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Introduction

Jet engines have revolutionized the world of technology, and 
the aerospace industry and space mission has seen exponential 
growth. It has contributed a lot to the propulsion system. A jet en-
gine is a kind of propulsion device that produces thrust by expelling 
exhaust gases at a very high speed [1]. It works on Newton’s third 
law of motion which says that for every action, there is an equal but 
opposite reaction. The major components used in a jet engine are 
the inlet, compressor, combustor, turbine, and nozzle at the exit. All 
these parts function together to produce thrust. An inlet allows air  

 

to enter where the air slows down and the pressure increases. The 
compressor comes after the inlet which consists of rotating blades. 
These blades are designed in such a way that compresses the air 
and increases the pressure of the incoming air. Different configu-
rations of the compressor blades are used to compress the air. The 
highly compressed air is mixed with fuel sprayed through the injec-
tor and combustions occur in the combustion chamber producing 
very high temperature and high pressure. These gases rotate the 
turbine which extracts some work from it. The gases pass through 
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Abstract 
A nozzle is one of the major components of a jet engine whose prime objective is to produce thrust to propel the aircraft or rocket. It is a specially 

engineered tube through which extremely hot gases flow. It is designed in such a unique way that allows fluid (usually a gas or a mixture of gases) to 
accelerate to high speeds, mostly supersonic or hypersonic, by controlling its shape and dimensions. In detail, we can say that the nozzle is used as 
a pathway for the exhaust gases to mix with the atmospheric air, to produce thrust and to establish a continuous mass flow rate through the engine. 
It converts thermal and pressure energy into kinetic energy which in turn produces the thrust required by the aircraft. The nozzle (especially the CD 
nozzle) shows its strong use in fields like rocket propulsion, jet engines to propel aircraft, aerospace research, electricity production, supersonic flow 
measurement, wind tunnels, gas expansion, cooling, etc.

Computational Fluid Dynamics (CFD) is a branch of fluid mechanics that makes use of numerical methods, formulas, and algorithms to solve 
and analyze fluid flow. A convergent-divergent nozzle, also called a de-Laval nozzle is one of the types of nozzles that is used when supersonic flow 
velocity is needed. CFD has allowed us to study and predict the behavior of fluids (either liquids or gases) in various physical conditions without the 
actual need for conducting physical experiments. It allows us to perform numerical simulation, offers flexibility in geometry design, and gives us a 
platform to carry out various operations of turbulence model, heat transfer, multi-phase flow, boundary condition, etc. The use is not just limited 
to aerospace engineering and automobile engineering, rather it is widely used in biomedical engineering, electronics, chemical processes, marine 
engineering, nuclear engineering, etc.
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the nozzle which is a non-stationary part. The nozzle accelerates 
the gases to a very high speed which in turn produces thrust.

A nozzle is a simple device, a specially shaped tube through 
which hot gases flow. The last component used in a jet engine is 
the nozzle which is a key part in producing thrust to propel the air-
craft and rocket. Various types of nozzles are available and are used 
based on our necessities. Turbofan engines use different kinds of 
nozzles, turbojets use different ones and rockets use different kinds 
of nozzles based on the convenience and thrust required [2]. Con-
vergent nozzle, divergent nozzle, and convergent divergent nozzle 
(which is a combination of both the nozzles) are in practice. Nozzles 
are used in the aerospace industry. Similarly, they are used in power 
generation, especially electricity. They are used in space explora-
tion, the military, producing compressed air in industries, etc.

The nozzle converts the internal energy of the fluid into thrust 
which, in turn, propels the aircraft forward. The energy possessed in 
the form of pressure and temperature is thus converted into thrust.  
It makes the fluid move at subsonic, sonic, and supersonic speeds 
based on the design and the Mach number of the working fluid. The 

inlet portion is attached to the turbine while the other end is open 
to the atmosphere. The pressure at the exit is called exit pressure or 
ambient pressure or back pressure or receiver pressure.

