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ABSTRACT

A rocket nozzle is a mechanical device which is designed to control the rate of flow, speed,
direction and pressure of stream that exhaust through it. There are various types of rocket
nozzles which are used depending upon the mission of the rocket. This project contains analysis
over a convergent divergent rocket nozzle which is performed by varying the divergent angle.
Also the various contours of nozzle like Static Pressure, Velocity, Mach Number, and Total

Temperature are calculated at each type of mesh using CFD analysis software ANSYS Fluent.
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1 INTRODUCTION

1.1 NOZZLE

The nozzle may be thought of as a device that converts enthalpy into kinetic
energy with no moving parts. A nozzle is used to give the direction to the gases
coming out of the combustion chamber. Nozzle is a tube with variable cross-
sectional area. Nozzle: are generally used to control the rate of flow, speed,
direction, mass, shape and/or the pressure of the exhaust stream that emerges from
them. The nozzle is used to convert the chemical- thermal energy generated in the
combustion chamber into kinetic energy. The nozzle converts the low velocity, high
pressure, high temperature gas in the combustion chamber into high velocity gas of
lower pressure and temperature. The convergent nozzle is a simple convergent duct
as shown in Fig.1. When the nozzle pressure ratio Pte/Po is low, the convergent

nozzle is used. The convergent nozzle has generally been used in engines for

subsonic aircraft.

The convergent and divergent type of nozzle is known as DE-
LAVALNOZZLE. Throat is the portion with minimum area in a convergent-
divergent nozzle. The divergent part of the nozzle is known as nozzle exit area or
nozzle exit.. In the convergent section the pressure of the exhaust gases will increase
and as the hot gases expand through the diverging section attaming high velocities
from continuity equation. In nozzle the combustion chamber pressure is decreased as
the flow propagates towards the exit as compared to the ambient pressure i.c

pressure outside the nozzle, this result in maximum expansion known as optimum

expansion and nozzle 1s known as adapted.

D T —



Fig 1.1 Convergent exhaust nozzle

() Supersonic nozzle configuration with afterburning: (1) secondary flow; (2) outer cuse engine.
( 3) mavable primary nozzle shown at maximum ares; (4) primary flow, effective throat; (5) mov able
secondary nozzle shown at maximum exit area; (6) mixing layer between primary #nd secondary

<ueams; and (7} supersonic primary flow

Fig. 1.2 Supersonic Flow of Nozzle

1 Subsonic nozzle configuraton with no afterbaming: (8) primary nozzie 8l minimusm arca.

31 separation point of external tlow: (10) sccondary nozrle ot punitmum area; {11} sonic prinars

iream: and (12) region of separated flow in external flow

Fig. 1.3 Subsonic Flow of Nozzle

Actuation , Actuation Norzle Outer ‘
" Rod { Cavity Fairing Open
: = T = Posiyon
h ; - - - . — e
.PJ——- —_— e Sy :\‘- : 7'03-‘_ ..: -/ -
- —— =, ; -~ Ciosad
b — Position
L aiipipe Roflcs \r”,_ B s
Tavpipe Prinary -
L.incy Novssle P.i"‘m \\ Scmndnr,
(am Nozzle . Scvondary ~ Nozzle
Nuozsle Link

Fig.1.4 Convergent-Divergent (C-D) Exhaust Nozzle Schematie



(0} Subsonic nozzle configuration, not afterburming. and blaw-in door in use: 13) tertiary
flow of ambicnt gas 1o nozzle; (14) blow-n door and inflow configuravon: € 15) reversible
hinge latch. (16) movable secondary norric: and (17) separation poiat of external flow.

Fig. 1.5 Ejector Nozzle Configuration

The convergent-divergent nozzle is used if the nozzle pressure ratio is high.
High-performance engines in supersonic aircraft generally have some form of a
convergent-divergent nozzle. If the engine incorporates an afterburner, the nozzle
throat is usually scheduled to leave the operating conditions of the engine upstream
of the afterburner unchanged in other words, the exit nozzle area is varied so that the
engine doesn't know that the afterburner is operating. Also, the exit area must be
varied to match the mternal and external static pressures at exit for different flow
conditions in order to produce the maximum available uninstalled thrust. Earlier
supersonic aircraft used ejector nozzles as shown in Fig.1.3 with their high
performance turbo jets. Use of the ejector nozzle permitted by passing varying
amount so inlet air arcund the engine, providing engine cooling, good inlet recovery,
and reduced boat tail drag. Ejector nozzles can also receive air from outside the
nacelle directly into the nozzle for better overall nozzle matching these are called
two-stage ejector nozzles. For the modem high-performance after burning turbo fan

engines, simple convergent- divergent nozzles are used without secondary air as

shown in Fig. 1.4 for the F100 engine.

1.2 TYPES OF NOZZLES

1.2.1 Gas jet
A gas jet is a nozzle made for the cjection of gas or fluid in the flow stream
mto the surroundine environment. It is also known as fluid jet or hydro jet. These

(pes of jets are generally present in Houschold equipment’s like cas stoves, ovens



or barbecues. In early days when there was no electricity then the gas jets were used
for light Other fluid jets are used where flow regulation 1s required ke in
carburettors smooth orifices are used for the regulation of the fuel flow mto an
engine. Another type of jet is the laminar jet. This is basically a water jet with a

stream lined flow. These types of nozzles are often used in fountains.

Fig 1.4 Jet nozzles

1.2.2 High velocity nozzle

The main goal is to increase the kinetic energy of the fluid at the expense of
its pressure and energy. Nozzles can be defined as convergent i.e., narrowing down
from a wide diameter to a smaller diameter in the direction of the flow or divergent
i.e., expanding from a smaller diameter to a larger one. Convergent part of the
nozzles accelerates subsonic fluids. If the pressure ratio of the nozzle is high enough
to the flow will reach sonic velocity at the narrowest point i.e. the nozzle throat. This
condition of the nozzle choked condition. On increasing the nozzle pressure ratio
further will not increase the throat Mach number and nozzles slow fluids, if the flow
is subsonic, but accelerate sonic or supersonic fluids. Convergent-divergent nozzles
can therefore accelerate fluids that have choked in the convergent section to

supersonic speeds. Down stream flow is free to expand to supersonic velocities. The



process is more efficient than allowing a convergent nozzle to expand supersonically
extemally.

The shape of the divergent sectional so ensures that the direction of the
escaping gases is directly backwards, as any

sideways component would not
contribute to thrust.

Fig. 1.6 High Velocity Nozzle
1.2.3 Propelling nozzles

A jet exhaust produces an thrust from the energy obtained from combusting
fuel which is added to the inducted air. This hot air is passed through a high speed
nozzle, a propelling nozzle which drastically increases its kinetic energy. For a
particular mass flow, greater thrust is obtained with a higher exhaust velocity, but the
best energy efficiency is obtained when the exhaust speed is well matched with the

air speed. However, no jet aircraft can maintain velocity while exceeding its



exhaust jet speed, due to momentum considerations. Supersonic jet engines, like
those employed in fighters& commercial aircraft, need high exhaust speeds.
Therefore supersonic aircraft use a convergent divergent nozzle despite weight and
cost penalties. Sub sonic Jet engines employ relatively low, subsonic, exhaust
velocities. They thus employ simple convergent nozzles. In addition, bypass nozzles
al"3‘3"‘[“0)’(1‘(11;i\»'in;_.',evcnlou.«:rspeeds.R()ckelmotorsus.ec«onw:rg,cm-divcrg,e:nmoulcs

with very large area ratios so as to maximize thrust and exhaust velocity and thus
extremely high nozzle pressure ratios are employed. Mass flow is at a premium since

all the propulsive mass is carried with vehicle, and very high exhaust speeds are

desirable.

