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ABSTRACT 

It is well established that the swirl has a marked 

effect on the behaviour of free jets (single or co-axial); 

the flow field, the jet growth, mass entrainment and jet 

mixing are all affected. Also increased intensity of the 

swirl gives rise to a'recirculation zone at the central axis. 

However, the.presence of a confinement may limit jet develop,- 

ment because of the paucity of fluid:being available for 

entrainment. The present study was undertaken to investigate 

flow development for swirling co-axial jets exhausting into 

a confined circular duct having a diameter greater than the 

outer diameter of the annular jet. The important geometrical 

and dynamical parameters responsible for the mixing of the 

jets in .a confined space were. identified through an exhaustive 

review of the reported literature. Thereafter, the present 

program was clearly established keeping in mind the gap in the 

knowledge of the phenomenon. The experimental programme 

consisted of measurements of the velocity distribution, the 

flow angle and the wall static pressure for different combi-

nations of swirl in both the jets 14o-i- 

conditions: For this purpose, an experimental test rig with 

the possibility of fitting various vane type swirlers in both 

the inner and the outer jet was designed and fabricated. 

Several combinations of swirlers were also designed and 

fabricated to enable one to vary the swirl intensity in the 

two jets independently, In all 28- swirl combinations 
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covering the condition of no swirl, co-and contra-swirls 

were investigated. For anoptimum contra swirl combination 

(0=-4-5c I-x-30°), eight set of experiments were conducted to 

investigate the effect of variation in the geometrical para-

meters on flow development. The velocity distribution was 

measured by traversing radially a calibrated 3-hole pressure 

probe at different axial locations along the length of the 

test section upto a point where the flow tended to become 

uniform. A tuft probe was also traversed for flow visualisa-

tion. The data was processed on an ICL 2960 computer and 

analysed to give thce distribution of velocities, the centri-

fugal force, the angular momentum, etc. All the results 

have been presented graphically. The experimental results 

indicate that swirl imposed on the inner jet results in an 

increased mixing whereas swirl imposed on the outer jet 

enhances both the mixing and the rate of spread. For weak 

co-and contra swirl combinations, no marked effect was observed 

on the flow development. However, a strong contra-swirl 

results in improved -mixing. A wall recirculation zone was 

found to occur for all cases investigated with its shape and size 

changing depending on the swirl conditions in the jets. 

A central recirculation zone close to the jet exit plane was 

observed for conditions of strong swirl in the inner jet. 

Its formation and location in the test section was strongly 

influenced by the geometrical parameters such as the expansion 

shape, the expansion ratio, the test section length, etc. 
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The flow was theoretically predicted by numerically 

solving the elliptic form of the Navier Stokes equations. 

The existing Teach-T programme was successfully modified for 

predicting the cases of swirl in the co-axial jets. A stream-

line curvature correction was incorporated in the computor 

program. The numerical predictions were compared with the 

experimental results and a good matching was observed for 

conditions of weak swirl. 

The results of the present study are likely to find 

• direct use in various practical applications including that 

for combustion chambers, thrust augmentors etc. 



3 
1 

5 

6 

6 

8 

9 

10 

CONTENTS 

PAGE  

ACKNOWLEDGEMENTS 

ABSTRACT 

CHAPTER-1 	INTRODUCTION 

1.1 Type of Jets 

1.2 Application of Jets 

1.3 Swirling Jets 

1.4 Swirl Generator 

1.5 Mixing of Jets 

1.5.1 Geometrical Parameters 

1.5.2 Dynamical Parameters 

1.5.3 Characterization of Mixing 

1.6 Scope of the Present Investigation 

CHAPTER-2 	REVIEW OF LITERATURE 	 13-34 

2.1 Jets 	 13 

2.2 Co-axial Jets 	 16 

2.2.1 Unconfined Co-axial Jets 	16 

2.2.2 Confined Co-axial Jets 	21 

2.3 Swirling Co-axial Jets 	 23 

2.3.1 Unconfined Swirling Co-axial Jets 21L1- 

2.3.2 Confined Swirling Co-axial Jets 	26 

2.+ Theoretical. Studies 	 29 

2.4.1 Co-axial Jets 	 30 

2.4.2 Swirling Co-axial Jets 	31 



PAGE  

2.5 Unexplored Parameters 	 33 
2.6 Present Problem Selection 	 31-1- 

CHAPTER-3 	EXPERIMENTAL FACILITY AND .E4IIPMENT 	35-45 
3.1 Experimental Facility 	 35 

