate the compressible gas flow 

inside the nozzle and its exhaust plume. Exhaust 

nozzle performance parameters have been calculated 

and compared with available experimental data to 

show the validity of the simulations. For this purpose, 

different nozzle pressure ratios for various operating 

conditions including over-expanded, under-

expanded and design condition are considered. The 

effects of the nozzle geometry (convergence and 

divergence half-angle) on the velocity coefficient 

(Cv), discharge coefficient (Cd), gross thrust 

coefficient (Cfg) and nozzle adiabatic efficiency (gn) 

are investigated.  

 

Predicted results show that for a given nozzle 

pressure ratio, by increasing the divergence angle 

from 5 to 20, there is about 3% loss in the gross 

thrust coefficient and also by increasing this angle 

from 20 to 40, the value of the Cv and gn will 

decrease 5 and 10%, respectively. Increasing the 

convergence angle reduces the discharge coefficient 

about 6% and causes a 3% penalty in nozzle gross 

thrust coefficient. Mukthiyar et al. [8] focuses on the 

flow of refrigerants in convergent nozzle which 

decreases the temperature and pressure of there 
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frigerant vapor. In many refrigerants mostly used is 

R410a refrigerant which is a mixture of 

difluoromethane (CH2F2) and pentafluoromethane 

(CHF2CF3). Nozzle is designed based on Mach 

number. Nozzle is a mechanical device which 

decreases the pressure, Temperature and increases 

the velocity. This paper aims to calculate the velocity, 

pressure, and temperature carried out analysis using 

the Computational Fluid Dynamics (CFD) software 

ANSYS Fluent and compared by theoretical and CFD 

analysis values. 

 

II. RESEARCH METHODOLOGY 
 

1. Nozzle Design 

In this study, the geometry of CD nozzle which was 

studied by Mason et al. [2] is used as baseline nozzle 

geometry. The schematic of nozzle geometry is 

shown in Fig. 1. The design parameters for the 

configuration of the baseline nozzle geometry are 

provided in Table 3.1 as well. This baseline geometry 

was modified by changing the convergence angle (h) 

from 10°, 20°. 30°, 40°and 50° and divergence angle 

(b) from 5°, 7°, 10°, 15° and 20° while the parameters 

he (exit area) and hi(throat area) are kept constant. 

For a parametric study, convergence angle and 

divergence angle has been changed. All special 

conditions of the nozzle performance, i.e., under-

expanded, over-expanded, fully expanded and 

creation of the normal shock are considered in the 

simulations. The expansion ratio (ratio of exit area to 

throat area) of the baseline CD nozzle is 1.8, so by 

using the gas dynamics relations, the value of nozzle 

pressure ratio will be 8.81.In total, five configurations 

of nozzles were considered. Table 1 presents the 

design parameters. 

Table -1: Design parameters of baseline nozzle 

geometry (all dimensions are in mm) 
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Value 

10 5 13.93 10 11.96 1.43 

20 7 17.93 10 12.75 1.62 

30 10 22.05 10 13.93 1.94 

40 15 26.37 10 15.92 2.53 

50 20 30.98 10 17.92 3.21 

 

 
Figure 1: Schematic of nozzle geometry. 

Turbulence modeling was required to predict 

solutions for the flow field of this study. FLUENT has 

several turbulence simulations by implementing 

either a two-equation ,linear or nonlinear model 

[16].The shear stress transport (SST) k - x model is 

employed to predict the flow behavior in the 

considered physical domain. The shear stress 

transport (SST) k – x model was developed by Menter 

[17] to effectively blend the robust and accurate 

formulation of the k - x model in the near-wall region 

with the free-stream independence of the k - e 

model in the far field. In this model, the definition of 

the turbulent viscosity is modified to account for the 

transport of the turbulent shear stress. 

Transport equations for k and x in SST model are as 

follows: 

 
Two simulation scenarios will be discussed one is 

varying convergence angle by keeping divergence 

angle constant and in second one is varying 

divergence angle by keeping convergence angle 

constant. 

2. FEM Model of Nozzle 

The modeling and design of Nozzle is done using 

Ansys 16. The CFD Solver chosen to carry out the 

Analysis work is ANSYS CFX. CFD Analysis is broadly 

used to carry out the simulation works involving fluid 

flows. This makes use of algorithms and numerical 

methodologies to solve for various aerodynamic, 

marine and fluid flow problems. Draw the outer half 

section boundary of convergent divergent nozzle 

with the dimensions specified in Table 1. Make sure 

the sketch is completely closed and dimensions are 

accurate while drawing. 
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(a) 

 
(b) 

 

 
(c) 

Figure 2: CFD Domain. 

 

III. RESULTS AND DISCUSSION 

 
1. Grid Generation and Results Verification 

Three different grids were generated to simulate the 

gas flow inside the baseline geometry of CD nozzle 

and its exhaust plume. A total number of cells inside 

the nozzle are 6672, 10919 and16125 cells for the 

coarse mesh (Grid A), the medium mesh (Grid B) and 

the fine mesh (Grid C), respectively. Figure 3a, b & c 

shows the coarse mesh (Grid A); medium mesh (Grid 

B) and fine3esh (Grid C) Details of the mesh in the 

nozzle are shown in Fig. 1. 

 
(a) A type, Nodes = 6860; Elements; 6672; Mesh type 

= coarse. 

 

 
(b) B type, Nodes = 11160; Elements; 10919; Mesh 

type = medium. 

 

 
(c) C type, Nodes = 6860; Elements; 6672; Mesh type 

= fine. 

 

Figure 3: Grid generation. 

 
The results are presented for a coarse mesh, a 

medium mesh and a fine mesh inside the CD nozzle. 

 

Table -2: Grid generation and results verification. 

