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Abstract: Nozzle is a mechanical device used to increasaelocity by the use of pressure energy and guytatithe fluid. The
nozzles are used in subsonic and supersonic velapjtlications and it is important to know the bébeof the flow in nozzles
for the effective design. In this analysis convetgeozzle is considered and mainly focused on tfeeieof back pressure on the
performance of the nozzle. When inlet and backques are equal flow is not possible and with therehse of back pressure
mass flow rate and Mach number increases. At tdeesults compared with theoretical values.
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1. INTRODUCTION 1. Convergent nozzle
2. Convergent — Divergent nozzle
Nozze
Nozzle is a mechanical device of varying crossiseat 1.1.1 Convergent Nozzle
area and used to In this type of nozzle, cross sectional area is

in incompressible fluids. . .
2. Increase the velocity with the expense of pressure, nozzle used where subsonic speeds are required.

enthalpy in compressible fluids. Maximum Mach number obtained by the use of

1 Types Of Nozzes convergent nozzle is 1.0.

Depending on the shape, nozzles can be dividedtinto

types.

High _,\ High —h\/ _
pressure . pressure > Supersonic
and low IRl and low flow outlet
velocity —» flow outlet velocity B

Inlet /" Inlet —'/_\

Fig 1.1: Convergent Nozzle Fig 1.2: Convergent — Divergent Nozzle
1.1.2Convergent — Divergent Nozzle determine the nozzle performance effected by

This nozzle is extension of convergent various parameters.
nozzle. Divergent portion is added at the end of
convergent section to get the supersonic speeds.

1.2CFD

CFD is a tool which is used to convert the partial
differential equations into algebraic equations.
With the advancement of computers solving
complex flow problems made easy. Results
obtained by the analysis are more accurate and
also reduces time for solving. Analyzing problems
by using experiments leads to high cost and time
taken is more with the use of analytical
approaches. To overcome these difficulties usage
of software increased in the recent years. It also
reduces complexity for designing the models and
avoids the rework. In this analysis different
techniques are used for different analyses to
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2. ANALYSISOF NOZZLE FLOW
2.1 Theoretical Analysis

2.1.1 Governing equations of fluid flow:
1. Conservation of mass
2. Conservation of momentum
3. Conservation of energy
Conservation of mass
Governing equation of conservation of mass is
9p  9(pw) + 9(pv) + 9(pw)
ot ox oy oz
For steady state, 2-dimensional analysis equatiorbe reduced as follows
9(pu) + 9(pv)
ox 9y -

=0

Conservation of momentum
Governing equations of Conservation of momenturrearfllows

X- Direction
O(pw) | O(pu?)  O(puv)  O(puw) _ Op 1 Ot O(tyx) 490,
ot )’ Oy oz BX Re Ox Oy oz
For steady state, 2-dimensional analy5|s equasaorbe reduced as follows
O(puY)  S(w) _ Op O(tx) e(Tyx)]
(S)'¢ oy T Ox Re T ox oy
Y- Direction
B(pv) N B(puv) +a(pvz) N O(pvw) _ 9p kS [a(rxy) N O(tyy) e(rzy)
ot )’ Oy oz 9y Re Ox 9y oz
For steady state, 2-dimensional analysis equatiorbe reduced as follows
Opuv)  B(pvY) _ Op, 1 [e(rxy) N e(ryy)]
OX Qy 9y Rg OX y
Z- Direction

S(w) | S(puw) | Bpvw) | BGw?) _ Op 1 O(t) (1) , 8()
ot Ox 9y oz 9z R, S)' Oy oz
For steady state, 2- Dimensional analysis Z- Dioecterm is eliminated

]

Conservation of energy
Governing equations of conservation of energy is

v2 v2 v2 \%
8[p(e+7)] 8[pu(e+7)] 8[pv<e+7)] 8[pw(e+—) 92T 92T ap op . 9p 5
ot * ox + 9y + oz K[Oxz Oy +SZZ]+(U5+ V_+ )+u(u 8x2+8x(v_+
oW %y [S] ou ow o%w o 2 Ou Ov 2 OV Ow 2 Ow Ou
woe) v st (u e wS) s w T+ 2 (v S uS) + MG + TS G+ 5 S+ G+ TS

For steady state, 2-dimensional analysis equatiorbe reduced as follows

2

9[9“(e+v7)] 9[9V<e+v7)] —K o%T | O%T o%u |, © ov o%v | © ou 2l (22
+ = [ +—]+( —+ v )+|J[( —+&(V$)+ vS_yZ+8—y(u8—y)]+ H[(&) +

ox2

()2]

ox2  9y?
Su Sv

By SX

2.1.2 Continuity equation
Continuity equation based on the principle of conation of mass.
m =pAV = constant

Applying logarithm and differentiating equatiorr f&teady, one dimensional flow the continuity egprat s
dp , dvV | dA _
? + v + a = 0
2.1.3 Energy equation
According to first law of thermodynamics energyation for steady, one dimensional flow is
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2 V12
000t tQ

For nozzle work done is zero, no heat transfersscnozzle wall (adiabatic) and potential head lat end outlet are same
(Z1=2»).