3.1.1 Air Supply Unit 	 36 

3.1.2 Rectangular Diffuser 	 36 

3.1.3 Settling Chamber 	 36 

3.1.4 Inner Round Jet 	 37 
3.1.5 Outer Annular Jet 	 38 
3.1.6 Test Section 	 38 

3.2 Flow Regulating Device 	 39 
3.3 Vane Swirlers 	 40 

3.1+ Instrumentation 	 42 

3.4.1 Static Pressure Tappings 	42 

3.4.2 Three Able Pressure Probe 	42 

3.4.3 Tuft Probes 	 43 

3.4.4 Probe Traversing Gear 	44 

3.4. 5 Manometers 	 45 

CHAPTER-4 	EXPERIMENTAL PROGRAM 	 46-53 

4.1 Initial Conditions 	 46 

4.1.1 Inlet Conditions 	 46 

4.1.2 Exit Conditions 	 48 
4.2 Preliminary Investigation 	 48 

4.3 Final Experimentation and Procedure 	49 



PAGE  

4.4 Data Processing 	 50 

4.5 Sources of Error 	 51 

4.6 Lxpe ri men t al Accuracy 	 52 

CHAPTER-5 	COMPUTATIONAL TECIZTIQUE AND 	 5+-75 
NUMERICAL PROCEDURE 

5.1 Mathematical Formulation 	 55 
5.1.1 General Equation 	 55 
5.1.2 Turbulence Model 	 55 
5.1.3 Tangential Momentum Equation 	58 

5.2 Inlet Conditions and Boundary Conditions 59 

5.3 

5.4 

5.2.1 	Inlet Conditions 59 
5.2.2 	Boundary Conditions 59 

Modifications in the Teach-T Code 62 

Formulation of the Computer Code 64 

5.4.1 	Grid and Notation 64 

5.4.2 	The Finite Difference Equations 65 

5.4.3 	Solution Procedure 	• 66 

5.4,4 	Incorporation of Boundary 68 
Conditi on s 

Convergence and Under Rel axati on 69 

The Computer Program 70 

5.6.1 	CONTRA (Main Program Routine) 71 

RESULTS AND DISCUSSION 76-143 

Non-Swirling Jots 77 

5.5 
5.6 

CHAPTER-6 

6.1 



PAGE 

6.2 Effect of Swirl in the Inner Round Jet 80 

6.2,1 Inlet Velocity Profile 	80 

6.2.2 Flow Development 	 81 

6.3 Effect of Swirl in the Outer Annular Jet 84 

6.3.1 Inlet Velocity Profile 	85 

6.3.2 Flow Development 	 86 

6.4 Effect of Co-swirling Jets 	 89 

6.4.1 15°  Swirler in the Outer Jet 	90 
with varying magnitude of co-
swirl in the Inner Jet 

6.4.2 30°  Swirler in the Outer Annular 93 
Jet with varying magnitude of co-
swirl in the Inner Jet 

6.4.3 45°  Swirler in the Outer Annular 96 
Jet with varying magnitude of co-
swirl in the Inner Jet 

6.5 Effect of Contra-Swirling Jets 	101 

6.5.1 15°  Swirler in the Outer 
Annular Jet with varying magni-
tude of Contra-swirl in the 
Inner Jet 

6.5.2 30°  Swirler in the Outer 
Annular Jet with varying magni-
tude of Contra-swirl in the 
Inner Jet 

6,5.3 45°  Swirler in the Outer 
Annular Jot with varying magni-
tude of Contra-swirl in the 
Inner Jot 