Fig. 1.7Propelling nozzle

1.2.4 Magnetic nozzles

Magnetic nozzles have also been proposed for some types of propulsion in

which the flow of plasma is directed by magnetic fields instead of walls made of

solid matter.

Fig 1.8 Magnetic nozzle



1.2.5 Spray nozzles

Many nozzles produce a very fine spray of liquids. Atomizer nozzles are
used for spray painting, perfumes, carburettors for internal combustion engines,
spray on deodorants, anti per spirants and many other uses. Air-Aspirating Nozzle-
uses an opening in the cone shaped nozzle to inject air into a stream of water based
foam CAFS/AFFF/FFFP to make the concentrate "foam up". Most commonly found
on foam extinguishers and foam hand lines. Swirl nozzles inject the liquid in
tangentially, and it spirals into the centre and then exits through the central hole. Due

to the vortex this causes the spray to come out in a cone shape.

Fig 1.9 Spray nozzle



1.2.6 Vacuum nozzles

Vacuum nozzles come in several different shapes. Vacuum Nozzles are used
in vacuum cleaners.

Fig 1.10 Vacuum nozzle

1.2.7 Shaping Nozzles

Some nozzles are shaped to produce a stream that i1s of a particular shape.
For example extrusion moulding is away of producing lengths of metals or plastics

or other materials with a particular cross-section. This nozzle is typically referred to

as a die.

Fig 1.11 Shaping nozzle



1.3 FUNCTIONS

The purpose of the exhaust nozzle is to increase the velocity of the exhaust gas
before discharge from the nozzle and to collect and straighten the gas flow. For large
values of thrust, the kinetic energy of the exhaust gas must be high, which implies a
high exhaust velocity. The pressure ratio across the nozzle controls the expansion
process and the maximum uninstalled thrust for a given engine is obtained when the

exit pressure(Pe) equals the ambient pressure (Po).
The functicns of the nozzle may be summarized by the foll)wing list:

1) Accelerate the flow to a high velocity with minimum total pressure loss.
2) Match exit and atmospheric pressure as closely as desired.
3) Permit afterburner operation without affecting main engine operation
requires variable throat area nozzle.
4) Allow for cooling of walls if necessary.
5) Mix core and bypass streams of turbo fan if necessary.
6) Allow for thrust reversing if desired.
7) Suppress jet noise, radar reflection, and infrared radiation (IR) if desired.
8) Two-dimensional and axis symmetric nozzles, thrust vector control if desired.

9) Do all of the above with minimal cost, weight, and boat tail drag while

meeting life and reliability goals .
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2 LITERATURE REVIEW

Before going with the project a brief study on papers related to computational
fluid dynamics relating to rocket nozze was done. Many authors gave different ideas
related to their works on Computational Fluid Dynamics. The

different papers
reviewed are listed below:

Paradhasaradhi Natta et al. [1] In this paper the rocket nozzle is designed for
Mach number 3. The mathematical model comprises of differential equations and

relevant parametcrs that govern the behaviour of the physical system. Flow is dealt
with energy equation and material as air and the density as ideal gas. Once every
parameter is described, the iteration is performed till the value gets converged. We
take the plotted graphs of position on one axis and pressure, temperature, velocity

variations on the other axis and the results are evaluated basing on the graph.

K.M.Pandey, S.K.Yadav [2] In this paper CFD analysis of pressure and
temperature for a rocket nozzle with four inlets at Mach number 2.1 is analyzed
using fluent software in Ansys. The objective of the work is to simulate supersonic
flow thorough rocket nozzle with combustion chamber. In this paper meshing is
done using Gambit software. a numerical method is adopted to approximate
governing equations along with relevant boundary conditions. This CFD numerical

experiment gives the detailed physical difference between laminar and turbulent

flows in the rocket nozzle.

B.V.V.Naga Sudhakar et al.[3]In this paper, it aims to study the behaviour of flow
in convergent-divergent nozzle by analvzing various parameters like pressure,
velocity, temperature. turbulent intensity usmg computational {luid dynamics (CFD).
The following steps hav3e been performed (o estimate the various pressures and
temperatures (a) Modclling (b) Meshing (¢) Pre-processing (d) Solution (e)Post-
processing. Pressure. temperature, velocity and turbulence intensity contours are
plotted against position (m) on graphs. Also velocity, temperature and pressure plots
are drawn. From this the best convergent-divergent nozzle is sclected from the

~imulated nozzles.



K.P.S.Surya Narayana, K.Sadhasiva Reddy [4] A convergent divergent nozzle is
designed for attaining speeds that are greater than speed of sound. In this the
geometry of the nozzle was created using ANSYS WORKBENCH. The meshing
method used here 1s automatic meshing method. The boundary conditions are given
for mass flow imlet, outlet and walls. The solver used in this is ANSYS FLUENT.
The solution 1s converged after some iterations. The minimum and maximum values

of pressure, velocity, temperature and Mach number are plotted.

Gutte Rajeshwara Rao et al.|5]Convergent divergent nozzle is designed for high
speeds. The nozzle was designed with some specific dimensions in this method. The
meshing near the boundary of the nozzle is more refined when compared to other
regions of mesh. The boundary conditions are specified like inlet, outlet and walls.
Fluent analysis is carried out for nozzle at different mach numbers and at different
nozzle pressures. Pressure, velocity, maximum flow rate and forces are determined

for this method.

Nikhil D. Deshpande et al.[6] A De-Laval nozzle is a convergent divergent nozzle,
generally employed to provide supersonic jet velocity at exit of nozzle. In this
method, computer simulation of nozzle is done by modelling, meshing, pre-
processing. In modelling, the 2-D nozzle was done using CATIA-VS5. Then meshing
was created of trigonal elements and boundary conditions were given. Pre-

processing was done in ANSYS FLUENT. Velocity, Temperature, pressure contours

are plotted as results.

Dr.Y.V.Hanumantha Rao [7] A nozzle is used to give the direction to the gases
coming out of the combustion chamber. Nozzle 1s a tube with variable cross

sectional arca. Nozzles are generally used to control the rate of flow, speed,

direction. mass. shape, and/or the pressure of the exhaust stream that emerges from

them. The nozzle is used to convert the chemical-thermal energy generated in the
combustion chamber into kinctic encrgy. The nozzle converts the low velocity, high

pressure, high temperature gas i the combustion chamber into high velocity gas of

lower pressure and low temperature. Our study is carried using software’s like

gambit 2. 4for designing of the nozzle and fluent 6.3.2 lor analyzing the flows i the

nozzle Numerical study has been conducted to understand the air flows in .+ conical

nozzle at different divergence degrees of angle using  two-dimensional axis
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symmetric models, which solves the governing equations by a control volume
method. The nozzle geometry co-ordinates are taken by using of method of

characteristics which usually designed for De-Laval nozzle.

Biju Kuttan PM Sajesh.[8] The CFD analysis of a rocket engine nozzle has been
conducted to understand the phenomena of supersonic flow through it at various
divergent angles. A two dimensional axis-symmetric model is used for the analysis
and the governing equations were solved using the finite-volume method in ANSYS
FLUENT software. The inlet boundary conditions were specified according to the
available experimental information. The variztions in the parameters like the Mach
number, static pressure, turbulent intensity are being analyzed. The phenomena of
oblique shock are visualized and the travel of shock with divergence angle is
visualized and it was found that at 15° the shock is completely eliminated from the
nozzle. Also the Mach number is found have an increasing trend with increase in
divergent angle thereby obtaining an optimal divergent angle which would eliminate

the instabilities due to the shock and satisfy the thrust requirements for the rocket.