Since the ambient pressure is low in comparison to the pres-
sure at the inlet of the nozzle, this causes the flow of the fluid as flu-
id flows from higher pressure to lower. The greater the difference 
in the pressure of the nozzle and ambient pressure, the faster the 
fluid flows across it. And the faster the flow, the higher the thrust. 
Following are the different types of nozzles and relations of the flow 
with an area of the duct.

Convergent nozzle

It is a nozzle in which the area at the inlet is greater than the 
area at the exit (Ai > Ae). It is normally used to accelerate the flow 
and thus increase the kinetic energy possessed by the fluid. Howev-
er, it acts differently under different Mach numbers. For a subsonic 
flow, it acts as a nozzle by increasing the kinetic energy while things 
get reversed for a supersonic flow Figure 1.

Figure 1: 

Divergent nozzle

It is a nozzle in which the area at the inlet is smaller than the 
area at the exit (Ai > Ae). It is normally used to decelerate the flow 
and thus increase the kinetic energy possessed by the fluid. Diverg-
ing design allows for the expansion of exhaust gases. Based on the 
Mach number of gases at the inlet of the divergent nozzle, the prop-
erties vary Figure 2.

M = Mach number

Ai = Inlet area

Ae = Outlet area

The condition of outlet (exit), whether velocity increases or de-
creases is determined by the following relation.

2[ 1]dA dv X M
A v

= −

dA
A

= Change in area

dv
v

= Change in velocity
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Figure 2: 

M  = Mach number

The speed of an object is normally taken in terms of Mach 
number for our convenience. Mach number, also called Mach, is a 

non-dimensional quantity that is defined as the ratio of the velocity 
of an object to the speed of sound in that medium. The speed of an 
object at different Mach numbers has been categorized as follows 
Table 1.

Table 1:

Domain Mach Number

Subsonic M > 1

Transonic 0.8 < M > 1.2

Sonic M = 1

Supersonic 1 < M > 5

Hypersonic 5 < M > 10

Hypervelocity M > 10

From the above-mentioned relation between change in area 
and velocity 2[ 1]dA dv X M

A v
= − , we can calculate the velocity change 

with the change in area. Consider a convergent nozzle, the area con-
stantly decreases which means change in area is negative. When the 
flow is subsonic means that gives the value of 2( 1)M − negative and 
less than 1. When we divide the change in area (which is negative) 
by 2( 1)M −  which is negative itself and is less than 1, we get the 
value of change in velocity as positive and greater than 1. This signi-
fies that the change in velocity across the convergent duct increases 
subsonic flow. However, the case reverses for a supersonic flow. In 

the same way, the above relation can be used for a divergent duct. 
In a divergent nozzle, when the inlet is in subsonic condition, the 
velocity decreases and thus the kinetic energy decreases. And for a 
supersonic inlet, the velocity increases in the divergent nozzle [3].

Convergent-Divergent (CD) nozzle

 Convergent-Divergent nozzle is also called de Laval nozzle, 
which is the combination of both the convergent and divergent noz-
zle. It is a special type of nozzle in which divergent and convergent 
nozzles are joined to form a CD nozzle Figure 3&4
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Figure 3: CD Nozzle with flow characteristics.

Figure 4: Diagram of a CD nozzle, showing the graph of flow velocity (v), temperature (T) and pressure (p) across the nozzle (Taken from 
Wikipedia).

From the diagram above, it can be seen that velocity (given in 
terms of Mach number) increases from subsonic in the convergent 
section to sonic at the throat becoming supersonic towards the di-
vergent section. However, at the inlet of the nozzle, the static pres-
sure and temperature is maximum which decreases as the fluid 
moves from the inlet towards the throat and the exit. We consider 
that the flow in the nozzle is isentropic, thus total pressure and total 
temperature remain constant throughout. However, due to irrevers-
ibility caused by friction, the isentropic condition is unachievable. 
As a result, the total exit pressure is lesser than the total pressure at 
the inlet. There are no moving parts, and no work is imparted nor 
any work is done by or on the fluid during the entire process and 
thus there is no change in total temperature. However, leakage, heat 
conduction, etc. through the parts will cause a decrease in the total 
temperature. Similarly, this process is considered as an adiabatic 
process as there is no exchange nor addition of energy during the 
flow and the corresponding expansion is considered as an adiabatic 
expansion.

