Gas Dynamics for Study of Nozzles
Critically Off-Design Conditions
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Movement of Normal Shock Towards Exit
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Occurrence of Attached Oblique Shock
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Flow Visualization Studies
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Approaching to Design Back Pressure
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Steady Cruising Design Conditions
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Local Turbulence leading to Back Pressure I
Lower than the design conditions
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Back Pressure Lower than the design
conditions
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Design of Nozzle : First Step I

e The nozzle deals with expansion of turbine exit
gas from a low subsonic flow to supersonic
outlet condition and hence this is a
convergent-divergent (CD) nozzle.

 The first step in the design of a nozzle j
determlne the dimensions of inlet area
core (1+f r(Xi)A(Xi)V(Xi)

A(x) = Meore (1+ f) Meore (1"' f)RT X

F(%)V(x) PXV(X)
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One dimensional Gas Dynamics Equations I

Non reaction, no body forces, viscous work

negl&)'ﬁg%rvation of mass for steady flow:
dp ,dv_ dA _,
p |4 A

Conservation of momentum for frictional steady flow:

2
XMZde+dp+XM2dV2 =0
2" D, p 2V

Conservation of energy for ideal steady flow:
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Other Equations

dp dp dT _
p p T
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ldeal Gas law :
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Theory of Nozzle Design I

Momentum equations for Adiabatic steady one
dimensional frictional flow :
d 4 {d dV
p+gM2 fx+gM2_:O /(',\
p 2 D 4 ox

X
« The conventional design practices are based og)D ,/(,v
£k

dictating the variation of cross-sectional area
(geometric theory)of the ejector.

e |tis well known fact that the nozzle establishes&M (3
continuous momentum and energy changes in the
flow of gas from inlet to exit.

 Final flow outlet conditions are achieved for a
given inlet conditions of flow.

I A physics based design theory is essential.



Physics based Design Theories

 Constant Rate of Momentum Change (CRMC)

 Constant Rate of Kinetic Energy Change
(CRKEC)

e CRMC theory:
 Define M as rate Momentum of gas flow.

e The change in ﬂa]te wanomentum of gas flow
is defined as:  gx " dx

 The basis for the CRMC theory is to keep the
value of dM/dx constant. o

* Select an appropriate value for this c;m%lt@gt =/
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dx 1

| /



Design Equations for CRMC Nozzle

Base equation for CRMC nozzle; K e
dv | dx X Iw _____
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Estimation of Friction Term
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Flow Chart for Geometry generation

STEP 1= INPUT IMNITIAL FLOA PARARMETERS
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STEP 2: CALOULATE OTHER DEPEMDENT VARIABLE
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STEP 5: APPLY EQUATRONS TO CALCUMATE
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Model Nozzle I
e A\ =45658

e |[nlet temperature = 298K

* |Inlet Pressure= 400kPa

* Inlet Area = 0.000176625 m?2

e Mass flow rate = 0.03767 kg/s
 Thickness of the pipe = 0.0125 m

e Coeffecient of condcution of the material = 54
W/m2K (Mild steel)

e Tamb = 298 K

23




Shape of CRMC Nozzle
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Pressure variation in CRMC
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Design Equations for CRKEC Nozzle

Base equation for CRKEC no

(KD =2V =

dx dx

dv _f dx
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Road Map to Test Novel Ideas

Gas Dynamic
Description &
Formulation

Introducing
Friction Model

e oS,
MATLAB code to

generate nozzle
profile using Gas
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Computerized Gas Dynamic Analysis of I

Nozzle
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COMPUTATIONAL STUDIES - Governing Equations
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Boundary Conditions

SN | Boundary | Boundary | Stagmation | Static | Temperature |~ Wall

, type | pressure | pressure (K) roughness

[. | Inlet | Pressure | 25torr | I8tomr 300 NA
nlet

2 | Outlt | Pressure | NA 0 NA NA
outlet

3| Wall Wall NA NA | Adabatic |.5e-6

4 | Symmetry | Symmetry | NA NA NA NA

|




Grid Size independence check

S.N. Grid Nozzle Exit Static Mach Static
Size(mm) | Length(mm) | Size(mm) | Pressure(torr) | No. | Temp(K)
1 1 25 10.2238 2.2241 2.0288 | 164.7045
2 0.5 255 10.5321 2.323 2.0261 | 164.8076
3 0.3 253 10.513 2.4165 2.012 | 165.8192
4 0.1 252 10.5128 2.4974 2.0021 | 166.5263
5 0.08 352 10.5103 2.507 2.0006 | 166.6294

We have selected grid size of 0.1mm
Friction vs. frictionless model
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Optimization of CRMC nozzle length

Length Vs Lambda
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Analysis of Simulation data |

lambda | length | M Ps Pt | Ploss | To
200 | 4133 | 20629 | 2.179 | 2031 | 4.69 |300.017
300 | 288 | 20159 | 2514 | 2131 | 3.69 | 300
350 | 25.2 | 1.9986 | 2.6335 | 21.619 | 3.381 | 300.02
400 | 225 |197086| 2.7656 | 21.65 | 3.35 | 299.99
450 | 204 | 19648 | 2.8464 | 2189 | 311 | 300
500 | 187 | 1.948 | 2944 | 21.97 | 3.03 | 300.01
700 | 143 | 1.8 33837 2127 | 373 | 300

|




Optimal design of CRMC Design

TotaPressure loss

Pressure loss(torr)
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Experimental Set-up

Air
Compressor
Unit

Differential Pressure Module

and Data Scanner-Logger

Pressure Gauge
Pressure tapings

............

Valve Nozzle

Schematic of the Experimental Setup
36






Comparison of Experimental and Fluent

data
Inlet
Axial Melzrl%srtsesgjﬁe_:s()()kpa
- i . Pressure from
Position Experimental (in %Error
(in mm) kPa) Fluent®
(in kPa)
8 270.82 267 -1.43097
13 254.46 255 0.210745
18 234.12 230 -1.7937
23 224.84 218 -3.13816
28 212.46 205 -3.64004
33 205.38 195 -5.32734
38 163.83 167 1.898255
43 160.29 155 -3.41486
48 129.78 130 0.163544
53 123.59 121 -2.14698
58 109 115 5.210268
63 101.93 109 6.482182

68 102.81 106 3.001281




[ Comparison of Experimental and Fluent
data

Inlet Pressure=300kPa
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I F-14 Engine

TF-30-P-414 engine manufactured by Pratt and Whitney
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I F-14 Engine Performance Rating

Performance ratings at standard altitude

: Altitude Thrust TUrPINe  iflow
Rating (m) Y ETd ! (N) Inlet (kg/s)
temp (°C) 9

6096 “ 23517.7 1070 65.68
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Simulation at Design Condition (CRMC)

P
Cartedn
e
& T
Sh rL"'""l il i
L L
HIL ‘% .
P [ |
e L R R,

SER-01
kil
Imse-01
25101
15401
97 fe-02
2e-m

Shikicci@repsveewaristion islongonozzie emgtngth I




I Simulation at Intermediate at Sea Level
Conditions (CRKC)




Comparison of Normalized total Pressure
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Comparison of Normalized total Pressure

Intermediate (Standard Alt)
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