Prosun Roy, Abhijit Mondal, Biswanath Barai.[9] The main objective is to
analyze a rocket engine nozzle to understand the phenomena of various design
conditions under different convergent angle, divergent angle and throat radius by
Computational Fluid Dynamic (CFD). There have also mentioned about inlet
boundary conditions with specification according to the experimental information.
The paper also addresses static pressure optimization and Mach number
optimization. The values on the basis of results along by optimal values of nozzle
design parameters obtained from optimization techniques of Taguchi Design.
Convergent angle, Divergent angle and Throat radius are considered. Also response

ol static pressure and Mach number values of CFD analysis in two types of inlet

pressure value applied for optimal parametcrs of nozzle attained.
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3 INTRODUCTION TO SOFTWARE PACKAGE

3.1 INTRODUCTION TO ANSYS

ANSYS is a general-purpose finite element modelling package for numerically
solving a wide variety of mechanical problems. These problems include
o i/ P Th oty . . . ~ .
static/dynamic, structural analysis (both linear and nonlinear),heat transfer, and fluid

problems, as well as acoustic and electromagnetic problems.

Finite Element Analysis is a nunerical method of deconstructing a complex
system into very small pieces (of user-designated size) called elements. The sofiware
implements equations that govern the behaviour of these elements and solves them
all; creating a comprehensive explanation of how the system acts as a whole. These
results then can be presented in tabulated or graphical forms. This type of analysis 1s
typically used for the design and optimization of a system far too complex to analyze
by hand. Systems that may fit into this category are too complex due to their

geometry, scale, or governing equations.

ANSYS is the standard FEA teaching too lin Mechanical Engincering
Department also used in Civil and Electrical Engineering, as well as in the Physics
and Chemistry departments. ANSYS provides a cost-cffective way to explore the
performance of products or processes in a virtual environment. This type of product
development is termed virtual prototyping. With virtual prototyping techniques, users
can iterate various scenarios to optimize the product long before the manufacturing 1s
started. This enables a reduction in the level of risk, and in the cost of meflective
designs. The multifaceted nature of ANSYS also provides a means to cnsure that

users arc able to see the effect of a design on the whole behaviour of the product, be

it electromagnetic, thermal, mechanical etc.
3.1.1 Generic Steps for Solving Any Problem in ANSYS

[ike solving any probiem analytically, we need to define our solution
domain. physical model, boundary conditions and the physical properties in ANSY'S.
You then solve the problem and present the results, Compare to numerical methods,

the main Jifference is an extra step called mesh generation. This 1s the step that
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* Build Geometry
* Define Material Properties
* Generate Mesh
* Apply Loads, and boundary conditions
® Obtain Solution
® Present the Results
Build Geometry: In this stage construct a two or three dimensional representation of

the object to be modelled and tested using the work plane coordinate system within

ANSYS.

Define Material Properties: Now that the part exists, define a library of the
necessary materials and material properties that compose the object (or
project) being modelled. This includes thermal and mechanical properties of the

object.

Generate Mesh: At this point ANSYS understands the makeup of the part. Now

define how the modelled system should be broken down into finite pieces.

Apply Loads: Once the system is fully designed, the last task is to apply the system

with constraints, such as physical loadings or boundary conditions.

Obtain Solution: In this step we obtain the solution. In this step we need to

understand within what state (steady state, transient... etc.) the problem must be
solved.

Present the Results: Afier the solution has been obtained, there are many ways to
present ANSYS results, choose from many options such as tables, graphs, and

contour plots.
3.1.2 Specific capabilities of ANSYS

e Structural Analysis

e Static Analysis

e Transient Dynamic Analysis
e Buckling Analysis

e Thermal Analysis

e Acoustics Vibration Analysis
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* Coupled Fields Analysis

e Modal Analysis

3.1.2.1 Structural Analysis:
tructure IS 1 s & 3 .

S al analysis is the most common application of the finite clement
method as 1t implies bridges and buildings, naval, acronautical, and mechanical
structures such as ship hulls, aircraft bodies, and machine housings, as well as
mechanical components such as pistons, machine parts, and tools. In this we will

study about the stress, strain, deformation etc. in the structure of the object.

3.1.2.2 Static Analysis:

Static Analysis is used to determine displacements, stresses, etc. under static
loading conditions. ANSYS can compute both linear and nonlinear static analyses.
Nonlinearities can include plasticity, stress stiffening, large deflection, large strain,

hyper elasticity, contact surfaces, and creep etc.

3.1.2.3 Transient Dynamic Analysis:

Transient dynamic analysis is used to determine the response of a structure to

arbitrarily time-varying loads. All nonlinearities mentioned under Static Analysis

above are allowed.

3.1.2.4 Buckling Analysis:

Buckling analysis is used to calculate the buckling load sand determine the
buckling mode shape. Both linear (Eigen value) buckling and nonlinear buckling
analysis arc possible. In addition to the above analysis types, several special purpose

features are available such as Fracture mechanics, Composite material analysis,

Fatigue, and Beam analyses.

3.1.2.5 Thermal Analysis:

ANSY'S is capable of both steady state and transient analysis of anv solid

with thermal boundary conditions. Steady-state thermal analysis calculate the cffects

of steady thermal loads on a system or component. Users often perform stcady-state

analysis before doing transient thermal analysis, to help establish initial conditions.

Steady-state analysis also can be the last step of transicnt thermal analysis performed
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after all transient effects have diminished. ANSYS can be used to determine

temperatures, thermal gradients, heat flow rates, and heat fluxes in an object that are

caused by thermal loads that do not vary over time that are Conduction, Convection,
Radiation, Heat flow rates, Heat fluxes(heat flow per unit area), Heat generation

rates (heat flow per unit volume), Constant temperature boundaries etc.

A steady-state thermal analysis may be either linear, with constant material

properties or nonlinear, with material properties that depend on temperature. The
thermal properties of most material vary with temperature. This temperature
dependency being appreciable, the analysis becomes nonlinear. Radiation boundary

conditions also make the analysis nonlinear. Transient calculations are time

dependent and ANSY'S can both solve distributions as well as create video for time

incremental displays of models.

3.1.2.6 Acoustics/Vibration Analysis:

ANSYS is capable of modelling and analyzing vibrating systems in order to
that vibrate in order to analyze. Acoustics is the study of the generation,
propagation, absorption, and reflection of pressure waves in a fluid medium.
Applications for acoustics include the following:

* Design of concert halls, where an even distribution of sound pressure is

desired.
¢ Noise minimization in machine shops.

* Noise cancellation in automobiles.

Under water acoustics.

s Design of spcakers, speaker housings. acoustic filters, mufflers, and many

other similar devices.

Within ANSYS. an acoustic analysis usually involves modelling a fluid

medium and the surrounding structure. Characteristics in question include pressure

distribution in the fluid at different frequencies, pressure gradient, and particle

‘clocity, the sound pressure level, as well as. scatlering, diffraction, transmission,

, . - stic analysis takes the
radiation, and dispersion of acoustic waves. A coupled acoustic analy
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fluid-structure interaction into account. An uncoupled acoustic analysis models only

the fluid and ignores any fluid-structure interaction. The ANSYS program assumes

that the fluid is compressible, but allows only relatively small pressure changes with

respect to the mean pressure. Also, the fluid is assumed to be non-flowing and in

viscid (that is, viscosity causes no dissipative effects). Uniform mean density and

mean pressure are assumed, with the pressure solution being the deviation from the

mean pressure, not the absolute pressure.