Total heat exchange i.e., dQ = 0 (Due to adiabatic process)

Total work done i.e., dW = 0 (No work is done)

Total entropy changes i.e., dS = 0 (Isentropic process for ideal 
nozzle)

This analysis of the pressure, velocity, temperature, and densi-
ty across the CD nozzle is carried out by simulation using CFD [4]. 
Computational Fluid Dynamics (CFD) is a branch of fluid mechan-
ics that makes use of numerical methods, formulas, and algorithms 
to solve and analyze fluid flow. CFD visualizes the fluid flow, and it 
depicts the way the object gets affected by the digital simulation. It 
uses complex formulas and advanced algorithms to solve the prob-
lem with the help of a computer. It makes use of different equations 
such as continuity equation, momentum equation, energy equation, 
partial differential equation, etc. to show the actual flow that might 
occur on an object. It is used to show flow characteristics in aerody-
namics, to carry analysis in propulsion, in control systems, in aero-
space industries, in mechanical industries, and has tons of other 
applications. The accuracy of the data with the actual experiment 
is what makes CFD a preferable tool for engineers to conduct their 
research and analysis. 
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Basic Relations
Table 2:

( )2 –  1dA v x M
A v

ρ
= 2

1 1dA d X
A M

ρ
ρ

 = − 
 

2

1 11
1

dT xd
MT

A x
A γ

  = −   −   
2

1 11
1

dT xd
MT

A x
A γ

  = −   −   

2

1 11d dA x x
A M

P
P γ

  = −   
   

211
2

o

T
T Mγ −

= +

1
1211

2
oP M

P

γ

γ
−

− = + 
  ;oP P q= +  where 

2

2
vq ρ

=

1
2 2

1 1P T
P T

γ
γ − 

=  
 

 adiabatic relation

•	 Steady state energy equation: 
2 2

1 2
1 22 2

v vh q h w+ + = + + . 
Since the process is adiabatic i.e., dQ = 0 and there is no transfer of 
work i.e., dW = 0, the equation will be: 〖

2 2
1 2

1 2 
2 2

v vh h+ = + per unit 
mass.

•	

2
0

2

p
P P P P P PC

P Vq P P
∞ ∞ ∞

∞ ∞∞ ∞

− − −
= = =

−

A = Area of the duct	                   γ = Ratio of specific heats

v = velocity	                                    P0 = Total pressure

M = Mach number	                    P = Static pressure

ρ = density	                                    q = Dynamic pressure

T = Temperature in Kelvin	    h = Enthalpy

q = heat transfer	                                     w = Work transfer

Cp = Coefficient of pressure	     P∞ = Free stream static 
pressure

ρ∞ = Free stream density	                      V∞ = Free stream 
velocity

Standard Dimensions of Nozzles

•	 Total length of the nozzle = 1 m

•	 Inlet diameter = 0.66756 m

•	 Outlet diameter = 0.66756 m

•	 Throat diameter = 0.35682 m

•	 Distance between throat and exit = 0.5 m

•	 Distance between inlet and throat 0.5 m

Simulation

The simulation was performed using the ANSYS Fluent 2020 R1 
version. The process was completed in the following steps and the 
result was obtained.

Geometry design

Two nozzles of different dimensions were designed in Ansys 
Design Modeler. The nozzle with a sharp throat has a total length 
of 1 m. The inlet and outlet height were both 0.667558118m along 
with a throat diameter of 0.356824823 m. The nozzle with a curved 
throat has a similar dimension but was quadratic in nature i.e., y = 
0.1 + x2; -0.5 < x < 0.5. y is the distance on the y-axis and x is the 
value on the x-axis whose domain is from -0.5 to 0.5. A total of 201 
values were calculated from the above equation and then imported 
into the Ansys Design modeler.  It was found that the inlet and out-
let height were both 0.667558118 m along with the throat diame-
ter being 0.356824823 m. The length of the nozzle is considered 1 
m Figure 5.