Then the energy equation is reduced to
2

V,?

h Z_ =
2+ 2000

* 2000

For a nozzle Y<<<< V,

V2 = 4/ ZOOO(hl_hz)

For flow process h=U +P

Where U = internal energy vP= Flow work
2.1.4 Mass flow rate

Mass flow rate along the nozzle is given by théofeing equation

m_ Y PM T0 =G

2(r-1)

A \/7 T

A two dimensional Convergent nozzle is modeled sipgithe area equation

3. MODELSFOR CFD ANLYSIS

A=1+223(X - 1.5)2

T

1.33m

1

For&X<1.5

N

0.56

)

|<—

Effect of back pressure

15m 4’|

Back pressure plays a very important role in thedyesis of convergent nozzle. Variation of the back
pressure causes changes in the Pressure, Mach nuaabsity and temperatures in the nozzle. Thi$yaisa
is required to know the influence of back pressur&onvergent nozzle

Parameters used for the analysis are,

Mesh size 640 x 15 Residue 31e
Pressure inlet 100 kPa, 300 K Pressure outlet kP20to 10 kPa
Material Air (Ideal gas) Fluid Inviscid

4. RESULTSAND DISCUSSION

Mass flow rate in the nozzle increases with the
decrease of back pressure and attains maximumnitigalr
pressure. Further decrease of pressure will nacafthe
mass flow rate. Variation of mass flow rate withcka
pressure resulting from theory and CFD are showkidgare
5.1. Exit pressure is equal to back pressure upeeritical
condition and remains constant below the critioaspure
as shown in Figure 5.2.

Figure 5.3 represents the Mach number variation
through the nozzle. Mach number at the exit of teozz
increases with decrease of back pressure up taadrit
pressure. At critical pressure Mach number readbeaghe
at the exit of the nozzle. Further decrease of laeksure
has not affected the variation of Mach number.

Pressure, density and temperatures decreased with
the decrease of back pressure up to the critiesspre and
a further decrease of pressure not affected thpepties as
shown in Figures 5.4, 5.5 & 5.6.

Figures 5.7 & 5.8 clearly show the Mach number
and pressures contours along the nozzle at diffdvank
pressures. From these contours we can clearly wbsbe
Mach number and pressure variation with back pressu

The exit values for different back pressures are
shown in table 5.1. A comparison of theoretical &¥#D
results at critical condition is made in table &l from this
table it can be clearly observed that the theaktiod CFD
values are nearly equal with insignificant error.
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Fig 5.1: Mass flow rate variation with back pregsuratio
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Fig 5.2: Exit pressure ratio Variation with baclegsure ratio
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Fig 5.3: Mach number variation with back pressure
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Fig 5.4: Pressure variation with back pressure
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Fig 5.5: Density variation with back pressure
300
291.14
290
. 281.54
v 280 =00 kpa
(]
= —80 kpa 271.05
® 270
o) =70 kpa
3
2 260 — 55 kpa
—052.83 kpa 253.05
250
—10 kpa
240
0 0.25 0.5 0.75 1 1.25 1.5
Nozzle length (m)

Fig 5.6: Temperature variation with back pressure
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Fig 5.7: Mach number contours with back pressure
Table 5.1: Exit values of Convergent nozzle
Back Exit Mach | Exit Pressure | Exit Density Exit Mass
Pressure number (Pa) (Kg/m®) Temperature | flow rate
(kPa) (K) (kg/s)
90 0.390 90000 1.076 291.14 143.597
80 0.573 80000 0.989 281.54 190.97
70 0.732 70000 0.899 271.05 217.23
55 0.844 55000 0.756 253.05 233.25
52.83 0.999 52830 0.725 248.07 233.44
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10 0.999 52830

0.725 248.07 233.44

Table 5.2: Comparison of CFD and Theoretical vahtesonic condition

Variable CFD Theory % Error
Mach number 0.999 1.00 0.075
Pressure 52830 52830 0
(Pa)
Density 0.084
(kg/m®) 0.725 0.734
Temperature 248.074 250 0.0872
(K)
Massflow rate 233.44 233.33 0.0417
(kg/s)

5. CONCLUSIONS

1. For the increase of back pressure Mach
number and Mass flow rate increases
up to some value and constant
although we decrease the back
pressure.

2. The numerical method adopted (CFD)
predicted the performance of subsonic
nozzle exactly with theory (less than
1% error) and hence CFD tool can be
easily extended for any improvements
or modifications in design.

3. Values obtained by analysis is nearly
matches with theoretical values.
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