3.1.2.7 Coupled Field Analysis:
A coupled-field analysis is an analysis that takes into account the interaction

(coupling) between two or more disciplines (fields) of engineering. A piezoelectric

analysis, for example, handles the interaction between the structural and electric
fields: it solves for the voltage distribution due to applied displacements, or vice

versa. Other examples of coupled-field analysis are thermal-stress analysis, thermal-

electric analysis, and fluid-structure analysis. Some of the applications in which

coupled-field analysis may be required are pressure vessels (thermal-stress

analysis), fluid flow constrictions (fluid-structure analysis), induction heating

(magnetic- thermal analysis), ultrasonic transducers (piezo electric analysis),

magnetic forming (magneto-structural - analysis), and micro electromechanical

systems (MEMS).

3.1.2.8 Modal Analysis:

A modal analysis is typically used to determine the vibration characteristics

(natural frequencies and mode shapes) of a structure or a machine component while

it is being designed. It can also serve as a starting point for another, more detailed,

dynamic analysis, such as a harmonic response or full transient dynamic analysis.

Modal analyses, while being one ol the most basic dynamic analysis types available

in ANSYS. can also be more computationally time consuming than a typical static
\ reduced solver, utilizing automatically o manually selected master

analysis.

degrees ol freedom is used to drastically reduce the problem size and solution time.

3.1.2.9 Harmonic Analysis:

Harmonic analysis 18 used extensively by companies who produce rotating
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machinery. ANSYS Harmonic analysis is used to predict the sustained dynamic
behaviour of structures to consistent cyclic loading. Examples of rotating machines
which are subjected to harmonic loading are Gas Turbines for Aircraft and Power
Generation, Steam Turbines, Wind Turbine, Water Turbines, Turbo pumps, Internal
Combustion engines, Electric motor sand generators, Gas and fluid pumps, Disc
drives etc.

A harmonic analysis can be used to verify whether or not a machine design
will successfully over come resonance, fatigue, and other harmful effects of forced

vibrations.



19

3.2 INTRODUCTION TO CFD

Fluid (gas and liquid) flows are governed by partial differential equations

which represent conservation laws for the mass, momentum and energy.

Computational Fluid Dynamics (CFD) is the art of replacing such PDE
systems by a set of algebraic equations which can be solved by using digital

compulers.

Computational Fluid Dynamics provides a qualitative (and sometimes even

quantitative) prediction of fluid flows by means of

* Mathematical modelling (partial differential equations)

»  Numerical methods (discretization and solution techniques)

» Software tools (solvers, pre-and post-processing utilities)

CFD enables scientists and engineers to perform numerical experiments (1.e.

computer simulations) in a virtual flow laboratory.

Computational Fluid Dynamics (CFD) is a computer based mathematical
modelling tool that can be considered the amalgamation of theory and
experimentation in the field of fluid flow, heat transfer, mass transfer, chemical

reactions. and related phenomena. It is now widely used and is acceptable as a valid

engineering tool in industry.

Computational Fluid Dynamics (CFD) is the science of predicting fluid flow,
heat transfer. mass transfer, chemical reaction (¢ . combustion), and related
a by solving the mathematical equations that govern these processes using

phenomen
a numerical algorithm on a compuler. The technique 1s very powerful and spans a

wide range of industrial and non-industrial application arcas.
3.2.1 Governing Equations of Fluid Flow:

Th

the conservation laws of physi
ion principle. The fundamental equations of luid dynamics are based on

¢ voverning equations of fuid flow represent mathematical statements of
¢s. Each individual governing equation represents a

conscrval

the foliow ine universal laws of conscrvation. They arc



e Conservation of mass
e Conservation of momentum

e Conservation of energy
3.2.1.1 Continuity Equation:

The e i S . .
quation based on the principle of conservation of mass is called
continuity equation. The conservation of mass law applied to a fluid passing through

an infinitesimal, fixed control volume yields the following equation of continuity,

ap , olpu) olev)  o(ow)

o O« Yy o =0 (3.1)
. d iz

d

9P+ div(pv)=0 (3.2)

ot

Where 'p' is the fluid density, u, v, and w is the fluid velocity vectors. For an

incompressible flow, the density of each fluid element remains constant.
3.2.1.2 Momentum Equation:

The equations based on the laws of conservation of momentum or on the
principle of momentum, states that, the net force acting on fluid mass is equal to the
change in momentum of flow per unit time in that direction. The Navier-Stokes

¢quations in conservative form

cpu) | Olpw?) , Apw) Hpww) T 0 0%, o
ct ox oV 0z & ox v oz (3.3)
~ f Bl )l a
), o) Alp) Ao T O Ty
0w e & & (3.4)
r—(/,n,“), N a(mm’) 4 _5’\,(/,"‘_“]) N a(pt‘,l) _ _i N f:T,_: +_(E’£ + 6_T -
1 ox or oz & vy o (3.5)

Uinsteady Convective Pressure Diffusive Source

W here (according to Newton’s Law of Viscosiy),
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i (3.6)
T — T., = [I(2w+g-LiJ
x* = (3.7)
- (av BwJ
Z"‘,z - T‘,I — /l -é___'__é_
1z )
2 (3.8)

o
ro= AV )42 T, = AV +2u 2 o = awr ) 202"
ox dy "0z (39)

e}

—2u . ]
A= S which is Stokes Hypothesis (3.10)

The Navier-Stokes equations form the basis upon which the entire science of

viscous flow theory has been developed. In general the continuity and cnergy

equations are also included in the Navier-Stokes equation.

3.2.1.3 Energy Equation:

ed on the principle of conservation of energy; the energy

This equation is bas
st law of thermodynamics which states that the rate

equation is derived from fir
article is equal to the rate of heat addition to the fluid

change of energy of a fluid p

particle plus the rate of work done on particle, which is

DE . A
P'B[— = The rate of change energy of a fluid particle

E = Internal cnergy + kinetic energy * gravitational energy
(211)

E=i +Y (u: +v2+w2) +g

0g, Y4 . _ gy q = The rate of heat addition to the fluid particle. (3.12)

ox O Oz

or _, o1 _k—ai - Heat flux components (3.13)

9.9.4- - k P ,‘k a}’ ’ o=

X
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ov cv Oz

tpk,(-p T, )] ‘ﬁ'(”f“ )+ Mur ., )i\

ot - dvovaz = Net rate of work done by force in X
direction (3.14)
Energy equation in conservative form:

ol (v (.. \[.
f[ ;'IL+2 /l+27‘

+V-

- pa+ i(k ii} e Lk it},i(k "T)__ p) awp) 2(wp)

A A e >
ox\  ox ol av) oz éz v av 0z

(3.15)

A typical CFD simulation consists of several stages, described below.

e Approximation of the geometry:

The geometry of the physical system needs to be approximated by a
geometric CAD type model. The more closely the model geometry

represents the actual geometry, the more accurate the results are likely to
be.

Creation of the numerical grid within the geometrical model:

To identify the discrete, finite location sat which the variables are to be
calculated, the geometry is divided into a finite number of cells that
makeup the numerical grid. Before doing this, it is necessary to identify the
physical flow phenomena expected (turbulence, compressible flow, shocks,
combustion, multiphase flow, mixing. etc.) so the grid generate dis suitable

to capture these phenomena.
¢ Selection of models and modelling parameters:

Once the cceometry and grid” have been established. the mathematical
models and parameters for thosc phenomena are then selected and

boundary conditions defined throughout the domain.