Grid type 
Mach 

number 

Static 

pressure, Pa 

A type, Nodes = 6860; 

Elements; 6672; Mesh type 

= coarse 

1.49 9.55e+03 

B type, Nodes = 11160; 

Elements; 10919; Mesh 

type = medium 

1.48 2.62e+03 

C type, Nodes = 16416; 
Elements; 16125; Mesh 

type = fine 

1.42 2.64e +05 

The comparison shows that the results obtained 

using Grid B and Grid C inside the CD nozzle is very 

close. Therefore, the simulations were performed on 

Grid B to reduce the computational time. 

 

2. Variation of Convergent Angle 

By using ANSYS 16, five simulation scenarios are 

modeled by changing the convergent angle and 

divergent angle kept constant and then CFD analysis 

was done and the variation in Mach number and 

static pressure is being observed in each case. 

 
Figure 4: Contour of Mach number for10° 

convergent angle. 
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From the contour of Mach number for 10° 

convergent angle, it can be observed that the 

velocity distribution is sub-sonic i.e., 4.01e-01 at inlet. 

The Mach number increases as the exhaust moves 

from the inlet to the throat. Across the throat, the 

Mach number varies from 1.05e+00 to 1.49e+00.The 

velocity distribution at the exit is supersonic 

(1.49e+00), which is required to get the thrust. From 

the figure it is obvious that shock is observed at the 

throat area. Also it is observed that velocity increases 

from inlet to outlet continuously. 

 
Figure 5: Variation of Mach number with varying 

convergent angle. 

 
From the above graph, it is shown that by varying 

convergent angle with divergent angle = 5°, Mach 

number increases from inlet to outlet. 

 

3. Variation of Divergent Angle 

By using ANSYS 16, five simulation scenarios are 

modeled by changing the divergent angle and 

convergent angle kept constant and then CFD 

analysis was done and the variation in Mach number 

and static pressure is being observed in each case. 

 
Figure 6: Contour of Mach number for 7° divergent 

angle. 

 
Figure 6 shows the Mach contour of the CD nozzle 

for divergence angle 7°. From the figure it is obvious 

that shock is observed at the throat area. Also it is 

observed that velocity increase from inlet to outlet 

continuously and valued of Mach number is at the 

inlet 4.02e-01 Mach at the throat is 1.19e+00 Mach 

and at the exit it is found the value of 1.61e+00 

Mach. 

 

In case of 20° divergent angle, at the inlet, the static 

pressure is found to be 2.60e+05Pa. At the throat it 

has reduced to 1.31e+05Pa. This value again reduces 

to a value of -6.2e+04Pa and remains constant till 

the exit section. In case of 15° divergent angle, at the 

inlet, the static pressure is found to be 2.60e+05Pa. 

At the throat it has reduced to 1.53e+05Pa. This 

value again reduces to a value of -4.46e+04 Pa and 

remains constant till the exit section. 

 
Figure 7: Variation of static pressure with varying 

divergent angle. 
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Result signifies that cavitations is occurring in the 

flow domain.  Since pressure-kinetic energy trade-off 

is governed by Bernoulli equation there is nothing in 

the incompressible flow formulation that limits the 

negative absolute pressure.  In reality the flow 

regulates itself because cavitations will occur and 

compressibility will enter the physics to limit pressure 

from becoming more negative. Therefore to avoid 

cavitations, divergent angle limit to 5°.   

 

4. Variation of Convergent-Divergent Angle 

Simulation of expansion through convergent–

divergent nozzles has been done. Nozzle geometry, 

expansion ratios, flow and boundary conditions have 

been drawn on the basis of the literature survey. 

Creation of two-dimensional geometry of the nozzle 

and meshing was done on Workbench of ANSYS 

14®. Simulation of expansion is carried on ANSYS 

FLUENT 16®software. 

 

Figure 8 shows the Mach contour of the CD nozzle 

for 20° convergent angle and divergence angle 7°. 

From the figure it is obvious that shock is observed 

at the throat area. Also it is observed that velocity 

increase from inlet to outlet continuously and valued 

of Mach number is at the inlet 2.53e-01 Mach at the 

throat is 1.17e+00 Mach and at the exit it is found 

the value of 1.66e+00 Mach. 

 
Figure 8: Contour of Mach number for 20° 

convergent angle and 7° divergent angle. 

 

 
Figure 9: Variation of Mach number with varying 

divergent angle. 

 
From the above graph, it is shown that by varying 

convergent angle and divergent angle, Mach number 

increases from inlet to outlet. 

 
Figure 10: Variation of static pressure with varying 

convergent and divergent angle. 

 
Result signifies that cavitations are occurring in the 

flow domain.  Since pressure-kinetic energy trade-off 

is governed by Bernoulli equation there is nothing in 

the incompressible flow formulation that limits the 

negative absolute pressure.  In reality the flow 
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regulates itself because cavitations will occur and 

compressibility will enter the physics to limit pressure 

from becoming more negative. Therefore to avoid 

cavitations, divergent angle limit to 5° and 

convergent angle limit to 10°.   

 

IV. CONCLUSION 

 
Compressible gas flow inside a converging–diverging 

nozzle at different angles has been numerically 

studied by SST k - ω turbulence model. By varying 

convergent angle and divergent angle, Mach number 

increases from inlet to outlet. The Mach contour of 

the CD nozzle for 20° convergent angle and 

divergence angle 7°. From the figure it is obvious 

that shock is observed at the throat area. Also it is 

observed that velocity increase from inlet to outlet 

continuously and valued of Mach number is at the 

inlet 2.53e-01 Mach at the throat is 1.17e+00 Mach 

and at the exit it is found the value of 1.66e+00 

Mach. 
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