6.6 Effect of Swirl 

6.6.1 Mixing of Jets 

6.6.2 Wall Recirculation 

101 

103 

107 

111 

112 

113 



RAGE  

6.6.3 Central Recirculation Zone 	114 

6.6.4 Achievement of Uniform Flow 	115 

6.6.5 Stagnation Pressure Loss 	116 

6,7 Effect of Expansion Shape at the 	117 
Jet Exit Plane 

6.8 Effect of Expansion Ratio 	 120 

6.9 Effect of Changes in the Test Section 	123 
Geometry 

6.9.1 Effect of Blockages at the 	124 
Test Section Exit 

6.9.2 Effect of Test Section Length 	127 
Reduction 

6.10 Distribution of Centrifugal Force and 	130 
Angular Momentum 

6.10.1 Centrifugal Force 	 130 

6.10.2 Angular Momentum 	 135 

6.11 Thx§oretibal Predictions . 	 135 

6.11.1 Velocity Predictions 	 137 

6.11.1.1 Non Swirling Jets 	137 

6.11.1.2 Inner Swirling Jet 	138 

6.11.1.3 Outer Swirling Jet 	139 

6.11.1.4 Contra Swirling Jets 	141 

6,11.2 Turbulence Energy Predictions 	142 

CHAPTER-7 CONCLUSIONS 	 144-149 

7.1 Conclusion 	 144- 

7.2 Recommendations for Future Work 	148 



(vi) 
PAGE 

N OTAILCVS 	 150 

REFERliNagi 	 152 

APPENDIX A Estimation of the Mass Plow Rate 	t59 

B The Tri-diagonal Matrix .Algorithm 	161 
(TDMA) 

ts 	C Pressure Correction Equation 	163 
ti 	D Mass Stability Modification 	166 

E The High Flux Modification 	167 

F Reliability of Experinental Data 	168 

PLATES 3.1: Experimental Test. Rig 	 171 

3.2: Jet Configuration 	 171 

3.3: &wirier* 	 1,72 

3.4: Probes 	 173 

3.5: Circular Confinement and Difflisers 	173 

1.1: Type of Jets 	 174 

1.2: A Confined Co-axial Jet 	 175 

1.3: Flow Pattern in •a Combustor Geometry 176 

1.4: Eddy Stricture 	 176 

2.1: Flow Development in Different 	177 Regions of Co-axial Jets 

3.1: Experimental Set Up 	 178 

3.2:.  Enlarged View of the Jets 	179 Showing the Interface 

3,3:_____Arrantement_for Fixing the 	179 Central Jet in Position 

3.4: Diffusers for Expansion Shape Study 180 

3.5: Flow Regulating Device for Inner 	181 or Central Jet 

FIGURBS 



Fl CURES 3.6a: Dimensions of Huble ss Swirler 	182 

3.6b: Dimensions of Annular Swirler 	183 

3.7: Three Hole Probe Calibration 	184 

3. 8 : 	3D Traversing Mechanism 	185 

4.1: 	Flow Chart 	 186 

5. 1 : 	The Law of the Wall 	 187 

5.2: 	The Grid Geometry 	 188 

5.3: 	The u-And v-Control. Volumes 	188 

5.4: Flow Chart for Co-axial 	189 

6.1: 	Veloc:ity Distribution for Non 	190 Swirling Jets 

6.2a: Velocity and Pressure Coefficient 
Variation Along the Centre Line 	191 
for Non Swirling Jets 

6.2b: Wall Pressure Distribution along 
the Confinement for Non Swirling 	191 
Jets 

6.3': 	Velocity Distributiork for Central 192  
Swirling Jet (I = 15") 

6.4: 	Velocity DistributiorA for Central 
Swirling Jet (I = 30-) 

6.5: 	Velocity Distributi for Central 194 
Swirling Jet (I = 4-5"

oR 
 ) 

6.6: 	Velocity Distribatiopi for Central 195 
Swirling Jet (I = 60") 

6.7a: Velocity and Pressure Coefficient in6  
Distribution along the Centre line 17  
for Non Swirling and Central 
Swirling Jet 

-"6.-7b: --  Vali Pressure Distribution_along_ _196 
the Confinement for Non Swirling 
and Central Swirling Jet 

.193 

6.8: 	Velocity Distribution for Outer. 	197 Swirling Co-axial Jets (0= -15w) 



FIGURES 6.9 : Velocity Distribution for Outer 
Swirling Co-axial Jets (0= -30°) 

6.10: Velocity Distribution for Outer 
Swirling Co-axial Jets (0= -45') 