Meshing

Meshing facilitates accurate simulation of flow. Meshing divides 
the geometry into discrete cells or domains called mesh, where the 
governing equation can be assigned to each cell. The quality of the 
mesh determines the accuracy of the result [5]. The stability of the 
simulation depends on smooth and accurate meshing. We have 
used the automatic method on the whole body where we have se-
lected the quadrilateral dominant method. We have used face sizing 
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on the face, with an element size of 0.05mm similarly, face meshing 
is used which gives quadrilateral cells. The skew was taken below 
0.15 and smoothing was of high quality. The meshing obtained was 

regular and had quadrilateral cells of no distortion. Below is the 
meshing of these two nozzles Figure 6.

Figure 5: 

Figure 6: Meshing of nozzle with sharp throat(left) and curved throat(right).
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Solution

•	 The energy equation was activated, and the k-epsilon(stan-
dard) viscous model was selected with a standard wall func-
tion.

•	 Ideal gas was selected. Viscosity – Sutherland law with three 
coefficient method with reference viscosity 1.716e-05 kg/m-s 
was used.

•	 The materials used were air and ideal gas was considered for 
the entire process for both cases.

•	 Pressure inlet, with a total pressure of 3 bar was taken consid-
ering 300 K total temperature. This pressure was taken into 
consideration for both the nozzles. Outlet pressure was kept 
at 0 bars while the operating condition was taken as default of 
101325 Pascal.

•	 The wall is considered stationary, and we have taken no slip 
condition on the wall.

•	 Second-order upwind was considered for the flow, turbulent 

kinetic energy, and turbulent dissipation rate.

•	 The flow was computed from the inlet.

•	 Courant number = 5

•	 2000 number of iterations were taken, and the solution was 
converged at around 1600 iterations (for the first nozzle) and 
Iterations while the solution was converged at around 1200 
iterations (for the second nozzle).

•	 Pre-processing

•	 Pre-processing of the nozzle was done in ANSYS FLUENT. 2-D 
and double-precision settings were used. Two solver process-
es were selected for the solution.

Pre-processing

Pre-processing of the nozzle was done in ANSYS FLUENT. 2-D 
and double precision settings were used. Two solver processes 
were selected for the solution.

Residual monitor
Table 3:

Residual Absolute criteria

Continuity 0.000001

X-Velocity 0.000001

Y-Velocity 0.000001

Energy 0.000001

K 0.000001

Epsilon 0.000001

Results and discussion

The result converged at around 1600 iterations for the nozzle 
with a sharp throat and 1200 iterations for the nozzle with a curved 
throat. After the simulation, we analyzed our results. Our main fo-
cus is on the property variation of pressure, velocity, temperature, 
density, etc. across the nozzle. We have concluded our result as fol-
lows.

Pressure

Pressure is defined as the force acting per unit area. We have 
been using pressure in different forms such as total pressure, stat-
ic pressure, dynamic pressure, hydrostatic pressure, atmospheric 
pressure, stagnation pressure, gauge pressure, vacuum pressure, 
etc. Here, we have considered static pressure, dynamic pressure, 
and pressure coefficient as our observations. We are taking static 
pressure, which is the pressure of a fluid at a specific point in a fluid 
flow field when the fluid is not moving. It represents the pressure 

that a fluid would exert on a surface at that point if we were to make 
that fluid rest [6]. It is an important component of total pressure. 
In both nozzles, the static pressure at the inlet is almost the same. 
While we move towards the throat in the first nozzle, static pres-
sure decreases slowly at first and then it decreases exponentially as 
shown in the graph.  After crossing the throat, pressure increases 
at first and then decreases gradually. In the second nozzle, static 
pressure shows constant decrement as if the graph is almost linear 
from inlet to throat. We can see that in the second nozzle, the pres-
sure drop is gradual [7]. As we move far towards the exit, we can see 
that the decrease in pressure is very slow. The decrease in the static 
pressure in the second case is gradual (almost linear). In the nozzle 
with a sharp throat (first nozzle), the pressure drop is very sudden 
and shows an exponential drop while in the nozzle with a curved 
throat (second nozzle), the pressure drop is gradual and after the 
throat, the curvature is the graph is more than curvature before the 
throat as shown by the arrow line Figure 7.
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Figure 7: Graph of static pressure of nozzle with sharp throat(left) and curved throat(right).