* Calculation of the variable values:
Discretization yields a large number of algebraic equations (one set for
< b

each cell). These equations are then generally solved using an iterative
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method, starting with a first guess value for all variables and completing a
computational cycle. Error or residual values are computed from the
discredited equations and the calculations repeated many times, reducing
the residual values, until a sufficiently converged solution is judged to have

been reached.

e Determination of a sufficiently converged solution:

The final stage in the solution process is to determine when the solution
has reached a sufficient level of convergence. When the sum of the
residual values around the system becomes sufficiently small, the
calculations are stopped and the solution is considered converged. A
further check is that additional iterations produce negligible changes in the

variable values.

e Post Processing:

Once a converged solution has been calculated, the results can be presented

as numerical values or pictures, such as velocity vectors and contours of

constant values (e.g. pressure or velocity).

e Solution Verification and Validation:
Once the solution process is complete, each solution should be

verified and validated. If this cannot be completed successfully. re-

simulation may be required, with different assumption sand/or

improvements to the grid. models and boundary conditions used.

Normally the programs are run on workstlations or supercomputers.

At the end, we can get our simulation results. We can compare and analyzc the

simulation results with experiments and the real problem. If the results arc not
have to rcpeat the process unul find

sufficicnt to solve the problem, we

satisficd solution. This is the process of CFD.

3.22 Advantages of CFD
Numerical simulations of fluid flow (will) enablc P

. \RhlleCtS to deSlgn com I‘Or[ab!e aﬂd Saﬁ: I]\ |ng cnvironments
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*  Designers of vehicles to improve the aero dynamic characteristics

= Chemical engineers to maximize the yield from their equipment

» Petroleum engineers to device optimal oil recovery strategies

*  Surgeons to cure arterial diseases (computational hemodynamic)

«  Meteorologists to forecast the weather and warn of natural disasters

« Safety experts to reduce health risks from radiation and other hazards
« Military organizations to develop weapons and estimate the damage

« CFD practitioners to make big bucks by selling colourful pictures.

3.2.3 Application of Computational Fluid Dynamics:

As CFD has so many advantages, it is already generally used in industry such
as aerospace, automotive, biomedicine, chemical processing, heat ventilation air

condition, hydraulics, power generation, sports and marine etc.
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4 MODELLING OF ROCKET NOZZLE

41 Modelling:
The 2-Dimensional modelling of the nozzle was done using ICEMCFD and
an

file was saved in. jpeg format. The dimensi
. ensions of the rock .
the table given below. cket nozzle are presented in

Figd.1 Nozzle Boundary Conditions
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Table 4.1 NOZZLE DIMENSIONS

PARAMETER DIMENSIONS
Total nozzle length(mm) 75
Inlet diameter(mm) 25
Throat diameter(mm) 10
Outlet diameter(mm) varies according to
the divergent angle
Divergent angle(deg) 10,15,20,25,30,35.

4.2 Meshing:
After modelling, meshing is done using ANSYS ICEM CFD software.

B 2 St Fom Pue Mesmng 29673 IKEM CFO|
fhe b Vew Une Took Help o TGeerseier T & A @ (Wodsheet Iy

TR -EEME S SRR A@MAcCT Ee e
FoShom vome g frdame WEkeCokang» £+ A= A~ A £~ & P H fcem semamon: A B random Colon. ' Annctaten Préfeexe
Mesh ) Update @2 Mesh v @ biesh Comtrel +

- W T W B AP A T T Y Tt

| 0 ae 002 (m)
[ —aaae— SSS—
oS oms
L&:!z.‘_'-__»n—-_z - —
3 x
] ———
LY N e N et Bbeter b F L VAT Dreseen oob (SR

Fig 4.2 Meshed rocket nozzle

4.3 Pre-Processing:

Pre-processing of the nozzle was done in ANSYS FLUENT. 2-D and double

precision settings were used while reading the mesh. The mesh was scaled since all

dimensions were initially specified in millimetre. The mesh was checked in fluent

and no critical errors were reported.
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PROBLEMSETUP:
Table 4.2 Boundary Conditions
" General Solver type: Density-based2D Space Axi-symmetric
— Models Energy equation: On Viscous model: Laminar
Materials Density: Ideal gas Cp: 1006.33J/Kg-Ky: 1.19

Viscosity: Sutherland

Boundary Inlet Pressure: 3 bar
Conditions Inlet Temperature: S00K

Outlet Temperature: 300K

esiduals
—conynul

1e+01

16+00 |

1e-01

1e-02 -

1e-03 -

10-04 +—r T T . . r -

0 100 200 300 400 500 600 700 800
Iterations

| Scaled Residuals Jan 20, 2018
T ANSYS Fluent 14.5 (2d, dbns imp. lam)]

Fig 4.3 Total number of iterations are 710 in ANSYS FLUENT
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4.4 Solution:
4.4.1 Mach number plot:

Graph plotted between velocity magnitude Vs position shows max velocity in

convergent and divergent position, no at range 0.03-0.05. Max velocity costing at

position 600 as 2.00e+00

: |At&npr-surfag ANSYS

. ,Lﬁiﬁce—m 3.50e+00 | 14
3.00e+00 -
2.606+00 —
2.008+00

Mach
Number 1soe+00 |
1 00e+00 —j
5.00e-01 —|
0.00e+00 .
003 -002 -001 o 0.01 002 o003 0.04 0.06
Position (m)
Mach Number Jan 20, 2018

ANSYS Fluent 14.5 (2d. dbns imp. lam)

Fig 4.4 Velocity Plot
4.4.2 Static pressure plot:

Graph plotted between static pressure Vs pressure shows sudden collapse of

pressure at convergent-divergent position range lost form 3.00e+05 to -5.00e+00

g — ANSYS
: jsu%iacf_ 3.00e+05 =

2.50e+05 -

2.00e405

1.50e+05

Static 1.00e+05
Pressure

(Pascal) s.00e+0s -

0.00e+00 -

-5.000+04
-1.00e+05 T " ) e : : :
003 -002 -0.01 o, om R TR M o
Position (m)
. Jan 20, 2018
atic Pregsure ANSYS Fiuent 14.5 (2d. dbns imp. lam)

Fig 4.5 Static pressure plot
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4.4.3 Static temperature plot:

Graph plotted between static temperature Vs temperature gives results max

temperature recoded at before convergent space and outlet walls space. Range

between 2.20e+02 to 4.00e+02.

j - ER[ené;;uﬁa ANSYS
, : ?,\i%§°ev°°d 5.50e+02 :

6.00e+02
4.500+02
4 00e+02
Static 3.50e+02
Temperature
(k) 3.00e+02

2.50e+02

2 00e+02

1.50e+02 e : . . . i
-0.03  -0.02 -0.01 o 0.01 0.02 0.03 0.04 0.056

Position (m)

| Static Temperature Jan 20, 2018
ANSYS Fluent 14.5 (2d. dbns imp, lam)

Fig 4.6 Static temperature plot

4.4.4 Contours of static pressure:

In combustion chamber max pressure according to De Laval nozzle principle
and gradually decreases to convergent-divergent position and outlet. Due to

backward pressure at diffusion chamber so sudden drop in pressure than turbulent

shock or observed.
. 2 95c+05 AN SX‘S

2 78e-05

3 2 57e+05

. 2 37e+ 05
2 18e+*05
1 98e+05
1 79=e0s
1 Bea + 125
1 40e+0S
1 21cens
1 Ole«0s
& 206+04
6 26a+04
4 330404
2 38a+04
4 4Ge+03
-1 4Gs+04q
-2 42ac0q
"5 3Teena

-7 31e+04
Y 2Se+0q

Com Jan 20, 2018
Urs of Static Pressure (pascal) ANSYS Fluent 14 6 (2d. dbns Imp_tam)

Fig 4.7 Contours of Pressure

1
1
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4.4.5 Contours of static temperature:

Temperature boundary conditions were clearly affected in combustion
chamber as well as convergent-divergent duct. Max temperature increase in inlet

and duct due to compressed fluid and shocks at 3.30e+03.

