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Abstract : Nozzle is a mechanical device used to increasedlaeity by the use of pressure energy and emyhaighe fluid.
The nozzles are used in subsonic and supersonicityebpplications and it is important to know thehavior of the flow in
nozzles for the effective desig@omputational fluid dynamics software Fluent15.@sed for determining the compressible flow
features of a 2-D axisymmetric nozzle. Inviscid Igsia is done with the variation of back pressunel ghe values obtained
matches the theory with very low % of error. Sintigla extended to know shocks and their behaviois tbserved that Shock
strength increases and shock moves towards thefetkie nozzle with the increase of NPR.

NOMENCLATURE

A = Area at the thro

A = Shock location at the thr¢

M, = Mach number before the shock
M, = Mach number after the shock
M. = Mach number at the e

P, = Pressure before the shi

P, = Pressure after the shock

T, = Temperature before the shock

1. INTRODUCTION
Nozzle is a mechanical device of varying cross
sectional area and used to increase the velocitly thie
expense of pressure in incompressible fluids anthbyuse
of pressure, enthalpy in compressible fluids.
1.1 Types of Nozzes
Nozzles can be divided into two types

T, = Temperature after the shc
Te = Temperature at the e

p1 = Density before the shock
p2 = Density after the shock

pe = Density at the e

A = Area at the sho

A; = Area at the throat

1. Convergent nozzle
2. Convergent — Divergent nozzle
Convergent Nozzle
In this type area of nozzle is continuously
decreasing. Generally this type of nozzle used w&her
subsonic speeds are required. Maximum Mach number
obtained by the use of convergent nozzle is 1 attlhoat.

High zrlmre —»  Subsonic High pressure , ) .
an. ow flow and low Subsonic Supersonic Supersonic
velocity Inlet N _»  outlet velocity I nlet N flow outlet
/ '

Fig 1.1: Convergantzle

Convergent — Divergent Nozzle
This nozzle is extension of convergent nozzle.
Divergent portion added after convergent to get the
supersonic flows. In convergent part of the nozhled is
compressed and reaches to sonic condition (Maclbeums
1) at the end of the convergent portion. Area dqoaif
nozzle as follows,
dA dv
= a-m)
If the Mach number is less than one, decreasing of
area causes increasing the velocity. If the Macmber is
greater than one, increasing of area causes inogeése

Fig 1.2: Convergent —Divergent nozzle

velocity. If the sonic condition is not reached thtoat,
nozzle behaves as a venturi meter in which velogty
decreased at the divergent portion and gettingosubsiow
at the exit of nozzle.

2. LITERATURE REVIEW
A. A. Khan et al [1] simulated the flow separation
in a Convergent Divergent nozzle and observed ovat
expansion flow in the nozzle is quiet complex antk o
dimensional theory can not reveal all flow featurgsing
Fluent software they obtained the complex flow Bz
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like lambda shocks, Aftershocks accurately. Q. Xédaal
[2] analyzed the flow separation in a Convergentegent
nozzle of area ratio 1.5 and conclude that flowasaies
symmetrically and asymmetrically for the range db ¥
NPR < 2.4 depending on the initial flow fields. Asyetric
flow separation captured by the computation is esteu
Static pressure is continuously expanded up tostimck
and pressure increased after the shock. For tharasiric
case flow separation dominates the nozzle flow arude
turbulence obtained compared to the symmetric séipar
Madhu B.P et al [3] had done numerical simulatidn o
supersonic flow in conical and contour nozzles and
concluded that with the increasing of divergentlarstpocks
are eliminated in the diverging portion. Comparedhw
conical nozzle, contour nozzle has more velocitthatexit
of nozzle and higher flow separation. Poson Rowlgtl]
analyzed Rocket engine nozzle with different cogeet
and concluded divergent angles and conclude thegeth
angles and throat radius influence the static press the
nozzle and also concluded that with the increase of
diverging angle Mach number is increased. RabhaouHa
[5] analyzed the effect of mesh size on viscousvfio
nozzle and concluded that mesh size is more impbtta
get accurate values in the viscous flow analysisdeCis
stable and gets the exact values when the gridisizery
small. In viscous analysis mesh size also influgheewall
stresses.
3.METHODOLOGY

3.1 Theoretical Analysis

If the properties are varied in only in one direnti
and the property changes in other directions néggiethen
the flow is consider as one dimensional flow. Theving
theoretical equations are used for solving the lprob.
Continuity Equation
Continuity equation based on the principle of @wmation
of mass.

m =pAV = constant
Apply logarithm and differentiating above equatfon
steady, one dimensional flow the continuity equat®
dp dv dA
0 + v + o 0

Energy Equation
According to first law of thermodynamics energy &tjpn
for steady, one dimensional flow is

2 2
h, + 2000+ZZ+W h, + 2000+21+Q
4. MODELLNG

For nozzle work done by the nozzle is zero, no haassfer
across nozzle wall (adiabatic) and potential headlet and
outlet of the same (Z7,).
Then the energy equation is reduced to

2 V. 2

1
b, + 2000

2 _
27 2000

For a nozzle Y<<<< 'V,

V, = ,/2000(h,—h,)