The following contours belong to dynamic pressure. Dynamic 
pressure is a crucial component of total pressure. It is a term used 
in the fluid dynamic which is the pressure exerted by fluid that is in 
motion or fluid that flows. Dynamic pressure is directly proportion-
al to the velocity of the fluid. If the velocity increases, dynamic pres-
sure increases as well, and vice versa. In the first nozzle, dynam-

ic pressure increases rapidly and becomes highest at the throat. 
Afterward, it falls drastically after throat and then shows almost 
constant increment and decrement as shown in the graph. Similar-
ly, in the second nozzle, dynamic pressure increases linearly and 
becomes maximum at the throat. Then, it decreases linearly after 
throat as shown in the diagram Figure 8&9.

Figure 8: Contour of dynamic pressure of nozzle with sharp throat(left) and curved throat(right).
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The following contours belong to dynamic pressure. Dynamic 
pressure is a crucial component of total pressure. It is a term used 
in the fluid dynamic which is the pressure exerted by fluid that is in 
motion or fluid that flows. Dynamic pressure is directly proportion-
al to the velocity of the fluid. If the velocity increases, dynamic pres-
sure increases as well, and vice versa. In the first nozzle, dynam-
ic pressure increases rapidly and becomes highest at the throat. 
Afterward, it falls drastically after throat and then shows almost 
constant increment and decrement as shown in the graph. Similar-

ly, in the second nozzle, dynamic pressure increases linearly and 
becomes maximum at the throat. Then, it decreases linearly after 
throat as shown in the diagram.

The coefficient of pressure also known as pressure coefficient is 
a dimensionless quantity which is the ratio of the difference of the 
static pressure at the point in the freestream and free stream static 
pressure to the dynamic pressure of the free stream. It is given by 

2
0

2

p
P P P P P PC

P Vq P P
∞ ∞ ∞

∞ ∞∞ ∞

− − −
= = =

−

Towards the inlet section, the static pressure is maximum, and 
this the coefficient of pressure is highest. Similarly, as the static 
pressure decreases while moving away from the inlet, so does the 
coefficient. In both the nozzles, the pressure coefficient is the same 
at the inlet and similar at the outlet. However, in the first nozzle, the 
pressure coefficient follows the pattern same as in the static pres-
sure [8]. While we move towards the throat in the first nozzle, the 
pressure coefficient decreases slowly at first and then it decreases 

exponentially as shown in the graph. While in the second nozzle, 
Cp shows constant decrement as if the graph is almost linear from 
inlet to throat. After crossing the throat, Cp increases at first and 
then decreases gradually. In the second nozzle, the drop in pressure 
coefficient is gradual and after the throat there is more curvature in 
the Cp decrement. As we move far towards the exit, we can see that 
the decrease in pressure is very slow

Figure 9: Graph of dynamic pressure of nozzle with sharp throat(left) and curved throat(right).

Figure 10: contour of pressure coefficient of nozzle with sharp throat(left) and curved throat(right).
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Figure 11: graph of pressure coefficient of nozzle with sharp throat(left) and curved throat(right).

Temperature

The property of static temperature is similar to that of static 
pressure. Static temperature is highest at the inlet which is about 
300K. As we move towards the throat in the first nozzle, it decreas-
es. Further back to the throat, it decreases sharply as velocity in-
creases rapidly. It should be noted that total temperature remains 

constant even if it encounters shock waves for an ideal case. The 
total temperature remains constant throughout the process unless 
energy is supplied to or lost from the system. In the second nozzle, 
the temperature shows a uniform drop. Towards the walls of the 
first nozzle, the temperature is more than the middle part of the 
diverging nozzle while there are no such scenes in the second noz-
zle. The graph shows a similar pattern as static pressure Figure 12.

Figure 12: contour of static temperature of nozzle with sharp throat(left) and curved throat(right).