4 aSe=02 ANSYS
4 H2e02 J

- 4 BSes02

4 492402
4 32e+02
4 16e+02
3 9ge+02
3 83e+02
3 66e+02
2 S0ec02
3 33s~02
2 1 7ev02
3 0Ow+0D2
2 B4e+02
2 67a+02
2 51e+02
2.34e+02
2 13e+02
2 e+ 02
1 85«02
1 68e+02

Contours of Static Temperature (k) Jan 20. 2018 ‘
ANSYS Fluent 14.5 (2d. dbns Imp. I.mL]

Fig 4.8 Contours of Temperature

4.4.6 Contours of velocity:

At given boundary conditions, nozzle Mach no lower value at inlet and

higher value at outlet with range 1.06e-01 to 2.11e+00.

-

2.54e+00
2 3ge+00 "
2 24e+00 /,/ g

1 19e+00 i3 g
1 04e+00 “'\;‘
N

5 83e-01
4 32¢-01
2 82e-01
1 31e-01
r\\\

‘ o o Jan 20. 201
| ours of Mach Number ANSYS Fluent 14.5 (2d, dbns imp, Iane) i

Fig 4.9 Contours of Velocity
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5 ANALYSIS OF ROCKET NOZZLE
5.1 Introduction:

Various contours and plots have been checked to obtain the better divergence
angle for a rocket nozzle. Plots such as velocity plot, pressure plot, temperature plot
and also graphs are also plotted to obtain the best conditions.

5.2 CFD Analysis of 10° Rocket Nozzle:

The nozzle is designed as per the requirement with required dimensions,
angles of inlet, outlet and walls.

5.2.1 Geometry:

i Comme Conmpn Todks Gewn e tip - a
il - - - R ww - TARBRRR
,,,,, D - ™

Canerme O inace Topatogy 7P esmmmenes
Miiise MPocie Byiwees 4 Sheton
W Thntutace G Dand = G Chomier W) Shen @ Porm  E Comanion

Ta »wme e W~ W L S A K L A

o rcnay M o [P P N iine [ R
Fig 5.1 Geometry of 10° Rocket Nozzle
5.2.2 Meshing:
Next is obtained geometry model is meshed by using fluent software.
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Fig 5.2 Meshed model of 10° nozzle
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<23 Specifying Boundaries for Inlet ang Outlet;

Inlet:
tions are named .

The selec for further purpose i.e. to give boundary conditions
etc. €1¢
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Fig 5.3 Inlet of 10° nozzle

Outlet:

Here the outlet is marked.
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r

walls:
od selection wall is specified.

Nam

R JANSYS ICEM CFO)
'and""”:::b:* ~i  JGenceteMeh T & A ‘@~ K
T RDOE $ SRR RMAO R g e .
w i {wesams Oushowiesh A B Random Colors B Arnnctaion P
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i i
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Mt (m kg N+ ¥ A) Degrees rad/s Celwn

Fig 5.5 Walls of 10° Nozzle

Reference Values

) Spalart-Afmaras (1 eqn) | —
{_i1k-epsion (2 eq) Pressure (st} | ]
1 k-omega (2 eqn) Temperstre 0[50 15 \

) Transmon k-4d-omega (3 ean)

(_) Transton SST (4;:1) 3
Reynolids Stress (5 eqn

85«:3:—% Samuiabon (SAS)

Figsg Energy Equation(ON) Fig 5.7 Viscous model Fig 5.8 Reference Values
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Fig 5.9 Material Properties
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The designed rocket nozzle is made to run and the solution is converged at

607 jterations.

3 Y] JANSYS CFD) -
g | o
pore” v et hecr Dwpm Bapod Pl Vew g
- M =i

e LR & M0

cdTOw
Fsn Cabeutatinn
o ot Comm
o b B i, e
-t - - ! .
-
- e
pyee b i ad
Il e P —y
—— iats P Qs @b
anterey
‘:’..,.-m Catmdol
o C
e -
Campey A= (P
L TR e sl aa - e Ll L] .o
- r——
o~
~
Sarr
Srwred Rwsiduety Ll L]
M F et 4T O e v
UV e m v reme & v.rnie S8 M Zaww @ s 15y
12 1MW VWP YN B 0612688 7 Ao e 15
B3 1R R EAA- Y TVETe-Bh B A267r- B4 TN BT 187
BN 1B @ MT A 35k B 0.25T6e- B 7 1850 0 =y 15
T I Dme Wl E.SARe @% 7.2126e-8% B.1120e-Bh 1.AMAe-@ o 08 a7 1ot
T ).Eee-m BT 3TN0 Bk T090BA 2 At ee3s ron
OV 10106 B -0 P 210 B0 .0906e- 00 7.N14de @ ez 153
iter castissity - welecity g welecity energy o1 tlme/iter
M 1-MEE-E BB VIV TTShe-B e Bomgy 152
lv " celutien iz
Y 2.37%e-0% BB an

TITe-B TITNMe- v 2_NMde Al 151

a

Fig 5.11 Iterations
5.2.4 Contour of Velocity:

It is clearly observed from the figure that the Mach number is 0.14 i.c. sub-
sonic region in convergent section at inlet point, at the throat the Mach number is
0.73 i.e. in sonic, at the exit it becomes supersonic for the designed nozzle. Near the
wall, the Mach number is 2.07. This is due to the viscosity and the turbulence in the

fluid

—— ANSYS
. 2 10e+00
¥ 1 99e+00
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1. 78e+00
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L ey ]
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2 27a 01
< 22e.04
| 1 18004
|

Contoyry ' Jan 12. 2018
' Mach Number ANSYS Fluent 14.5 (2d. dbns imp. lam)

— R - . 5 (4]
Fig 5.12 Velocity contour for Nozzle with angle 10

.
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52.5 Pressure Contour:

Gtatic pressure 1S the pressure that is exerted by a fluid. Specifically, it is the

pressure measured when the fluid is still, or at rest. The below figure reveals the fact

that gas &
{0 be 3bar and as we move to the throat there is a decrease in the value. After the

ots expanded in the nozzle exit. The static pressure in the inlet is observed

throat, the pressure falls in a more repaid manner towards the exit of the nozzle. At

e exit it 1S found to be closure atmospheric.