6.11a:Centre line Velocity and Coeffi-
cient of Pressure Variation for 
Outer Swirling Co-axial Jets 

6.11b:Wall Pressure Distribution for 	200 Outer Swirling Co-axial Jets 

6.12: Velocity Distributionofor Co- 	201 
Swirling Jets (0= -15 , I= -150) 

6.13: Velocity Distributionofor Co- 	202 Swirling Jets (0= -15 , I= -30°) 

6.14: Velocity Distributionofor Co-
Swirling Jets (0= -15 7  I= -45') 

6.15a: Centre line Velocity and Coeffi-
cieRt of Pressure Distribution for 
-15 Outer Co-Swirling Jets 

6.15b: Wall Pressure Di strituti on for -15°  
Outer Co-Swirling Jets 

6.16: Velocity Distributicn,for Co- rt, 
Swirling Jets (0= -30', I= -15-) 

6.17: Velocity Distributionofor Co-
Swirling Jets (0= -30', I= -30°) 

6.18: Velocity Distribution for Co-
Swirling Jets (0= -30°, I= -45") 

6.19a:Centre line Velocity and Cpeff. of 
Pressure Variation for -30 Outer 
Co-Swirling Jets 

6.19b:Wall Pressure Distribution for -30°  
Outer Co-Swirling Jets 

6.20:_ Velocity Distribution,for. Co- 
• SIfiiiingJets—(07=. 	59)— 209 

6.21: Velocity Distribution,for Co- „ 
Swirling Jets (0= -45", I= -30') 210 

198 

199 

200 

20 3 

204 

204 

205 

206 

207 

208 

208 



FIGURES 6.22: Velocity Distribution forCo-
Swirling Jets (0= _14.5 %), 1= ...450)  

6.23: 	Velocity Distribution for Co- 
Swirling Jets (0= -1+5", I= -601 

6.24a: Velocity Distribution and Coeff., 
of Pressure Distribution for -1+5' 213 
Outer Co-Swirling Jets 

6.24b: Wall Pressure Distribution for -1+50 213 
Outer Co-Swirling Jets 

6.25: 	Velocity Distributionjor Contra 	211+ Swirling Jets (0= -15  ', I= 15 
6.26: 	Velocity Distributicnofor Contra 	215  Swirling Jets (0= -.15 I= 30 ) 
6. 27 : 	Velocity Distributicnofor Contra 

Swirling Jets (0=. -1 5 , I= 451 

6. 28a: Centre. Line Velocity and Coeff. 
of Pressure Distribution for Contra 
Swirling Jet with Annular Jet 	217 
fixed at -1 

6. 28b: Wall Pressure Distribution for 
Contra Swirling 'lets with Annular 217 
Jet fixed at -1 5' 

	

6.39: 	Velocity Distribution,for Contra 	218 Swirling Jets (0= -30', I= 15").  

	

6.30: 	Velocity Distribution for Contra 
Swirling Jets (0= -30', I= 30') 

	

6.31: 	Velocity Distribution,for Contra - 
Swirling Jets (0= -30', I= 1-4-5") 

6.32a: Centre Line Velocity and Coeff. 
of Pressure Distribution for Contra 
Swirling Jets  with Outer Jet 	221 
fixed at -30' 

211 

212 

216 

219 .  

220 

--6. 32b:-- Wall- Pressure-Di stributi on_fo 	_ 
Contra Swirling ,Jets with Outer 	221 
Jet fixed at -30' 

6.33: 	Velocity Distribution for Contra 
Swirling Jets (0= 	= 15°) 222 



(x) 

	

FIGURES 6.34: 	Velocity Distribution,for Contra 
Swirling Jets (0= -1+5-, I= 30') 

	

6.35: 	Velocity Distribution for Contra 
Swirling Jets (0= -45'7  I= 45') 

	

6.36: 	Velocity Distribution forContra 
Swirling Jets (0= -1+5 , I= 60 ) 

6.37a: Centre Line Velocity and Coeff. 
of Pressure Distribution for 	226 • 
Contra Swirling tiSets with Outer 
Jet fixed at -45 

6. 37 b: Wall Pressure Distribution for 
Contra Swirlingets with Outer 	226 
Jet fixed at -45" 

	

