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Abstract: Advances in rocket performance depend heavily upon improved and properly integrated propulsion
system. This project provides a discussion about the design procedure of supersonic convergent-divergent (C-D
nozzle). The C-D nozzles both conical and contour are designed on an assumption of the isentropic flow of the
perfect gas. The computer code which uses the method of characteristics and the stream function to define high
efficiency nozzle profile for isentropic, inviscid, ir-rotational supersonic flows of any working fluid for any user-
defined exit Mach number. The designed nozzle area ratio is compared to theoretical area ratios for the selected
fluid and desired exit Mach number. The nozzle geometry obtained from the code is independently checked with
the commercial Computational Fluid Dynamics (CFD) code. ANSYS-FLUENT has been used to simulate flow on
nozzle to verify the isentropic flow.
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I. INTRODUCTION

The work outlined in this report is to design a supersonic convergent-divergent (CD nozzle). The C-D nozzles are
designed on assumption of the isentropic flow of the perfect gas. A design procedure which can determine the
configuration of C-D nozzle is shown by arranging the experimental results using CFD (FLUENT). The primary design of
a rocket propulsion system order is to produce maximum thrust. Nozzle is an important and basic piece of engineering
hardware associated with propulsion and the high speed flow of gases. In this chapter, the basic functions of a nozzle and
a brief description of the kinds of nozzle are discussed. It also gives an overview of the basic concepts and the definition
of CFD.

Il. LITERATURE SURVEY

Presented in this section are the previous works done in supersonic nozzle design pertinent to the current investigation.
Since the nozzles designed in this paper are for irrotational, inviscid, isentropic flows, only previous works dealing with
these types of nozzles will be discussed. The first part of this section will deal with annular nozzles and the second part
will deal with the previous work done on the nozzles.

AREA RATIO =36:1
2= BIECTOR Ce EFFICIENCY =98.3% (ALT)

" COMBUSTION
~ CHAMBER

_ INJECTOR
___COMBUSTION _INJECTOR _ INJECTOR
CHAMBER 4

T THROAT

{ comBusTiON " comBusTION

. THROAT ~ CHAMBER ~~ CHAMBER

) T-THROAT

CONE BELL SPIKE E-D
0,/Dy=13 Dyp=d1s
NOZZLE LENGTH - 100% NOZZLE LENGTH =74.2% NOZZLE LENGTH = 41.4% NOZZLE LENGTH = 41.4%
OVERALL LENGTH = 100% OVERALL LENGTH = 79% OVERALL LENGTH = 51% OVERALL LENGTH = S1X
OVERALL DIAMETER = 100% OVERALL DIAMETER = 100% OVERALL DIAMETER = 105% OVERALL DIAMETER = 102.5%

Fig 1 Rocket Nozzle Profiles
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I11. NOZZLE DESIGN CONCEPTS

To design a nozzle the major requirement is the magnitude of thrust to be produced by the nozzle, the altitude at which
nozzle operates and properties of propellant the used. In the design of the nozzle the main constraints of the adiabatic
flame temperature and the total temperature at the inlet of the nozzle. The flame temperature is known by the type of
propellant used and the pressure is obtained by rate at which the propellant is burned. The properties of the propellant to
be known are its molecular weight and any one of the its specific heat at constant pressure or constant volume, specific
heat ratio

Oxidizer

V = Velocity
m = mass flow rate
p = pressure

Throat

Thrust= F = m V. + (Pc—Pg) A

Fig 2 Thrust equation

These equations can be used to find the properties of non-isentropic flows without error because the total or stagnation
properties at a state point depends only on the local temperature and the local Mach number and not upon the flow process
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IV. DESIGN METHODOLOGY

After getting familiarized with the concepts of the nozzle, let us now get into detail of the design procedure. Therefore this
chapter gives a main focus on the design procedure of the different kinds of nozzles. This chapter relates to the application
of the above mentioned thermodynamic relations and the parameters required to design nozzle. It mainly consists of
designing of a Conical and Contour nozzle.

Design of complete Nozzle: Supersonic nozzles are generally specified in terms of the cross sectional area of final
uniform flow A and the final mach number M. The nozzle-throat area is obtained by the 1D flow equation, the shortest
nozzles that may be designed by the method of reported are those without a straight-walled section. The straightening part
immediately follows with the expanding part. The purpose of method of characteristics is to illustrate the design of a
supersonic nozzle by the method of computation with the weak waves.

Consider a supersonic nozzle as shown in figure. The subsonic flow in the convergent portion of the nozzle is accelerated
to sonic speed at the throat. Generally, because of the multi-dimensionally of the converging subsonic flow, the sonic line
is gently curved. We assume the sonic line to be straight at the throat in most of the applications. In the divergent portion
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downstream of the throat, let ©w be the angle at any point on the duct wall. The portion of the nozzle with increasing Ow
is called the expansion section, where expansion waves are generated and propagate in the downstream direction,
reflecting from the opposite wall. At a particular point where the ©w is maximum, there is an inflection of the duct in the
wall contour.
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Fig 4. Contour nozzle

V. COMPUTATIONAL STRUCTURE

This chapter primarily describes the assumptions made while designing. It also gives an outline of the kinds of direction
of flows .These are the analytical results using the isentropic flow equations of pressure, temperature, density and mach
number.