2 9Ge+ 05
- el ANSYS
2 606+05 <
2 42e+05
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2 06e+05
1 88e+05
1 70e+05
1 52e+03
‘ 1 34e+05
ﬁ 1 1605
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8 478+03
-0 52e+03
2. 75004
-4 65e+04
-6 35e+04

th

Jan 12, 2018

Contours of Static Pressure (pascal
D
ANSYS Fluent 14.5 (2d. dbns imp. lam)

|

Fig 5.13 Pressure Contour for nozzle with divergence angle of 10°

3.2.6 Temperature Contour:

The total temperature always remains a constant in the inlet up to the throat

after which it tends to increase. Near the walls the temperat
The temperature at the throat is 319K and the temperature at the e

ure increases to 400K.
xit 1s 398K.
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Fig 5.14 Temperature Contour for Nozzle with divergence angle 10°

5.2.7 Velocity Plot:

A graph is plotted by taking position (m) on X-axis and Mach number on Y-

axis. It is clearly observed that the velocity is increased.
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£ 2.8 Pressure Plot:

A praph s plotted by taking postion (m) on X-axis and Static Pressure (Pa

on Y-axis | here 1s decrease i the pressure from inlet to outlet
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Fig 516 XY plot for pressure contour with divergence angle of 10"
5.2.9 Temperature Plot:

A praph is plotted by taking position (m) on X-axis and Static temperature (k)

on Y-axis. There is sudden increase and then decrease 1in temperature.
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CFD Analysis of 15° Rocket Nozzle:
& The nozzle 1s designed as per the requirement with required dimensions,

) tlet and walls.
ngles of inlet, 04

5,3.1 Geometry:

[
- e SERReNQT TE L& M W W L S A A A A

| Mol Vier | Pyt Presiew
1 Plane

Fig 5.45 Geometry of 15° Rocket Nozzle

5.3.2 Meshing:
Next is obtained geometry model is meshed by using fluent software.
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Fig 5.46 Meshed model of 15" nozzle
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The designed rocket nozzle is made to run and solution is converged at 606

jterations.
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Fig 5.47 Iterations

5.3.3 Contour of Velocity:
It is clearly observed from the figure that the Mach number is 0.049 i.e. sub-
sonic region in convergent section at inlet point, at the throat the Mach number is
0.97 ie. in sonic, at the exit it becomes supersonic for the designed nozzle. Near the

wall, the Mach number is 3.15. This is due to the viscosity and the turbulence in the
fluid.
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Fig 5.50 Temperature Contour for Nozzle with divergence angle 15°

3.3.6 Velocity Plot:

A graph is plotted by taking position (m) on X-axis and Mach number on Y-
wWs. It s clearly  observed that the velocity is  increased.
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< 3 1 Pressure Plﬂt:

A graph is plotted by taking position (m) on X-axis and Static Pressure (Pa)

) Y-axis. There is decrease in the pressure from inlet to outlet
on Y&
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Fig 5.52 XY plot for pressure contour with divergence angle of 15

5.3.8 Temperature Plot:

A graph is plotted by taking position (m) on X-axis and Static temperature (k)

on Y-axis. There is sudden increase and then decrease in temperature.
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5.4 CFD Analysis of 20° Rocket Nozzle:

The nozzle is designed as per the requirement with required dimensions,
angles of inlet, outlet and walls.

5.4.1 Geometry:

& Fiuse Fow (Fuert)  Demgnitodeer

e Craste Concepe Tooh Units Veem Help
(-] Sebect: i . "W - s

<ot RO b L SEFRAAEACEE + . W- W Lo S fe S A A

| Genarete  @PShare Topology % Parameters

Boruse gRfewche Qg Smeep ) Sinioh

ATrevsurtace Qllend = Q Cromber @ SSee [ LS Sy Se—

- (o]

/
B Facesptad
+- M 1Pet, 1 Bogy S
o wosemg |
e Ve .
i L) ]
e v
I_'_.
00X 15000 30 1300 freem)
A e
750 a0
Meder View | Pt Prrste |
) Feedy
HNo Selecton Almeter Degree 9 Q

Fig 5.18 Geometry of 20° Rocket Nozzle
5.4.2 Meshing:

Next is obtained geometry model is meshed by using fluent software.
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The designed rocket nozzle is made to run and calculate and the solution is

converged at 723 iterations.
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Fig 5.20 Iterations

5.4.3 Contour of Velocity:

It is clearly observed from the figure that the Mach number is 0.13 i.e. sub-

sonic region in convergent section at inlet point, at the throat the Mach number is
2.68 i.e. in sonic, at the exit it becomes supersonic for the designed nozzle. Near the i
wall, the Mach number is 2.68. This is due to the viscosity and the turbulence in the

fluid.
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5.4.4 Pressure Contour:

Static pressure 1s the pressure that is exerted by a fluid. Specifically, it is the
pressure measured when the fluid is still, or at rest. The above figure reveals the fact
that gas gets expanded in the nozzle exit. The static pressure in the inlet is observed
to be 3bar and as we move to the throat there is a decrease in the value. After the
throat, the pressure falls in a more repaid manner towards the exit of the nozzle. At

the exit it is found to be 2.87bar.
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Fig 5.22 Pressure Contour for nozzle with divergence angle of 20°

S4.5 Temperature Contour:

The total temperature always remains a constant in the inlet up to the throat
after which it tends to increase. Near the walls the temperature increases to 400K. In

the inlet and the throat the temperature is 305K After the throat the temperature

INcreases 1o 398 6K at the
exit.
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Fig 5.23 Temperature Contour for Nozzle with divergence angle 20°

5.4.6Velocity Plot:
A graph is plotted by taking position (m) on X-axis and Mach number on Y-

ANSYS

axis. It is clearly observed that the velocity is increased.
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Fig 5.24 XY plot for velocity contour with divergence angle of 20°

5.4.7Pressure Plot:
A graph is plotted by taking position (m) on X-axis and Static Pressure (Pa)

on Y-axis. There is decrease in the pressure from inlet to outlet.
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Fig 5.25 XY plot for pressure contour with divergence angle of 20°

5.4.8 Temperature Plot:
A graph is plotted by taking position (m) on X-axis and Static temperature (k)
on Y-axis.

There is sudden increase and then decrease in temperature.
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Fig 5.26 XY plot for static temperature with divergence angle of 20"

5.5 CFD Analysis of 25° Rocket Nozzle:

The nozzle is designed as per the requirement with required dimensions,

angles of inlet, outlet and walls

551 Geometry:
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Fig 5.45 Geometry of 25" Rocket Nozzle

.52 Meshing:
Next is obtained geometry model is meshed by using fluent software.
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Fig 5.46 Meshed model of 25" nozzle

The designed rocket nozzle is made to run and solution is converged at 606

jterations.
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Fig 5.47 Iterations

5.5.3 Contour of Velocity:
It is clearly observed from the figure that the Mach number is 0.049 ie. sub-
at inlet point, at the throat the Mach number is

personic for the designed nozzle. Near the

sonic region in convergent section

0.97 i.e. in sonic, at the exit it becomes su

wall, the Mach number is 3.15. This is due to the viscosity and the turbulence in the

fluid.
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Fig 5.48 Velocity contour for Nozzle with angle 25"

5.5.4 Pressure Contour:

Static pressure is the pressure that is exerted by a fluid. Specifically, it is the
pressure measured when the fluid is still, or at rest. The above figure reveals the fact
that gas gets expanded in the nozzle exit. The static pressure in the inlet is observed
to be 3bar and as we move to the throat there is a decrease and the value 1s found to
be 1.60bar. After the throat, the pressure falls in a more repaid manner towards the
exit of the nozzle. At the exit it is found to be 2.94bar.
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Fig 5.49 Pressure Contour for nozzle with divergence angle of 25°

555 Temperature Contour:

The total temperature always remains a constant in the inlet up to the
throat after which it tends to increase. Near the walls the temperature increases to
400 K_ In the inlet and the throat the temperature is 426 K. After the throat the

temperature increases to 317K at the exit.
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Fig 5.50 Temperature Contour for Nozzle with divergence angle 25°

5.5.6 Velocity Plot:

A graph is plotted by taking position (m) on X-axis and Mach number on Y-

axis. It is clearly observed that the velocity is  increased.
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Fig 5.51 XY plot for velocity contour with divergence angle of 25"
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5.7 Pressure Plot:

55

A graph 1s plotted by takig position (m) on X-axis and Static Pressure (Pa)

on Y-axis. There 1s decrease i the pressure from ilet to outlet.
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Fig 5.52 XY plot for pressure contour with divergence angle of 25"
5.5.8 Temperature Plot:

A graph is plotted by taking position (m) on X-axis and Static temperature (k)

on Y-axis. There is sudden increase and then decrease in temperature.
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Fig 5.53 XY plot for static temperature with divergence angle of 25"
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5.6 CFD Analysis of 30° Rocket Nozzle:

The nozzle is designed as per the requirement with required dimensions,
angles of inlet, outlet and walls.