6.38: 	Velocity Distribution for Straight 
Diffuser Expansion for fixed 
Expansi8n Rati000f 2.0 for 	227 
(0= -45 , 1= 3o) 

	

6. 39: 	Velocity Distribution for Shaped 
Diffuser Expansion for fixed. 
Expansisn Ratio,of 2.0 for 	228 
(0= 1+5 , 	30) 

6.40a: Centre Line Velocity and Coeff. of 
Pressure Distribution for fixes  
Swirl (Outer = -45 Inner= 30) 	229 
and Expansion Ratio of 2. 0 

6.40b: Wall Pressure Di stribuqon for 	,229 
fixed Swirl (Outer=" -45 , Inner= 30°) 
and Expansion Ratio of 2.0 

6.41: 	Velocity Distribution for an Ex- 
pansion Ratio of 1.5 for ixed 0  230 
Swirl Combination (0= -1+5 , 1= 300) 

6.42a: Axial Velocity Distribution for 
Expansion Ratio of 3.0 f9tr Fixed, 
Swirl Combination(0= -45'7  I= 300) 

6.42b: Circumferential Velocity Distribu-
tion for an Expansion Ratio of 3.0 
with a 1ixed Swl)r1 Combination 	232 
(0= -45 7  I= 30 ) 

223 

224 

225 

2.31 



FIGURES 6.43a: 

6.43b: 

6.43c: 

6.44: 

6.45: 

6.46: 

6.1+7: 

6.48a: 

Centre Line Velocity and Coeff. of 

Pressure Distribution for Contra 	
233 

Swirling Jets for Different Test 

Section Shapes 

Wall. Pressure Distribution fnr 

Conti, Swirling Jets (0= -45', 

I= 30') for Different Test 

Section Shapes 

Variation of the Attachment Dis-

tance on the Confined Boundary as 

a function of the Expansion Ratio 

Velocity 

Swirling 

Blockage 

Velocity 

Swirling 

Blockage 

Distribution for Contra 

Jets(0= 45', I= 30°) with 235 
Ratio of 0. 75 

Distribution for Contra 

Jets(0= -45', I= 30') with 236 

Ratio of 0.5 

Velocity Distributi for Contra 
Swirling Jets(0= -45', I= 30') for 237 

Test Section . Length of 9 do  

Velocity Distributior6 for Contra 

Swirling Jets(0= -45 , I= 30') for 238 

Test Section Length of 4.5 do  

Centre Line Velocity and Coeff. of 

Pressure Distribution for Different 

Blockage Ratios and Test Section 

Lengths 

233 

234 

239 

240 

6.48b: Wall Pressure Distribution for 

Different Blockage Ratios and 

Tet Section Lengths 

6.49: Centrifga1 Foxy Distribtuion for 

(0= -45 5 I= 30 ) Combination of 	21+1 

Contra Swirling Jets with Expan-

sion Ratio of 2.0 

	

6.50: 	Centrifgal ForcR Distribution for 

(0= -1+5 7 I= -15') Combination of 242 
Co -Swirling Jots with Expansion 

Ratio of 2.0 

	

6.51: 	Centrignal Fore8 Distribution for 

(0= -47, I= 30') Combination of 	242 

Co-Swirling Jets with Expansion 

Ratio of 2.0 



	

FIGURES 6.52: 	Centrifigal Forge Distribution for 243 
(0= -45 I= 30 ) Combination of 
Contra Swirling Jets with Straight 
Diffuser Expansion ( Expan si on Ratio= 2.0) 

	

6.53: 	CentrifUgal Forge Distribution for 
(0= -45'5  1= 30') Combination of 	2413 
Contra Swirling Jets with Shaped 
Diffuser Expansion (Expansion Ratio= 2.0) 

	

6.54: 	Centri&gal Forge Distribution for 
(0= -45-9  I= 30) Combination of 	244 
Contra Swirling Jets with Blockage 
Ratio of 0.75 

	

6.55: 	Centrifl4gal Forge Distribution for 
(0= -1+5'5  I= 30') Combination of 	244 
Contra Swirling Jets with Blockage 
Ratio of 0.5 

6.56: Centrifgal Forte Distribution for 
(0= -45 5  I= 30 ) Combination of 	245 Contra Swirling Jets with Test 
Section Length of 9 do  