Assumptions:
» For simplicity, the combustion gas is assumed to be an ideal gas.

» The gas flow is isentropic (i.e., at constant entropy), frictionless, and adiabatic (i.e., there is little or no heat gained or
lost)

» The gas flow is constant (i.e., steady) during the period of the propellant burn.
* The gas flow is along a straight line from gas inlet to exhaust gas exit (i.e., along the nozzle’s axis of symmetry
» The gas flow behavior is compressible since the flow is at very high velocities.
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Meshing:

Fig 5 Mesh for Conical nozzle

Fig 6. Mesh for Contour nozzle
After the meshing is done we have to specify the boundary condition to the flow domain. In order to do that, move to the
zones command where the boundary types are assigned such as inlet, outlet, wall, axis and so on. After the boundary
conditions are specified, the mesh is imported to FLUENT in 2D-mesh form.
VI. RESULTS AND DISCUSSION

If we compare the analytical results with the numerical results at exit of both the nozzles conical and contour, the resulted
values are as shown below.

Table 1. Comparison of results

Analytical results Numerical results

Me (for conical) = 2.526 Me (for conical) = 2.04e

Me (for contour) = 3.154 Me (for contour) = 2.64e

Pe (for conical) = 89457 Pe (for conical) = 90000 pascals
Pe (for contour) = 98547 Pe (for contour)=99955 pascals
Te (for conical) =165 Te (for conical) = 1.6e+02

Te (for contour) = 125 Te (for contour) =1.25e+02
Density (for conical) = 2.2 Density (for conical) =2.54e-01
Density (for contour) = 1.2 Density (for contour) = 1.3e-01
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Conical Nozzle: The pressure contours as shown in 5.8 gives us the variation of static pressure across the nozzle. The
pressure decreases from inlet to outlet of the nozzle, during which pressure energy is converted into kinetic energy. In
converging section the velocity increases and mach number reaches 1 at the throat and it increases in the divergent section
until the exit of the nozzle at the expensive of pressure and temperature. We can also use the variation of static pressure
along the nozzle. The temperature at the inlet is maximum because the combustion gases are high temperature and it

decease along the nozzle due to expansion.
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Contours of Static Pressure (pascal)
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Fig 7. Variation of static pressure
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Contours of Mach Number
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Fig 9. Contours of Mach number
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Fig 10. Mach number Plot on axis
Page | 21

Novelty Journals




- Novelty Journals

International Journal of Novel Research in Interdisciplinary Studies

ISSN 2394-9716
Vol. 2, Issue 6, pp: (16-27), Month: November-December 2015, Available at: www.noveltyjournals.com

Contours of Static Temperature (k)

Apr 05, 2015
ANSYS Fluent 14.5 (2d, dp, dbns imp)
Fig 11 Contour of static temperature
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Fig 12 Static Temperature Plot
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Contours of Density (kg/m3)

Apr 05,2015
ANSYS Fluent 14.5 (2d, dp, dbns imp)

Fig 13. Contours of density
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Contours: Bell nozzle: The variation of static pressure, temperature and mach number are shown in figures below. In
contour nozzle, the loss of thrust component is less when compared to conical nozzle and this can be seen in mach
number contour that mach number is maximum at axis of exit section. The velocity is maximum at the axis and it

decreases as we move towards wall. The variation of static temperature is minimum at the axis of exit section than the
wall.
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Fig 15 Pressure contour
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Fig. 17 Temperature contour
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VII. CONCLUSIONS

1. A Convergent-Divergent nozzle is designed on an assumption of Quasi-One dimensional isentropic flow. Conical
nozzle has been designed in the modelling software. Along with this conical nozzle, a designed contour nozzle has been
analyzed using CFD (FLUENT).

2. Fluent is utilized to simulate the transient gas flow by a coupled explicit solver and it gives a 2-D result. An overall
first order and second order scheme is employed spatially and temporally. Simulated Pressure histories, Temperature
histories and Mach number distributions agree well with the corresponding reported static and pilot pressure
measurements. Comparison of the Pressure ratio, Density ratio, Temperature ratio and Mach numbers are done between
the analytical and fluent output.

3. From the report, it can be observed that the Contour nozzle gives a greater expansion ratio comparatively to a conical
nozzle. Thus a Conical nozzle has to be used at sea-level and a Contour nozzle has to be used at a higher altitude since
greater expansion ratio is required at a higher altitude for a given length. A conical nozzle has a simple geometry and easy
to fabricate, whereas a Contour nozzle has a complex geometry and is difficult to fabricate.
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