56.1 Geometry:
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Fig 5.27 Geometry of 30° Rocket Nozzle

5.6.2 Meshing:

Next is obtained geometry model is meshed by using fluent software.
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Fig 5.28 Meshed model of 30" nozzle
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The designed rocket nozzle is made to run and solution is converged at 778
iterations.
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Fig 5.29 lterations
5.6.3 Contour of Velocity:

It is clearly observed from the figure that the Mach number is 0.12 ie., sub-
sonic region in convergent section at inlet point, at the throat the Mach number 1s
0.81 i.e., in sonic, at the exit it becomes supersonic for the designed nozzle. Near the
wall, the Mach number is 2.87. This is due to the viscosity and the turbulence in the
fluid.
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Fig 5.30 Velocity contour for Nozzle with angle 30"
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5.6.4 Pressure Contour:

Static pressure is the pressure that is exerted by a fluid. Specifically, it is the
pressure measured when the fluid is still, or at rest. The above figure reveals the fact
that gas gets expanded in the nozzle exit. The static pressure in the inlet is observed
to be 3bar and as we move to the throat there is a decrease and the value is found to

be 1.56bar. After the throat, the pressure falls in a more repaid manner towards the
exit of the nozzle. At the exit it is found to be 2.96bar.
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Fig 5.31 Pressure Contour for nozzle with divergence angle of 30"

5.6.5 Temperature Contour:

The total temperature always remains a constant in the inlet up to the throat
after which it tends to increase. Near the walls the temperature increases to 400K. In
the inlet and the throat the temperature is 337K. After the throat the temperature

increases to 449K at the exit.
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Fig 5.32 Temperature Contour for Nozzle with divergence angle 30°

5.6.6 Velocity Plot:

A graph is plotted by taking position (m) on ¥-axis and Mach number on Y-

axis. It is clearly observed that the velocity is increased.
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Fig 5.33 XY plot for velocity contour with divergence angle of 30"
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| grap 1s. plotted by taking position (m) on X-axis and Static Pressure (Pa)
on Y-axis. There is decrease in the pressure from inlet to outlet

5.6.7 Pressure Plot:
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Fig 5.34 XY plot for pressure contour with divergence angle of 30"
5.6.8 Temperature Plot:

A graph is plotted by taking position (m) on X-axis and Static temperature (k)

on Y-axis. There is sudden increase and then decrease in temperature.
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Fig 5.35 XY plot for static temperature with divergence angle of 30"
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5.7 CFD Analysis of 35° Rocket Nozzle:

The nozzle is designed as per the requirement with required dimensions,

angles of inlet, outlet and walls.

5.7.1 Geometry:
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Fig 5.36 Geometry of 35 Rocket Nozzle
5.7.2 Mecshing:
Next is obtained geometry model is meshed by using fluent software.
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Fig 5.37 Meshed model of 35" nozzle
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The designed rocket nozzle is made to run and solution is converged at 581

jteration.
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Fig 5.38 Iterations

5.7.3 Contour of Velocity:

It is clearly observed from the figure that the Mach number is 0.10 ie. sub-

sonic region in convergent section at inlet point, at the throat the Mach number is

0.92 i.e. in sonic, at the exit it becomes supersonic for the designed nozzle. Near the |

wall, the Mach number is 3.37. This is due to the viscosity and the turbulence in the

fluid.
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Fig 5.39 Velocity contour for Nozzle with angle 35"
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5.7.4 Pressure Contour:

Static pressure 1s the pressure that is exerted by a fluid. Specifically, it is the
pressure measured when the fluid is still, or at rest. The above figure reveals the fact
that gas gets expanded in the nozzle exit. The static pressure in the inlet is observed
to be 3bar and as we move to the throat there is a decrease and the value is found to

be 1.61bar. After the throat, the pressure falls in a more repaid manner towards the
exit of the nozzle. At the exit it is found to be 2.97bar.
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Fig 5.40 Pressure Contour for nozzle with divergence angle of 35"
5.7.5 Temperature Contour:

The total temperature always remains a constant in the inlet up to the throat
after which it tends to increase. Near the wall temperature increases to 400K. In the
inlet and the throat the temperature is 317K. After the throat the temperature
increases to 399.1K at the exit.
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Fig 5.41 Temperature Contour for Nozzle with divergence angle 35"
5.7.6 Velocity Plot:

A graph is plotted by taking position (m) on X-axis and Mach number on Y-

axis. It is clearly observed that the velocity is increased.
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Fig 5.42 XY plot for velocity contour with divergence angle of 35"
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5.7.7 Pressure Plot:

A graph 1s plotted by taking position (m) o

on Y-axis. There is decrease in

n X-axis and Static Pressure (Pa)

the pressure from inlet to

outlet
=
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Fig 5.43 XY plot for pressure contour with divergence angle of 35°
5.7.8 Temperature Plot:

A graph is plotted by taking position (m) on X-axis and Static temperature (k)

on Y-axis. There is sudden increase and then decrease in temperature.
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Fig 5.44 XY plot for static temperature with divergence angle of 35"
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6 RESULTS AND DISCUSSION

Conditions at Exit:

Table 6.1 Conditions at Exit

r Case Angle Mach Number _|

1 10 2.20e+00 |
P 2 15 245¢+00 |
i 3 20 2.70e+00 |
I 4 25 278¢+00 |
B 5 30 297e+00 |
B 6 35 3.14e+00 |

Angie s Mach no

10 3 B
Angle(deg )

Fig 6.1 Comparison of Mach numbers at different divergence angles at exit.
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Conditions at Throat:

Table 6.2 conditions at Throat
Case Angle Mach Number
1 10 0.639
2 15 0.819
| 3 20 0.896
4 25 0.923
5 30 0.980
r 6 35 1.040
4 Angle s Mach no
19 -]
115
110
105 098
100 0923 g
095 0596 "
090 e
085 05.19
080
675
Jos| 08
4 060
o
050
045
040
035
030
025
020
015
010
no0s
000 o 15 20 gt 5 0 §
L

Fig 6.2 Comparison of Mach number at different divergence angles at throat.
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7 CONCULUSION

» A model was developed to determine the pressure, temiperature and velocity
distribution (in terms of Mach number) from inlet to the exit of the rocket
nozzle. A study is carried out by varying the divergence angles. The
divergence angles considered for the study of flow are 10°, 15 20°, 25°, 30°
and 35°.

» From the literature review nozzle dimensions are considered and sufficient
boundary conditions are implemented.

» The following observations were found in the nozzle with different
divergence angles considering the default divergence angle as 10°.

e In the nozzle when the divergence angle is 35°, Mach number is 1.04
at throat and at the divergence angle of 10° the Mach number is 0.639.

e At the throat the velocity magnitude is same for all divergence angles.

e When the divergence angle is 10”, Mach number at the nozzle exit is
2.20 while the Mach number at the nozzle exit is 3.14 at the nozzle
exit for the divergence angle of 35°.

» The efficiency increases with the increase in the divergence angle up to 350,
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