Velocity and Mach Number

The prime use of this nozzle is to accelerate the flow at a very 
high speed and get a tremendous amount of thrust. The front por-
tion of the CD nozzle is a convergent nozzle that accelerates the flow 
when the fluid is at subsonic condition based on:  ( )2 1dA dv X M

A v
= −

relation. The flow slowly accelerates and becomes sonic at the 
throat. The flow is maximum at the throat. Now, the nozzle is di-
vergent, and the flow accelerates further and becomes supersonic. 

Velocity is represented in terms of Mach number also called Mach 
is a non-dimensional quantity which is defined as the ratio of the 
velocity of an object to the speed of sound in that medium. Looking 
at the Mach number, in the first nozzle, the Mach number increases 
gradually at first and then rises exponentially as fluid approach-
es the throat region. After the throat fluid flow further decreases 
quickly and afterward the flow speeds up showing even progres-
sion. In the second nozzle, flow velocity shows a linear correlation 
which increases gradually Figure 13,14&15.
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Figure 13: contour of velocity magnitude of nozzle with sharp throat(left) and curved throat(right).

Figure 14: contour of Mach number of nozzle with sharp throat(left) and curved throat(right).

Figure 15: graph of Mach number of nozzle with sharp throat(left) and curved throat(right).

Density

The density is defined as the ratio of mass occupied per unit vol-
ume. The density of solid is the highest and that of gas is the lowest 
among matters. Based on the given relation:  2

1 1dA d X
A M

ρ
ρ

 = − 
 

with 
the increase in Mach number, density decreases. Similarly, from the 
gas equation sP R Tρ= , Where sR  is the specific gas constant given 
as the ratio of universal gas constant to the molecular mass, ρ  is 
the density of the gas, T  is the temperature in kelvin and P is the 

pressure. So, in an ideal case, we can rely on the relation that with 
the increase in pressure, density increases and vice versa. At the 
inlet, density is maximum in both cases. In the first nozzle, densi-
ty gradually decreases at first and then decreases tremendously as 
we approach toward throat. Upon further moving towards the exit, 
the density shows a slight increment and then decreases gradually 
towards the exit [9]. While in the second nozzle, density decreases 
similar almost linearly. After the throat, there is more curvature in 
the density graph in the second nozzlessss Figure 16&17.
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Figure 16: contour of density of nozzle with sharp throat(left) and curved throat(right).

Figure 17: graph of density of nozzle with sharp throat(left) and curved throat(right).

Conclusion

Based on the above analysis, we can conclude the following: 

•	 static pressure decreases as we move away from the inlet. 
While the decrease in pressure in the first nozzle is non-uni-
form and shows exponential decrement, the second nozzle 
shows almost linear variation of static pressure across the 
length of the nozzle.

•	 dynamic pressure increases moving away from the inlet and is 
maximum at the throat. In the first nozzle dynamic pressure 
shows an exponential increase towards the throat region and 
decreases suddenly after the throat. In the second nozzle, how-
ever, dynamic pressure increases almost linearly becoming 
maximum at the throat, and then decreases in a steady pro-
gression.

•	 temperature decreases in the direction from inlet to exit. In the 
first nozzle, temperature shows a sudden drop up to the throat 
region and then decreases linearly. However, in the second 
nozzle, there is an almost linear variation of the temperature. 

•	 velocity increases in both the convergent and divergent sec-
tions. Velocity is subsonic in the convergent section and be-
comes supersonic in the divergent section. In the first nozzle, 
flow speed increases gradually at first and then rises exponen-
tially as fluid approaches the throat region. After the throat flu-
id flow further decreases quickly and afterward the flow speed 
increases showing even progression. In the second nozzle, flow 
velocity shows a linear correlation which increases gradually.

•	 Density gradually decreases at first and then decreases sud-
denly as we approach the throat. Upon further moving toward 
the exit, the density shows a slight increment and then de-
creases gradually towards the exit. While in the second noz-
zle, density decreases similar to static pressure in the second 
nozzle. After the throat, there is more curvature in the density 
graph.

In the nozzle with a sharp throat region, there is a sudden 
variation of the properties. The properties show exponential 
variation near the throat region. While in the nozzle with the curved 
throat, the variation in the properties is gradual and shows almost 
linear variation.
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