Mass Flow Rate
Mass flow rate along the nozzle is given by thédofeing
equation

m_ Y PM T, ~C+D)
— ( ) (Y-1)
AT R T
Maximum mass flow rate is achieved when Mach nunalber
the throat is 1 (sonic flow).
Properties Across Shock
Along the shock Mach number is decreased and peessu
temperature, density increases. If we consider M
and M are Mach numbers before and after shocks then
, (Y =DM*+2
2YM, 2 — (Y —1)

Along the shock stagnation temperature is con$taint
stagnation pressure reduced due to irreversibility.
To1 = Ty, And Py > Py,

P, and B are pressures before and after shock then
P, (1+YM;?)
P, (1+YM,%)
T, and T, are temperatures before and after shock then
r, (1+22) M

T, ( 1+ —) M,2
Agand A are the areas at the shock and throat then

2

e ()0
A (\y +1 7 M)l
p1andp, are density before and after shock then
p2 (Y + DM,

P (Y= 1DM,* +2
The above equations only suitable for inviscid, one
dimensional, steady flows. To get the results fiscous,
unsteady and 3-D solutions we use governing equatid
the flow.

A two dimensional Convergent-Divergent nozzle bingsrea equation
A=1+4+223(X—15)? for0<X<15

=1+0223(X —1.5)2for 1.5<X<3

&

1.377

l

--------- Ref (6)

0.6¢
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Fig 4.1: Convergent — Divergent Nozzle model

4.1. Effect of back pressure

Variation of back pressure in C-D nozzle causes
variation of flow from subsonic to supersonic flo&o it is
important to maintain the back pressure properly tfe
efficient performance of the nozzle depending or th

application. In this analysis back pressures areeddrom
inlet pressure to design pressure to know the énfte of
back pressure on the performance of nozzle.
Parameters used for the analysis are,

Mesh size 640 x 15 Residue 31e
Pressure inlet 100 kPa, 300 K Pressure outlet kPa0to 10 kPa
Material Air (Ideal gas) Fluid Inviscid

4.2. Effect of Shock

Shock is the sudden increase in pressbm. some back
pressures shocks are developed in the divergernpof

the nozzle. With variation of back pressure, thaidfl
properties across the shock vary considerably. tS i

important to know the variation of properties asrafiock
at different back pressures. For this analysiscseteNPR
are 1.176, 1.25, 1.33, and 1.428.

Parameters used for the analysis are,

Mesh size 640 x 15 Residue S31e
Pressure inlet 100 kPa, 300 K
Pressure outlet 85 kPa, 80 kPa, 75 kPa, 70 kPa terlsla Air (Ideal gas)

5. RESULTS AND DISCUSSIONS
5.1 Results for back Pressure effect

Figure 5.1(a) represents the Mach number variation
through the nozzle. At the back pressure of 99 RRach
number increases along the nozzle up to the thaoat
decreases in diverging section resulting subsdoiw. fAt
the back pressure of 87.5 kPa, Mach number athteatt
just reached to sonic condition and decreased\ierging
section. For back pressures of 50 kPa shock oldénvine
diverging section due to sudden increase of pres#uross

the shock Mach number is decreased. At the backspre
of 42 kPa design conditions are reached and Machbeu
is constant that means further decrease of badsire will
not affect the exit Mach number. Figures 5.1(bL(&. &
5.1(d) represent the corresponding pressure, geasit
temperature variations along the nozzle.
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Fig 5.1(a) Fig 5.1(b)
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Fig 5.1: Variation with back pressure (a) Mach nem({b) Pressure (c) Density (d) Temperature

Table 5.4: Comparison of theoret

ical and CFD vahtedesign condition

Variable Theory CFD % Error
M ach number 1.86 1.857 0.161
Pressure (Pa) 15870 15887 0.107
Density (kg/m°) 0.307 0.312 1.628
Temperature (K) 177.33 177.48 0.084

5.2. ResultsFor Shock Effect
Figure 5.2 shows the Mach number, Pressure, Bensit
and temperature variation with NPR. Across the kiach
number is decreased and becomes subsonic at thef émel

shock. After the shock Mach number decreased aguiisly
in diverging part of the nozzlePressure, Density and

temperature increases across the shock. The attea sttock
and shock strength increases with NPR as showrhen t
figures 5.3 and 5.4. Figure 5.5 represents Mach beum
contours and from these contours clearly obsehagsshock
moves towards exit of the nozzle with increase BRN
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Fig 5.2: Variation with NPR (a) Mach number (b) $ere (c) Density (d) Temperature
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6. CONCLUSIONS

1. The wide variation of velocity, pressure, be easily extended for any improvements or
temperature and density along the nozzle demands modifications in design.
an effective design of nozzle in different 3. A number of parameters influence the flow pattern
applications. in a Convergent-Divergent nozzle. The effect of
2. The numerical method adopted (CFD) predicted these parameters can be studied using CFD
the performance of subsonic nozzle exactly with technique before proceeding for the design.

theory (less than 1% error) and hence CFD tool can
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4. In convergent nozzle only under expansion takes
place and that to be outside the nozzle, where as i
Convergent-Divergent nozzle when the back
pressure is above design value overexpansion takes
place in diverging part of nozzle resulting in the
form of shock waves.

5. The location and strength of a shock wave depends
on back pressure and the presence of a shock is
always a loss to the nozzle performance. As NPR
increases the shock moves towards the exit of the
nozzle.

6. The CFD methodology adopted for the prediction
of shock closely matches with theoretical results
with a deviation of less than 5 %.
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