	

6. 57 : 	Centrifgal Fore Distribution for 
(0= -45 , I = 30‘.1) Combination of 	21+5 Contra Swirling Jets with Test 
Section Length of 4.5 do  

	

6.58: 	Centrigal Forge Distribution for 
(0= -4 	I= 30') Combination of 	246 
Contra Swirling Jets with Expansion 
Ratio of 1.5 

6.59a: Coefficient of. Presure Di4tribu-
tion for a (0= -4 9  = 30') Combi 
nation of Contra Swirling Jets for 21+7  
Expansion Ratio of 2.0 

6..59b: Coefficient of Pre sure Digtribu-
tion for a (0= -45'5  I= 30 ) Combi- 
nation of Contra Swirling Jets 	247 
for Expansion Ratio of 1.5 

6.60a: AngularoMomentup Distribution for 
(0= -45 5  I= 30") Combination of 	248 
Contra Swirling Jets for Expan-
sion Ratio of 2.0 

6.60b: AngularnMomentue Distribution for 
(0= -45-7  I= 30 ) Combination of 	248 
Contra Swirling Jets for Expan- _,. 	_ n w r" 



FIGURES 6.61: 	Mixing Region Length Distribution 249 

6.62a: Wall Recirculation Length Di stri- 249 
bution 

6.62‘: Wall Recirculation Length Distri- 250 bution 

6.62b: Central Recirculation Zone 	251 

6.63a: Stagnation Pressure Loss along the 
Test Section for Non-Swirling Inner 
Swirling and Outer Swirling Jets 	252 

6.63b: 

6.63c: 

6.64: 

Stagnation Pressure Loss along the 
Test Section for Co-Swirling Jets 253 

Stagnation Pressure Loss along the 25)+ 
Test Section for Contra Swirling Jets 

Comparison of Experimental and Pre- 
acted Axial Velocity for Non- 	255 
Swirling Jets 

	

6.65: 	Predicted Turbulence Energy for 
h on-Swirling Jets 

	

6.66: 	Comparison between Predicted and 
Experimental Velocity Profiles for 
a 150 Central Swirling Jet 

	

6.67: 	Comparison between Predicted and 
Experimental Velocity Profiles for 
a 30 Central Swirling Jet 	257 

	

6.68: 	Comparison between Predicted and 
Expeximental Velocity Profiles for 
a 30 Outer Swirling Jet 	. 258 

	

6.69: 	Comparison between Experimental 
and Predicted„Velocity Profiles 
for a (0= -30', I= 15') Combina- 
tion of Contra Swirling Jets 	259 

	

6.70: 	Comparison between Experimental 
and PredictedoVelocity Profiles 
for a (0= -)+5 I  I= 30') Combina-
tion of Contra Swirling Jets for 
Expansion Ratio 2.0 

255 

256 

260 



( v) 

Comparison betwoen Experimental 
and PredictedoVelocity Profiles 
for a (0= -450, I= 30') C.-)mbina-
tion of Contra Swirling Jets for 
Expansion Ratio 1. 5 

	

6.72: 	Predicted Turbulence Energy fcr 	262 Central Swirling Jets 

	

6.73: 	Predicted Turbulence Energy for a 
-30 Outer Swirling Jet 	 263 

	

6.74: 	Predicted Turbulence Energy for a 
(0= -30, 1= 1 	Combination of 
Contra Swirling Jets 	 263 

	

6.75: 	Predicted Turbulence Energy for a 
(0= -45 , I= 30')• Combination of 
Contra Swirling Jets for Expan- 
sion Ratio of 2.0 	 264 

	

6.76: 	Predict d Turbulence Energy for a 
(0= -4 , 1= 30 ) Combination of 	264 
Contra Swirling Jets for Expansion 
Ratio of 1 . 5 

FIGURES 6.71: 
261 


	Page 1
	Page 2
	Page 3
	Page 4
	Page 5
	Page 6
	Page 7
	Page 8
	Page 9
	Page 10
	Page 11
	Page 12
	Page 13
	Page 14
	Page 15
	Page 16
	Page 17
	Page 18
	Page 19
	Page 20
	Page 21
	Page 22

